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Preface 

In recent years there has been an increased awareness of the importance of processes in shallow 
water in the context of underwater acoustics. This heightened interest by national, environmental 
and other bodies has given impetus to new approaches in high frequency acoustics for sensing 
parameters of the water column, the seabed and sea surface together with applications in the civil 
and defence field. 

The response to the Call for Papers for this conference was such that many high quality 
submissions could not be accommodated. The authors of the papers in this volume, published to 
coincide with the conference, are thanked for their efforts in responding with enthusiasm to the 
request for electronic only submission. There were problems with this, probably more than 
anticipated. However, thanks to the hard work of E. Pouliquen, 0. Bergem and A. Lyons, 
publication was on schedule. 

N.G. Pace 
La Spezia, May 1997 
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High Frequency Acoustic Propagation in Coastal Waters 

Tuncay Akal, Anthony P. Lyons, Daniela Di Iorio, Piero Guerrini 
SACLANT Undersea Research Centre 
Viale San Bartolomeo, 400 
191 38 La Spezia, ITALY 
Email: akal@saclantc.nato.int 

Abstract 

Htgh Frequency Acou~trc Propagation experrments were performed with bottom-mourrted sources and 
receivers a t  drfferent coastal sites A measurement technrque has been developed and propagation loss data 
have been taken usrng sources coverrng the 29-326 kHz frequency range out to 400 nl drstance Hlgh-resolutron 
monitoring of relevant envrronmenral parameters took place at the trme of  the ocoustrc menwrements In the 
present paper the new measurement technrque t s  described and exampler o f  ncn~~sr~c/envrro~inzental data are 
presented. Predictions from SACLANTCEN propagatron models developed for lower frequent) npplrcatrons are 
used for compartson wrth the measurements. 

1. Introduction 
The abil~ty to predict propagatlon loss In coastal envlronments (10-100 m depth) at h ~ g h  trequenc~es (30-330 
kHz) depends upon understandlng the mechanisms of propagation and attenuation of acoustlc waves Acoust~c 
propagatlon In the ocean IS influenced by many factors: the physical and chemlcal propertles ot the water column 
cause attenuation and refract~on, w h ~ l e  varlatrons In seatloor propertles and boundary roughness complicate 
reflect~on Thus, any attempt to pred~ct  propagatlon rn shallow water at h ~ g h  trequenc~es requlres an accurate 
knowledge of the propagatlon med~um, espec~ally the f ~ n e  scale structure of the sea surtace, water column and 
bottom propertles As part of SACLANTCEN's h ~ g h  frequency research program, hrgh resolot~on acoustlc data 
coverlng a broad frequency range were collected In order to adequately descr~be acoustlc propagatlon, ~ncludlng 
penetrat~on Into the seabed, along w ~ t h  water column environmental character~st~cs We obta~ned measurements 
of propagatLon loss at selected experlmental sltes that had d~fferent seatloor plopertles The\e \rtes, whlch had 
prev~ously been used for deta~led seafloor s tud~es,  prov~ded knowledge on sedlment characte~lstlcs Compar~sons 
are made between experlmental data and predlct~ons from exlstlng propagatlon models In order to assess then 
v a l ~ d ~ t y  at the frequenc~es and depths studled 

2. Experimental Technique 
The frequency range of acoustic measurements roughly covers from 30 to 330 ~ H L ,  corresponding to acoustic 
wavelengths of a few centimeters to a few mill~meters in scale. Acoustic energy propagating at these frequencies 
in coastal water (10-100 m depth) I S  subject to h ~ g h  volume attenuation, so that useful ranges are limited to a 
few hundred meters. Thus, the fine scale structure of the water column (in range and time) and the boundaries 
(sea surface and sea-floor sediment propert~es) become essential factors when considering experimental 
procedures. For acoustic measurements, the receiving ship would first launch a vertical hydrophone string and a 
thermistor chain attached to a sled on the seafloor which was connected to the ship by electro-mechanical cable. 
The vertical hydrophone strlng consisted of three RESON omnidirectional hydrohones spaced in a way as to 
cover most of the water column. The ship would then lay the cable on to the bottom for the maximum range and 
anchor approximately 500 meters from the hydrophone and thermistor chain deployrnent position. After 
anchoring, the ship would deploy a tower contain~ng seven transducers at 29, 50, 80, 105. 120. 190, 326 kHz 
attached to a pan and tilt unit. During the experiment. CW pulses of various length were transmitted and the 
signals that were being received by the hydrophones were transmitted via conducting cable to the ship and 
acquired. This data was then processed in order to estimate transmission loss. 

In order to understand the range and time dependence of high frequency acoustic propagation in shallow 
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coastal waters simultaneous environmental measurements were obtained. These measurements consisted mainly 
of time series measurements of conductivity, temperature and depth (CTD) profiles together with CTD time 
series at a specific depths, acoustic doppler current profiler (ADCP) and current meter measurements. Sea 
surface roughness and meteorological information were also obtained during the experiments. The equipment 
set-up used for the propagation experiments is shown in Figure 1. 

1 wmlriq~m l o M n  G by w i d  &tvm flaw, aadlm E-uFm~sb i k w  bteraaiarg; *it& 
t$ f@mhy,  ~ i v f ~ !  m~e#f  V*&~MI&Y in clpxer pmp&rVm m re vault af mhatumd midng, THB ma d 



high frequency acoustics In this kind of environment is sensltlve to the random varlatlons In temperature, 
current, sea surface and bottom roughness. In fact high frequency acoustic propagation measurements through 
random media have the potential for serving as a sensitive probe of coastal processes whlch differ markedly from 
those prevalent in less active waters of the deep ocean. 

In order to better understand h ~ g h  frequency acoustlc v a r ~ a b ~ l ~ t y  In coastal waters s~multaneous envlronmental 
measurements should be obta~ned along with the acoustlc measurements These measurements may conslst of 
tlme serles of conduct~v~ty ,  temperature and depth (CTD) prof~les together w ~ t h  CTD tlme selles at a s p e c ~ f ~ c  
depth. In a d d ~ t ~ o n  to sampllng the temperature envlronrnenr an acoustrc doppler current prot~ler  (ADCP) and 
current meters can be used to o b t a ~ n  measurement of current and c~rcu la t~on .  For wlnd d r ~ v e n  flow and sea 
surface roughness measurements, meteorolog~cal and wave r ~ d e r  buoys would be Ideal tor obtaln~ng w ~ n d  
velocity and surface wave characteristics The complete sulte of envlronmental measurements taken can then be 
used as a g u ~ d e  to the causes of acoustlc var iab~l~ty  

A hlgh frequency (307 2 kHz) acoustlc propagation system was deployed in one of the test sltes near La 
S p e z ~ a ,  In 15 m water depth In March 1996 so as to observe acoustlc amplitude varlabll~ty over a continuous 8 
hour per~od .  Current and sound speed measurements were obta~ned s~multaneously The acoustlc Instrument 
conslsts of a transmltter and recelver unlt each selt conta~ned and battery operated The transmltter unlt sends 
acoustic pulses of w ~ d t h  30 cycles at a transmlss~on rate of 16 Hz Pulses can be sent for a maxlmum 28 days 
before the batter~es d ~ e  The receiving unlt takes the lncomlng s~gnals  and complex demodulates them to obtaln 
both ampl~tude and phase measurements for the d ~ r e c t  path only Path separation 1s poss~ble because of the short 
pulse w~dth ,  and the d ~ r e c t  path can be tracked because of the large sampling rate S ~ n c e  there IS moorlng 
motlon the phase cannot be used to detect the effects of med~um changes The result~ng acoustlc v a r ~ a b ~ l ~ t y  IS 

recorded w~th ln  the recelver unlt on flash EPROM recorder cards The Internal memory of the recelver unlt 
l lm~ts  the durat~on of data collection to 4 5 days at the 16 Hz sampllng rate 
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Figure 4: Comparison between environmental and acoustic measurements. 

A comparison between env~ronmental measurements and acoustlc measulernent\ 1 5  shown In Figure 4 A 
waterfall plot of the N-S and E-W current components from a bottom mounted ADCP (F~gure  5 )  shows that there 
was a s ~ g n ~ f ~ c a n t  Northerly surface current for the first 4 hours (max~mum current I0 cm/s) Contours of sound 
speed over the 8 hour measurement per~od  show a strong therrnocl~ne that deepen\ w ~ t h  tlrne and also show the 
onset of warm surface water caused by current advect~on Between protiles the CTD was placed at I I meters 
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depth to sample the temperature and salinity variability at a rate of 8 Hz. In the first 6 hours the CTD was below 
the thermocline. When the thermocline increased in depth to 11 m much temporal variability is seen. 

The acoustic amplitude throughout the 8 hour measurement period shows significant temporal variability. 
The acoustic propagation measurements accumulate information along the 219 meter path at the depth 9m, thus 
the comparison to in situ measurements will show significant differences. The maximum variability corresponds 
to a 15 dB change over a period of 1 hour. In addition to mean amplitude, changes in the log-amplitude 
(In(AI<A>) variance (calculated over 30 seconds) shows significant variability corresponding to fluctuations in 
the medium parameters. Since the temperature time series were taken at I 1  m and the amplitude at 9 m, no 
direct correlation between the two measurements can be seen. 

North-South current component 
- 
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Time (Julian day 73 = 13 March 1996) 

Figure 5: ADCP current estimates 

4. Propagation Loss data 
Acoustic transmission data were collected for each frequency at various distances of separation between the 
source and receiver along a track. This was accomplished by pulling the sled which held the receivers toward 
the transmitting tower. In this way a complete transmission loss data set as a function of range and frequency 
was formed. Data collected from the closest hydrophone to the source and at the closest experimental range was 
used as a reference in estimating the total outgoing energy at 1 m from the hydrophone. Noise was estimated for 
and removed from each received pulse (including the reference signals) by using the 20 rns of recorded data 
immediately preceding the arrival of the transmitted pulse. The transmission loss in dB is simply the energy in 
the received signal in dB (with noise removed) minus the energy in the reference signal in dB (with noise 
removed and spreading and attenuation losses added back in order to estimate the total outgoing energy at 1 m 
from the souce.) To  evaluate the propagation loss at a particular frequency. the loss curves representing the 
total loss, without corrections for geometrical spreading are presented. It should also be noted that the loss 
values observed at each range position on a transmission loss curve are to be considered average values over 50  
transmissions. In effect they also represent the average energy lost along a propagation path where, direct, 
surface, bottom and successive multi-path arrivals are all taken into account. 

4.1 Examples from different areas 
SACLANTCEN has car r~ed  out several sound propagatlon trlals w ~ t h  the above descr~bed system In varlous 

test sltes close to La S p e z ~ a  and the Island of Elba Analysls of propagatlon loss for the frequenc~es mentioned 
above was carrled out and examples from three d~fferent tracks wlth d~fferent  bottom cond~tlons are presented In 
F~gure  6 for the mld-depth receivers Slnce transmlsslon loss 1s a tunct~on ot both range and frequency, In 
F ~ g u r e  7 we present the lsoloss contours In a FrequencyIRange plane for three recelver depths The ~ntormat~on 
shown In F ~ g u r e  7 corresponds to the Mud case presented In F ~ g u r e  6 

Var~ous  models [I-31 were used and compared w ~ t h  the exper~mental propagatlon measurements to see ~f 
these models whlch were developed for lower frequency appl~ca t~ons  could accurately pred~ct  h ~ g h  trequency 



transmission loss. Here we present a few examples from the OASES model [ I ]  where model results are 
compared with measured data. Figure 8 shows the acoustic field at 29 kHz as a function of range and depth 
where it is possible to observe the general characteristics of propagation; at close ranges, the direct path is 
within the beam-width of the transmitter and after a certain range the effects of refract~on and boundary 
reflections create Interference patterns. Using measured environmental parameters, calculat~ons using OASES 
were made and as an example the results for three frequencies are shown In flgure 9. In general there I S  good 
agreement with the measured acoustic data. 
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SD: 8 m 
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Water Depth: 12 m 

M U D  
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Weter Depth: 10 m 

Figure 6: Examples of propagation losses measured over three different tracks with different environmental 
conditions. 
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5. Conclusions 
The significant purpose of this paper was to describe the measurementlanalysis techniques that were developed 
to obtain reliable high frequency (30-320 kHz) propagation loss and related high-resolution environmental data 
and to also demonstrate the possibility of using acoustic propagation models developed and used widely for 
lower frequency applications at higher frequencies. 
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Figure 8: Acoustic field calculated with OASIS model. 
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Figure 9: Data-model comparison using OASIS model. 
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Abstract 
The frequency-dependent spatial and tempoml variabilities of sound propagation in coastal regions is investigated by 
ezperiment and numerical simulations. Ezperimental observations show that temporal coherence of the propagated 
broadband signal changes significantly with pulse center-frequency, as well as varying with geographic location and 
time(i.e., different environments). Numerical simulations of such sound tmnsmzssions are carried out by using the 
full-wave broadband PE model and reasonable agreement with the ezperimental data is found. 

1. Introduction 
Sound propagation in shallow-water regions is complicated by multiple interactions of the acoustic waves with the 
sea bottom and sea surface, in addition to the usual interaction with the water column. The degree to which 
these different interactions cause degradation in the coherence of the pressure field at some distance is not well 
understood and depends on the scales of the variability in the water column, sea surface arid sea bottom, as well 
as the frequency of the acoustic signal. Numerical modeling has indicated the importance and interplay of sea 
surface and bottom roughness alone [I] or of volume fluctuations. 

Ocean environment monitoring techniques such as acoustical tomography [2] that exploit the use of acoustics 
have been practiced in deep water but may work equally as well in shallow water. The success of acoustical tomo- 
graphic methods in shallow-water environments will be limited by our ability to separate out acoustic fluctuations 
due to the ocean volume from those due to  the sea surface and sea bottom/subbottom. The optimal choice of a 
signal frequency or waveform to probe shallow-water environments is not obvious and will depend on the goals 
of the tomographic effort. To address this latter issue, we have initiated a study of the dependence of acoustic 
fluctuations on signal center-frequency for pulses propagated in shallow water [3]. Our immediate objective is to 
determine the dependence of coherence for a propagated broadband signal on center-frequency, bandwidth, ray 
path, and ocean environment. In this paper we present the results from a recent acoustic experiment and, for 
comparison, from corresponding numerical simulations intended to capture the primary features of the experiment. 

2. Experimental Observation 
In order to  investigate the frequency dependence of broadband signals, several underwater acoustic experiments 
have been conducted in the last few years a t  locations where previous oceanographic studies have been conducted. 
These experiments have been performed primarly at  two sites: one is the Atlantic Generating Station (AGS) site 
off shore New Jersey [4] in waters having a mean depth of approximately 14 m; the other is the Delaware Bay 
site [3] having a mean water depth of approximately 15 m. Figure 1 presents a general schematic layout of these 
experiments. To purposely avoid a contribution of instrument motion in the acoustic fluctuations, the source 
and receiver were mounted on tripods placed on the seafloor. The source-receiver ranges for these experiments 
varied from approximately 200 to 800 m. Series of M-sequences were transmitted at  different center-frequencies 
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Figure 1: Experimental configuration: (a) Atlantic Generating Station site (range, R= 214 m) and (b) Delaware 
Bay site (RM 760 m). 

to allow an easy examimtion of pulse propagation behavior as a function of frequency. Oceanographic parameters 
of temperatwe and salinity were m e w e d  by thermistars and CTD's. 

In this paper we focus on the ansly&s for the second experiment which was conducted in the Delaware Bay. 
For the Delaware Bay site experiments, broadband pulses with variable bandwidths of 0-4 kHz, 0-8 kHz, 5-13 
kHe, and 9-25 kHz were used. These bands were chosen to cover the entire low-to-mid frequency spectrum with 
overlapping coverage. The broadband pulses were filtered to &vide the original 4 bands into Gaussian-shaped 
sub-bands with a fixed bandwidth and center-frequencies ranging from 1-22 kHz. The bandwidths of the lowest 
frequencies were narrower than those of the higher frequencies to insure that behaviors such as bottom interaction 
would not be averaged across too wide a band. For example, for 1-2 kHz center frequency the bandwidth was 1 
kH5, for 3-6 kHz it was 2 kH8, for 7-11 kHz it was 3 kHz, and for 12-22 kH5 the bandwidth was 4 kHz. 
The receiver array in the Delaware Bay experiment was tethered to a surface buoy located approximately 760 

meters from the source (Fig. I), and the received acoustic signals were transmitted from the surface buoy to the 
source ship via VHF radio telemetry. The acoustic source was a F56 transducer with a maximum power of 160 
dB re 1 pPa @ l m  (and the average signal to noise ratio for this expe~iment was 25 dB). This source was tethered 
to the ship (R/V Cape Henlopen). 

Figure 2 shows, for a center-frequency of 2 kHz and geotimes from T,= 0 to 12 hours, the received signal 
amplitude versus time. The solid curves in the figure show the predicted times for the first several groups of arrivals 
as a function of geotime, based primarily on the changing geometry of ray paths due to tide and secondarily on 
the advection of sound due to the ocean current. The first peak (i.e., 1) is actually comprised of three interfering 
arrivals, and subsequent peaks (i.e., 2,3, ...) are comprised of pairs of interfering arrivals, corresponding to ray 
paths having multiple surface and bottom interactions. The three ray paths that comprise the first interfering 
goup, indude the direct path, single surface bounce, and surface-bottom bounce. Note how closely as a function 
of geotime the calculated arrival time tracks the measured arrival time for the first several arriving peaks. The 
strongest arriving peaks (i.e., 2 - 5) are those immediately following the first peak, followed by peaks (i.e., 6, 7, 
...) with noticably reduced amplitudes, presumably due to the extended interaction with, and attenuation, from 
the sea surface and bottom. 

Figure 3 illustrates the frequency dependence of the received signals. In this figure the received signal amplitude 
versus arrival time is presented as fundion of center-frequency for a fixed geotime (i.e., Tg 5 hrs). The monotonic 
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Figure 2: Measured signal amplitude versus time, after correction for source-receiver separation (f, = 2 kHz). The 
solid lines are predicted arrival times versus geotime, T, for the first several ray paths. 
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Figure 3: Time series of received signal amplitude as a function of frequency for T, x 5 hrs. 
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Figure 4: Average correlation for second peak (e.g., number 2 in Fig. 2) versus lag time for f, =2, 4, 9, 12, 15 
and 20 kHz. 

growth of the first peak with frequency is a consequence of the fact that a different variable bandwidth filtering and 
normalization was applied to each frequency. Concealed by this frequency-dependent normalization, the amplitude 
of all arrivals a t  high frequencies is much reduced due to attenuation. Figure 3 suggests an inverse law: the number 
of relatively strong arrivals is approximately inversely proportional to the center-frequency. 

In figure 4 the average correlation of the measured signal versus lag time for several center-frequencies and a 
fixed peak is presented. It clearly shows a rapid decorrelation a t  higher frequencies, especially those above 9 kHz. 
For lower center-frequencies there is hardly any decorrelation in signal over several hours, while for signals with the 
highest center-frequencies there was substantial decorrelation over times as short as 10 to 20 minutes. Generaly, 
the data analysis shows a trend of increasing signal decorrelation (between consecutive pulses) with increasing 
center-frequency, and increasing signal decorrelation for paths with increasing number of interface interactions. 
For those paths that multiply interact with the seafloor and sea surface there is an immediate decorrelation for 
center-frequencies of several kHz and higher. Futhermore, the data shows that at  the higher frequencies, the 
strength of later arrivals seems to be a function of tidal cycle [3]. 

3. Numerical Simulations 
Although the deterministic character of the measured acoustic data can simply be interpreted using the ray 
diagrams and experimental geometry, to accurately capture the effect of rough surface and rough bottom scattering, 
full-wave modeling is warranted. At high frequencies rough-surface scattering effects are strong enough that the 
consequences of these effects on pulse response functions in the time domain are not at  all intuitive, and certainly 
ray-based approaches will fail to capture these frequency-dependent effects. Our modeling approach is to perform 
numerical simulations using the 2-D, full-wave broadband PE model, based on the efficient split-step Fourier 
algorithm. 

The pulse signal is modeled via the frequency domain by Fourier synthesis of CW results within the frequency 
band of interest. This gives 
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Figure 5: PEpredicted signal amplitude versus time for a rough surface and rough bottom a t  f, = 2 kHz. 

where f, is the center frequency, fB is the bandwidth of the signal, and S ( f )  is the source spectrum. A Hann 
window filter in frequency domain is applied in order to minimize the artificial sidelobes which show up in the 
time domain. As in the experimental data, the carrier frequency f, is eventually removed from the final Fourier 
synthesis to  make for an  easy comparison of pulse shapes across frequency. The seafloor was modeled as a fluid 
with a constant attenuation of 0.2 dB per wavelength. The soundspeed profiles calculated from the measured 
CTD data are used as input to the model. However, the surface and bottom roughness were not measured during 
the experiments, so we use numerically generated random boundaries instead. For the sea surface we choose a 
modified Toba spectrum [5] from which we realiae surface roughness, while for the seafloor we choose the Goff- 
Jorda n spectrum [6] to realize the bottom roughness. The validity of these spectra in shallow water is certainly 
questionable, however, a t  least they provide a starting point for characterizing interface roughness. 

For our experimental geometry, pulse transmissions are numerically simulated with interface roughness added 
according to  these spectra models. In Figure 5, the simulated results of pulse arrivals for the case of a 2 kHz 
center-frequency are plotted for comparison to Fig. 2. There is a good agreement in the relative amplitudes of 
peak arrivals between the prediction (Fig. 5) and the actual data (Fig. 2). The numerical calculation confirms 
that the later peaks (i.e., 6,7, ...) are noticeably weaker in amplitude than the earlier ones because of energy loss 
due to multiple bottom interactions at  higher grazing angle and that the changing tide significantly influences 
the strength of the later arriving peaks. In Figure 5 the effects of interface roughness are seen most notably in 
the later arrivals, where the peaks are less coherent. At higher center-frequencies the simulation shows that the 
amplitudes of the later arrivals are much weaker and much less coherent due to the enhanced rough surface and 
bottom scattering and attenuation effects. 

4. Summary 
In very shallow water regions the temporal coherence for acoustic signals transmitted over several hundred meters is 
strongly frequency dependent. Above center-frequencies of only a few kHz, we have found significant decorrelation 
of the signal within a fraction of an hour. There is also a strong dependence of temporal coherence on the ray 
path or peak arrival. Modeling efforts have begun to account for the stochastic behavior of the ocean, in particular 
bottom and surface roughness, but before an accurate comparison of the modeled and measured acoustic receptions 
can be made, measurements of actual interface roughness will be necessary. 
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Abstract 

This paper investigates the effect of near-surface water column stabllit) on 170th low-freclrienc \ ( f  < 5 k H z )  atrd high- 
frequency ( f  = 248 k H z )  acoustlc backscatter from the ocean bubble 1a)er It I \  ~howtr th~rt with the Yome wltrdtpeed but 
different stabcllty conditions, backscatter htrengrhs can differ bq nzore than r1r1 order of ntagnitutle It l r  toncluded that 
water column stabrlrty rs important not onlq for accurate predictlonr of totnf bnrXu clttet, Aut nlro for rrnderrtrindin~ the 
relatrve contrrbutrons oj  drfferent surface und near-surface Ycutterrng rnec hntn~~ i i (  

1. Introduction 

The initial motivation for the present investigation came from the observat~on [ I ]  that a good deal ot low-frequency 
backscatter data show levels much lower than estimated by the empirical data tits proposed by ChapmanIHarris 121 and 
OgdenIErskin [3] To explain the discrepancies, we have hypothesized that, in add~tlon to wind speed, water column 
stability plays an Important role in determining bubble cloud structure and hence back\catter stlengths Support for the 
validity of the hypothes~s IS given by the low-frequency backscatter data of a number ot authors [2-61 and by calculat~ons 
from a theoretical model for low-frequency backscatter 171 In addition, the upward-looklng 248 kHz wnar measurements of 
Thorpe [8] show dlrectly the effect of water column stability on bubble cloud structure and on high-trequency backscatter. 
Thorpe's high-frequency backscatter data are used to Infer the inputs needed for the low-frequency backscatter calculations 
which predict a strong dependence on water column stability. 

2. Water Column Stability and Low-Frequency Backscatter 

The backscattering of low-frequency sound from rough, wind driven sea surfaces ha\ been the subject o t  many studles over 
the last half century [2-6,91. The obvious relat~onshlp between windspeed and backscatterlng strength has been consistently 
observed and has led to the development of useful empirtcal algorithms relating the two quantltles, [2 ,v  It has been w~dely 
noted [1,3,4,10], however, that under similar windspeed conditions, there can be algniflcant d~tterences In backscatter 
strengths. The differences are large enough and common enough to lead one to conclude that windspeed alone 15 insufficient 
as a predictive parameter. In seeking an explanation for the discrepancies, we have found a significant correlation between 
low-frequency backscatter strength and the air-sea heat tlux 

In the present discussion of low-frequency backscatter, we take as a worklng hypothesis that, at a glven wlndspeed, alr- 
sea heat flux controls the gravitational stablllty ot the near-surface reglon ot the water column (0-10 m), and that water 
column stablllty 1s an Important parameter atfectlng surface backscatter The hypothesis ~mpl~cltly aswmes that much of the 
low grazlng angle backscatter 1s due to tenuous mlcrobubble clouds (as opposed to the rough surtace or dense near-qurtace 
plumes), and that the gravltatlonal s tab~l~ty of the upper water column can strongly aftect the d~strlbut~on of wave-generated 
mlcrobubbles near the surface, thereby affecung the backscatter 

Although the data available from reported backscatter experiments are ~n\ufficlent to accurately determine the water 
column stablllty that exlsted durlng the acoustlc measurements, there are sollie cases In whlch the envl~onmental condltlons 
allow limited comparisons to be made We can compare, for example, the grosa dlttelence5 In scattering strength under 
conditions, whlch for purposes of discuss~on, we broadly categorize as "wlnter" or "summer" condltlons For "winter" 
condltlons we mean specifically that the near-surface water IS very well mlxed, and the air above ~t IS colder For "summer" 
conditions the alr 1s warmer than the sea, and there IS sufficient heatlng to cause a strong temperature gradlent 

Wlnter condltlons, as we have defined them, were undoubtedly present durlng the measurement\ of Chapman-Hams 
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[2] and Chapman-Scott [4], as well as during Critical Sea Tests 2,4, and 6, reported by Ogden and Erskin 131. On the other 
hand, summer conditions probably prevailed in the early measurements taken during the FASOR tests [5] in summer in the 
Western Pacific, in the measurements made during CST 1. 3, and 5 [3], and probably in those of Richter [6] near Nassau in 
February. The experimental reverberation results, especially above 500 Hz, show markedly different scattering strengths, 
roughly 10 dB at angles 10' to 20D, with backscatter generally higher in winter conditions than the summer conditions. 
(See, for example, data reported by Ogden and Erskin [3], Figures 16 and 17, Runs 33A, 28B, 33M) 

Although the correlation of low-frequency backscatter with winterlsummer conditions is significant, there are 
cases where it is not evident. One obvious reason for the imperfect correlation is that, in addition to seasonal heat flux, 
other factors affect stability of the upper water column (e.g., diurnal convective heating and cooling, evaporation, cloud 
cover, etc.). As a result, the degree of near-surface stability spans a continuum in both winter and summer conditions, so 
that without measurements of the crucial environmental parameters, we can make only a partial correlation with 
backscatter. In order to obtain a better understanding of the relation between backscatter and water column stability, we 
have sought more definitive evidence for the effect. Such evidence can be found by considering high-frequency scattering 
from the bubble layer, which we discuss next. 

3. High-Frequency Backscatter Measurements from an Upward-Looking Sonar 

Upward-looking high-frequency sonars provide a useful visualization of the structure of the bubble layer as well as a 
quantitative measure of the high-frequency backscatter [8,1 I]. Thorpe, for example, in a comprehensive study of bubble 
clouds, has used sonagraphs from an upwarj-looking 248 kHz sonar to show clearly the different bubble cloud structures 
and bubble transport processes that occur in unstable and stable conditions [8]. He has also processed the data to obtain the 
scattering cross section per unit volume. 

Figures 1 and 2 show results from Thorpe's measurements for unstable and stable conditions [U]. In the figures, note 
that while the average wind speed (bottom panel) is essentially the same for both cases, the bubble cloud structures shown 
in the sonagraph displays (top panels) are distinctly different. To describe the differences in the bubble cloud structure, 
Thorpe has coined the terms "columnar clouds" for the structure In the unstable case in Fig. I and "billow clouds" in the 
stable case in Fig. 2. In the unstable situation, heat is flowing from the ocean to the atmosphere so that there is a negative 
temperature gradient (temperature increases downward) and a positive dens~ty gradient (density increases upward). As a 
result of having denser water over less dense water in the upper water column. downward moving turbulent currents 
generated by breaking waves continue to move downward producing columnar bubble clouds. Conversely, in stable 
conditions, the reverse situation exists, with the less dense water over denser water in the upper water column. Because of 
buoyancy, turbulent currents created by breaking waves do not continue downward but, instead, decay rapidly and form 
billow clouds, which collectively make a thinner, more homogeneous bubble layer than in unstable conditions. 
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Fig. 1. Backscatter measurements from a 248 kHz upward-looking sonar for unstable conditions (air-sea temperature difference is -1.2"K). First panel: 
sonagraph records, time increasing to the left. Second panel: contours of log,,(MJ vs depth and time (contour interval is 0.25). Third panel: values 
of log,,(w) vs time at six equally spaced depths (see description in text). Fourth panel: windspeed vs time. (From S.A. Thorpe [El.) 



In Figs. I and 2, the second and third panels show the values of scattering strength per unit volume, M,, measured by 
the upward-looking sonar. The second panel shows contours of log,,,(M,) vs time while the third panel gives the actual 
values of log,,,(M,) vs time at six depths equally spaced between the top two horizontal lines shown in the figure. The top 
line, which is not visible in the stable case, is approximately .5 m below the surface (indicated by an arrow). The second 
horizontal line marks the lower limit of the backscatter sampling region and is located at depths of approximately 3.5 m 
and 5.5 m, respectively, in the unstable and stable cases. The sampling depth indicated by the third horizontal line, at 
approximately 8 m, was normally well below the bubble clouds and was used to establish the noise level of the system. 
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Fig. 2. Same as Fig. 1 except for stable conditions (air-sea temperature difference is +1.3"K). Note that the average windspeed is essentially the same as 
in Fig. 1, but the bubble-cloud structure is significantly different. (From S.A. Thorpe [El.) 

Even a casual inspection of log,,,(M,) vs time in the third panel shows a drastic difference in backscatter in stable 
conditions compared to unstable conditions. To obtain a quantitative measure of the differences in M, for unstable and 
stable conditions, we have digitized the log,,,(M,) vs time curves in the third panel and computed the time average of M, 
and its standard deviation vs depth. We find, as did Thorpe in Ref.[8], that the depth dependence of the time average of M, 
is well fit by an exponential of the form: 

where <M,(O)> is the value at z = 0 (extrapolated exponentially from .5 m), and <L> is the e-folding distance. The values 
we obtained for <M,(O)> for unstable and stable conditions are 2.49 x 10.' m" and 4.54 x 10.' m-' , respectively, a reduction 
in backscatter of almost a factor of ten in the stable case. The corresponding e-folding distances <L> are, respectively, I. I 
m and .7 m. The values we obtained for the exponential parameterization of <M,(z)> are similar to the values reported by 
Thorpe and show that high-frequency backscatter in stable conditions can differ dramatically from that in unstable 
conditions. 

In addition to computing the mean value, we have used the time series for M, to compute the standard deviation in M 
vs depth and found it also to be well represented by an exponential: 

where for unstable and stable conditions, respectively, we obtained 1.96x1U2 m-I and 6 . 6 5 ~  10.' m'l for oM,(0), and 1.4 m 
and .5 m for the e-folding distance, L. Thus, in stable conditions, the standard deviation, like the mean, is greatly reduced. 

The above results for <M,(z)> and o,,(z) make it clear that both the mean and variance in high-frequency 
backscatter can be significantly less in stable conditions than in unstable conditions. The difference in the mean backscatter 
in the two situations implies not just a difference in bubble cloud structure (columnar clouds versus billow c!ouds) but, in 
addition, a much smaller density of bubbles in the billow bubble clouds that form in stable conditions. Thorpe 181 has 
hypothesized that in stable conditions there are fewer bubbles because wave breaking is reduced due to the gravitationally 
stable atmosphere that is coincident with the gravitationally stable ocean in summer conditions. It seems unlikely, however, 
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that wave breaking would be decreased by a factor of ten in even in very stable conditions. Consequently, the greatly 
reduced bubble density in stable conditions must be regarded at present as an unexplained phenomenon. Regardless of the 
physical mechanisms responsible for reducing &he bubble density, it appears that in stable conditions, high-frequency 
backscatter can be systematically lower than in unstable conditions by as much as 10 dB. 

4. Theoretical Analysis For Low-Frequency Backscatter 

In this section we return to the issue of low-frequency backscatter. We seek to estimate the differences in low-frequency 
scattering strength one might expect at a fixed windspeed for unstable conditions (columnar clouds) and stable conditions 
(billow clouds). To do so, we use a low-frequency scattering model that depends on the statistics ot the sound speed 
fluctuations in the bubble layer. Measurements of the sound speed fluctuations, which result trom the stochastic 
distribution of bubbles in the bubble layer, are not presently available at a flxed windspeed for unstable and stable 
conditions. Consequently, it is necessary to infer the inputs needed for the low-frequency calculations trom the high- 
frequency upward-looking sonar measurements in the previous section. 

4.1 Backscatter Model 

The theoretical model that we use for backscatter is a coherent backscatter model applicable to low-frequency (non- 
resonant), low grazing angle backscatter [71. The essential input needed for the model is the variance (or standard 
deviation) in sound speed as a function of depth in the bubble layer. The theoretical model assumes that the standard 
deviation in sound speed versus depth can be fitted with an exponential of the form: 

where o,(O) is the near-surface standard deviation, and L is the e-folding distance. We show below that o,(z) is 
proportional to o,,(z), which itself decays exponentially with depth. Hence, at this point, the assumed exponential form is 
at least plausible. The exponential decay with depth has, in fact, been observed In in-situ measurements [ I  1,12,13] and is a 
physically realistic representation of actual sound speed fluctuations. 

With the coherent backscatter model of Ref. [7], the scattering cross section per unit area, q,,, , is given by 

where c, is the sound speed in bubble-free water, k,, = w Ic,, is the corresponding wavenumber, k, = k,,cosO is the horizontal 
wavenumber, and k, = k,,sinB is the vertical wavenumber. The normalized wavenumber spectrum for sound speed 
fluctuations, S(q), is taken to be Von Karrnan's interpolation formula for inertial subrange (Kolmogorov) turbulence [14], 

The parameter K,, is ZnlL,, where L,, is the outer scale of turbulence and is taken to be the mixed layer depth. For the sake 
of simplicity, the inner scale of turbulence is taken to be zero. 

For wavelengths significantly smaller than the bubble layer thickness L, we have hiL << 1, and k,L >> 1, so that the 
fourth bracket in (4) is nearly unity. Hence, in the short wavelength limit, the ratio of the scattering cross sections for 
unstable and stable conditions is 

Thus, for non-resonant scattering, the crucial scaling parameter is oC2(O)L, which can be thought of as the depth-integrated 
variance in sound speed. As described below, we can use Thorpe's high-frequency upward-looking sonar data to estimate 
the variance in sound speed as a function of depth. 

4.2 Estimates for oC(z) 

To get values for o,(O) and L, and hence q(z) ,  we make use of the time serles measured by Thorpe for the high-frequency 
scattering per unit volume, M,, at various depths in the bubble layer. To use M, for this purpose, we first need to establish 



the connection between M, and the sound speed reduction in the bubble layer. We can then show that the standard 
deviation in sound speed is proportional to the standard deviation in M,. 

For low frequencies and low void fractions in tenuous microbubble clouds, the fractional sound speed reduction due to 
the presence of bubbles can be written as [I51 

where $(r,t ) is the void fraction and c,, is the speed of sound in bubble-free sea water. To proceed further, we need at this 
point to obtain a relation between $(r,t) and M,(r,t). 

Under the assumption of dominance by single scattering, we can write M,(r,t) as 

m 

Mv(r,t) = / ~ b ~ b ( o , a ) ~ ( r , a , t ) d a  , (8) 
0 

where Zbub(w,a) is the scattering cross section at angular frequency w for a single bubble of radius a. The quantity 
N(r,a,t)da gives the number of bubbles per unit volume with radii between a and ;I + da as a function of space and time. 
With the assumption that the statistics of the bubble distribution scale with the number density but are otherwise stationary. 
we can approximate the bubble distribution as 

where N,,(r,t) is the space-time distribution for the total number of bubbles per unit volume, and q(a) is the size 
distribution. We define the integral of q(a) to be unity. The approximation in (9) is reasonable at depths far enough below 
the wave breaking region that the bubble cloud has had sufficient time to lose the larger bubbles and only the smaller 
bubbles (a < 200 p) remain. Hence we can evaluate the integral in (8) as 

0 
For a fixed frequency, the integral in (10) is a constant. Thus is clear that if (9) holds, then Mv (r,t) is proportional to the 
total number of bubbles per unit volume: 

where <CbUb(w)> is the bubble-size averaged cross section resulting from the integral in (10). 
The void fraction can be written in terms of the number of bubbles per unit volume and the average bubble volume: 

where the average bubble volume < v > is given by 

< v > = $n?a%(a)da . 
0 

Hence the void fraction $(r,t) is proportional to the scattering cross section per unit volume M,(r,t), 

Since the reduction in sound speed Ac is proportional to M,, the sound speed itself can be written as 

where the constant of proportionality y is given by 

The standard deviation in sound speed is hence proportional to the standard deviation in M, : 
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To determine the constant of proportionality, % we could assume some bubble distribution model and calculate the 
quantities in (16). However, since we are mainly interested in comparing backscatter in unstable and stable conditions, we 
simply adjust y to obtain agreement with measured low-frequency backscatter for unstable conditions. Then, having the 
proportionality constant, we can make predictions for the stable situation. For typical backscatter in unstable conditions 
and a windspeed of 25 kts, the constant of proportionality was found to be y = 9 . 1 3 ~  10'. To give some idea of the values 
of sound speed reduction Ac that are associated with variations in Mv in unstable and stable conditions, in Fig. 3 we show 
both quantities versus time and at z = 0 (extrapolated exponentially from .5 m). The values obtained for q ( z  = 0) are 179 
m/s and 61 mls, respectively, for unstable and stable conditions. The associated e-folding distances are, of course, the 
same as obtained earlier for o,,,, (z) , i.e., L = 1.4 m in unstable conditions and L = .5 m in stable conditions. 
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Fig. 3. Sound speed reduction and scattering strength per unit volume vs time for unstable conditions (solid line) and stable conditions (dashed line). The 
culves shown are values extrapolated exponentially to zero depth from the first sampling bin at approximately .5 m depth. 

4.3 Predictions for Low-Frequency Backscatter 

The above estimates for q(z) ,  together with C,,, in (4), were used to make predictions for low-frequency backscatter from 
the ocean bubble layer in unstable and stable conditions. In the predictions shown i n  Figs. 4 and 5, scattering strength is 
defined as IOlog,,,(ZX,,), and the outer scale I, is taken to be 106 m, a value that is realistic in high sea states [16]. 

Figure 4 shows the predicted scattering strength vs grazing angle at several frequencies for unstable and stable 
conditions. The dashed lines are the backscatter for bubble layer scattering only. The lower curve (marked with x's) is for 
stable conditions and is essentially just a downward displaced (20 to 30 dB) version of the upper curve (marked with o's), 
which is for unstable conditions. As they stand, the unstablelstable curves for bubble layer scattering bear little 
resemblance to the winterlsummer measurements of Ogden and Erskin, which generally differ by no Inore than 5 to 10 dB 
between winter and summer conditions and are not simply displaced versions of each other. The probable reason for the 
discrepancy is that other scattering mechanisms, such as rough surface scattering, are present. When scattering from the 
bubble layer drops below a certain level, other scattering mechanisms dominate the backscatter so that the backscatter level 
does not drop precipitously and, in addition, can have a different grazing angle dependence. To account approximately for 
rough surface scattering, and hence better represent the backscatter levels actually measured in stable conditions, we have 
added incoherently the rough surface scattering contribution from the perturbation model of Thorsos [ 171. The backscatter 
results for the bubble layer plus rough surface scatter are the solid lines, with the o's and x's indicating unstable and stable 
conditions, respectively. The addition of a rough surface scattering contribution has little effect for unstable conditions but 
noticeably raises the backscatter levels in stable conditions. The net result is to capture the trends found in the data of 
Ogden and Erskin for winter and summer conditions (e.g., runs 28B and 33A). For example, in both the data and the 
predictions, the difference between unstable and stable conditions is larger at higher frequencies than at lower frequencies. 
Also, both data and predictions show that the effect of water column stability is larger at smaller grazing angles than at 
larger grazing angles. The predicted difference between winterlsummer conditions (i.e.. unstable/stable conditions) is 10 to 
20 dB and hence is about twice the measured values. Nevertheless, the predicted trends with frequency and grazing angle 
are consistent with the data. Hence the theoretical predictions, together with the backscatter data, support the water column 
stability hypothesis. In addition, in the analysis of data, the theory helps to identify the relative contributions of scattering 



from the microbubble layer and from other scattering mechanisms such as the rough surface and dense, near-surface 
plumes. 
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Flg 4 Scanenng strength vs grazlng angle at several flxed frequenc~es The clrcles and trtangles are for unstable and stable cond~t~ons. respectively The 
dashed ltnes denote backscattar just from the bubble layer The sol~d line denotes the Incoherent sum of bubble layer scanerlng and rough su~face 
scanenng 

Figure 5 shows scattering strength vs frequency at several fixed grazing angles. Although, in principle, Fig. 5 
contains the same information as Fig. 4, the display of backscatter vs frequency shows more clearly the differences 
between backscatter in unstable and stable conditions. In Fig. 5, as in Fig. 4, without rough surface scatter the curves for 
stable conditions have the same shape as for unstable conditions but are displaced by 20 to 30 dB. With the inclusion of a 
rough surface contribution, however, the backscatter in stable conditions never drops below the rough surface scattering 
"floor" which has its own characteristic frequency dependence. As a result, the frequency dependence below 500 Hz is 
quite different in stable conditions from that in unstable conditions. The obvious difference in the frequency dependence 
should provide a useful way to sort out the different physical mechanisms that contribute to the observed total backscatter. 
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5. Summary and Conclusions 
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We have presented experimental and theoretical evidence that the stability of the near-surface watel- column significantly 
affects both low-frequency and high-frequency backscatter from the ocean bubble layer. At low frequencies, the evidence 
was essentially circumstantial. However, at 248 kHz, the evidence from the upward-looking sonar measurements of Thorpe 
was direct and clear-cut. There seems to be little question that bubble cloud structure and high-frequency backscatter can 
vary dramatically with water column stability. 

From the calculations of low-frequency backscatter, it was shown that analysis of backscatter in unstable and stable 
conditions can help to identify the relative contributions of different scattering mechanisms. In particular, if future low- 
frequency backscatter data show a marked dependence of backscatter on water column stability, it will point to 
microbubble clouds (as opposed to the rough sea surface or dense, near-surface plumes) as the primary low-frequency 
scattering mechanism. 



Finally we point out that existing empirical expressions for low-frequency backscatter [2,31 apply to unstable 
conditions. Consequently, if stable conditions are found to occur frequently, it will be important to incorporate water 
column stability as a parameter in predictive operational models for low-frequency backscatter. Similarly, for reliable 
predictions in both unstable and stable conditions, high-frequency operational models should also include the effects of 
near-surface water column stability. 
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Abstract 
The time-evolution model BORIS is wed to study the effects of source movements on bottom backscatter. Changes 
in the backscattend time domain signals as functions of source depth, position and incident angles are simulated 
for broad band pulses both with n a m w  and wide beams. The results show that a change in the distance between 
a rough bottom and the source modifies the coherent and the non-coherent part of the pulse. A small change in 
horizontal position produces significant changes in the backscattered signal for both beams, while a small change to 
the incident angle produces significant changes in the narrow beam only. 

1. Introduction 
A stochastic model has been developed which enables the study of backscattered time domain signals as functions 
of source movements [I] [2]. In [2], examples show how the beam width and the seabed roughness affect the 
time-series return from the seafloor surface and from the volume. This paper continues the study of the model, 
and shows how the movement of the source in all three dimensions affects the time-series. When working with 
acoustic data from a moving source in shallow water, significant variations might be seen from one ping to another. 
If the causes of these variations can be understood, changes from one ping to another might be actively used in the 
work of characterizing the seafloor instead of being treated as "noisen in the data [3]. The ping to ping variations 
caused by changes in the propagation in the water columns is not included in this study. 

The paper is divided into 5 sections. Section 2 gives a brief introduction to the model used, section 3 treats 
the effects of the source height above the bottom. In section 4 the horizontal movement of the source is treated, 
and the effects of roll is treated in section 5. 

2. Description of the BORIS model 
The model is designated BORIS which is an abbreviation for "BOttom Response from Inhomogeneities and 
Surface". A detailed specification of the implementation of BORIS is given in [4]. 

The following integral [I] forms the basis of the model: 

This integral expresses that the pressure field received at  the source P from the seafloor is the sum of the 
elementary pressure fields over the seafloor surface (S) and the seafloor volume (V). For a monostatic source and 
receiver with directivity pattern Di and D,, the seafloor surface contribution is given by 
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Figure 1: Simplified box diagram of the model. 
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Here, !Itol is the local water-sediment plane wave reflection coefficient at  the point R ,  is the average sound 
speed in water, y(R)  is the angle between the incident direction and the vector n normal to the surface at  ( R )  
and p, is the source level. i ( t )  is the time derivative of the transmitted pulse e(t). 

The volume contribution is given by 

Beam 
Pattern 

In this expression, ?ii is t$e average refractive index in the first few metres of the bottom, n l  is the local 
refractive index a t  location R and R1 is the distance of penetration into the sediment. a is the attenuation 
coefficient, %ol(R) and SI0(R)  are the plane wave transmission coefficients. The double time derivative of the 
transmitted pulse e ( t )  is denoted by e"(t). 

These equations give the sound pressure level for a given time t at position P by integration over the surface 
(S) and the volume (V). The local incident angle y(R), the local reflection coefficient Pol(R) and the local degree 
of inhomogeneities in the volume P(R') are assumed to be known. Instead of using average quantities for these 
parameters, a different approach has been taken. Before the calculations are carried out for the integral over 
S, one realization of the seafloor surface and volume is calculated based on a statistical set of parameters. The 
calculations are based on the Fourier synthesis method. For the surface, a filtered power law spectrum is used to 
calculate the height field, while for the volume part an exponential correlation function haa been used to generate 
the inhomogeneity field. The model includes 3D rotation and position matrices for the source and receiver which 
allows for variations of position, heave, pitch and roll. 

It is important to notice that the model has a stochastic nature, and that the result from one run to another 
will be diierent even with the same input parameters. This is because there is an infinite number of realizations 
of the sedoor  for a fixed set of statistical parameters. However, the same realization might be used in several 

Position and 
Rotation 

- 
runs by controlling the random generator used in the model. A simplified block diagram of the model is shown in 
Fig. 1 



3. Effect of the source height above the bottom 
With a directive beam and a rough bottom, the shape of the returned signal is expected to change as a function 
of depth due either to the change in the size of the insonified surface or change in the surface aspect ratio. As 
demonstrated in [2], even for a perfectly flat surface, the shape of the signal depends on the insonified area if 
the beam is directive. For a rough surface, a larger insonified area will include more surface scatter with the 
effect of prolonging the tail of the surface contribution signal. To illustrate these effects, the BORIS model was 
run at  varying depths over a soft, rough surface. The transmitted pulse was a Ricker pulse centered a t  8 kHz. 
For the transducer, two different Gaussian beam patterns of amplitude versus angles were used a t  3' and 15' 
respectively for the half beam width measured at  -3 dB. The receiving beam pattern was omni directional. The 
other parameters used in the model are shown in Table 1. The surface and volume were unchanged for all runs in 
order to compare directly the results, i.e. the same realization of the surface and volume have been used. 

Table 1: Model parameter settings. 
Parameters Values 
Surface increment dp .  (m) 0.03 - -  . , 
Volume increment dp, (m) 
Depth H (m) 
Sound speed, cl (m/s) 
Density pl (g/cm3) 
Surf. rms rough. ah (m) 
Surf. pow. e-p. v 
LP cutoff Kip (radlm) 
HP cutoff Khp (rad/m) 
Volume inhomog. p 
Volume Hor. Cor. lh (m) 
Volume Ver. Cor. 1, (m) 
Attenuation a (dB/m/kHz) 

Figure 3 shows the time-domain signal returned from the surface as a function of depth and time. Plots a)  
and b) shows the results from the runs using narrow and wider beams respectively. No volume contribution is 
included in this figure, and the delays due to the water column have been removed in order to aligned the pulses 
in time. At 5 m, the narrow beam is insonifying a disc with diameter 0.52 m, the wider beam is insonifying an 
area with diameter 2.67 m. For the narrow beams, little energy is seen in the tail, and the first part of the return 
has a shape which tends towards the derivative of the transmitted pulse [2]. For the wider beam, scattering from 
the surface is evident in the tail. As the depth is increasing for the narrow beam, little energy is seen in the tail, 
and the first reflection resembles the transmitted pulse. It is interesting to observe the effect of roughness on the 
time domain signal. For the deeper runs, the surface features appear closer to the first part of the reflection. This 
can be explained by the simple geometric fact that the difference in time between the center of the beam and a 
distinct feature will decrease with depth increased (Fig. 2). 

Figure 4 shows both volume and surface contribution. The volume contribution can now be seen for the 
narrow beam, while for the wider beam the scattering from the volume becomes mixed with the scattering from 
the surface. The contribution from the volume versus the contribution from the surface scatter will depend mainly 
on the volume and surface description parameters. 

4. Effect of horizontal movements of the source 
For a rough bottom, a horizontal translation of the source will change the insonified area of the bottom, and the 
time domain signal is expected to be affected. The change will depend on bottom parameters, beam pattern and 
transmitted pulse. Typically, a rougher bottom gives more changes than a smoother bottom. To study this effect, 
the BORIS model was run a t  a height of 10 m above the bottom, and the source was translated horizontally in 
steps of 0.1 m. The statistical realization of the bottom was unchanged during the runs. Figure 5 shows the 
time domain signals of the total scattering from a bottom with rms roughness 1 cm. The other parameters are 
unchanged (Tab. 1). A small change in the position changes the time-domain signal for the narrow and the wider 
beam. For the narrow beam, little energy is seen in the tail, and only small changes are seen in the first part of the 
signal. For the wider beam, the variations are greater, and the tails of the signals undergo a significant change. 
Figure 6 shows the same simulations with rms roughness of the bottom increased to 2 cm. Due to the limited 
insonified area, the scattering from the surface is still low for the narrow beam, but the changes seen in the first 
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Source 

Figure 2: A distinct feature at  the bottom will appear closer to the normal incident reflection if the depth is 
increasing. 

Figure 3: The pulse as function of depth and time including the surface return only. a) narrow beam, b) wide 
beam. 

Figure 4: The pulse as function of depth and time including both the surface and volume return. a) narrow beam, 
b) wide beam. 



Figure 5: The return as function of position. The rms roughness is 1 cm. a) narrow beam, b) wide beam. 

a) b) 

Figure 6: The return as function of position. The rms roughness is 2 cm. a) narrow beam, b) wide beam. 

part of the signals are stronger than for the bottom with rms roughness equal to 1 cm. For the wider beam, the 
energy in the tail is generally increased due to the increased surface scatter with respect to the rms roughness of 
1 cm and the variations from one position to the next are more significant. 

From these simulations, the narrow beam appears to be less influenced by small changes in the position than the 
wider beam. Consequently, if the variations from one position to the other are used to extract seafloor roughness 
parameters, a wider beam might be a better choice. For impedance estimation, the narrow beam seems to be 
the better choice as in this case, the variations from one position to another are less dependent on the roughness. 
As the surface contribution is almost negligible in the tail, the narrow beams may be easier to use for volume 
contribution studies. 

5. Effect of small changes in roll/pitch 
For a typical situation with a hull mounted or a towed sonar, the source will be exposed to variations in pitch and 
roll. An interesting simulation can be performed looking at  the time domain signal as function of variation in the 
incident angle. As the source used in the simulations has a symmetric beam pattern around the mean direction, 
only the effect in one dimension (roll) is studied. In Fig. 7 the roll of the source is simulated for angles between 
-5' and 5'. The rms roughness is 2 cm, the depth is 10 m, and the other parameters are unchanged. The source 
is a t  position 0, so that the results with Roll = 0' equal the result for Pos = 0 m in Fig. 6. For the narrow beams 
the roll has a significant influence on the time domain signal. The shape of the first reflection changes and for an 
increase in the roll, the level decreases strongly because the source is not at  normal incidence. As expected, the 
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Figure 7: The return as function of roll (incident angle). a) narrow beam, b) wide beam. 

change is much less marked for the wider beam, and the signal is almost constant from -5@ to 5 O .  

6. Summary 
The effects of source movements on backscattered time domain signals have been studied using model simulations. 
The simulations were carried out using a broad band Ricker pulse and two different beams of 3' and 15' respectively. 
The source height above the bottom varied from 5 to 20 m. The results showed that the signal changes notably 
over the depth range studied for both the narrow and the wider beam. Further simulations were conducted by 
moving the source horizontally over a rough bottom. Even for small variations in the position, the time-domain 
signal changed significantly, and the changes appeared to be higher for the wider beam. A simulation to study 
the effect of varying the incident angles showed that the narrow beam was more affected by the change than the 
wider beam. The continuation of this work will be focused on verifying the results with recorded data. 
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Abstract 

A formulism for scattering a broad band high frequency pulse from a randomly rough surface of n penetrable oceanic 
sediment is developed and used to investiyate the ability of local cosine transform (LCT) rime-frequency (TF) 
representations to distinguish between randomly rough surfaces with different statistics. 

1. Introduction 
It is of interest to classify surface texture or roughness remotely using broad band acoustic scattering. In this paper, the 

interest is in classification of roughness on the surface of penetrable oceanic sediments. Previously[l,2], a T-matrix 
formalism was used to calculate broad band LFM scattering from an elastic sediment with periodic surface roughness. An 
adaptive windowed local cosine transform (LCT) was used to construct time-frequency (TF) representations of the time 
series and it was shown that this type of TF representation could distinguish between two different types of periodic 
roughness. In this paper, high frequency broad band scattering from penetrable sediments with random surface roughness 
is calculated and the ability of local cosine based TF representations of the scattered field time series to distinguish 
between rough surfaces with different statistics is explored. 

It is assumed that a stationary source array is located in a homogeneous, isotropic, and non-viscous fluid half space 
bounded below by a semi-infinite penetrable sediment half space with a randomly rough surface. The surface roughness 
profile G(x',y') is assumed to be a realization of a zero mean Gaussian random process with an RMS height h and 
correlation lengths I, and 1, along the x- and y-axes. The fluid half space is denoted medium (I)  and the sediment half 

( 1 )  
space is denoted medium (2). In the fluid half space, the compressional Lame parameter is 1") , the mass density is p , 

2 ( 1 )  2 the p-wave speed is c") 2=h(') lp(l) , and the p-wave vector is k") with k'l) 2=0 Ic . Although scattering from sound 
hard, viscous fluid, viscoelastic solid, and fluid saturated poroelastic solid sediments was modeled, in this paper, 
numerical results are shown for a viscoelastic solid only. In the viscoelastic solid sediment, the Lame parameters are h(2) 

2 
and p(2) , the mass density is p(2' . the p and s wave speeds are, respectively, $ 2=(k2)+2J2i )I$') and ci2) and 

2 2 (2) 2 cy)  2=p) lp(2) ). and the p and s wave vectors are, respectively, kr) with x:) 2==w21cr' and kp' with k" =0 Ics . 

It is assumed that the source is a planar array and to orient and locate the array, two coordinate systems are considered: 
A reference coordinate system is located in the mean plane of the rough interface and is designated xi yi zi with origin Oi 

and a second coordinate system is located in the plane of the array and 1s designated, x, y, z, with orlgin 0, . The x, and 

y, axes are in the plane of the array and are parallel, respectively, to the width and length of the array and the z, axis is 

normal to the x, y, plane and in the direction of the main lobe of the beam. Initially both coordinate systems are 

coincident and colinear. First, the source is displaced from the origin oi and then it is oriented so that the z, -axis is along 

a radius vector is from 0, to Oi . The rotation of the z, -axis is accomplished by performing a counterclockwise 

rotation by an angle I$, about the z, -axis followed by a second counterclockwise rotation by an angle x+B, about the y, - 
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axls In t h ~ s  analys~s, the source IS located on the negatlve x, -axis so that $, =.n 

It IS assumed that In the far field the source pressure field can be expressed In the tollowlng lndnnel 

--m 

w~th  
(1) ( 1 )  . . 

p (L,iq,w) =PoD,(:,w) l r - r s l  /47tli -if 1 
(Ib) 

The quantlty DJ; ,w) IS the source beam pattern and In t h ~ s  paper, a Gausslan beam IS con\~deled When D,(; .w) 15 

projected onto the mean plane of the ~nterface ~t IS glven by 

D'," (2.w) = ~ X ~ [ - ( X ' / X ) ~ ]  exp[- ( y ' ~ ) 2 ]  (2a) 
w~th  

X = r, ~ I c o s 8 ~  , (2b) 

X = kmin Xmax Ik 
and 

The angles x and $ are, respectively, the beam widths measured from the z, -axis in the z, -xs and z, -ys planes and the 

angles, xmaX and $,,, are the maximum values of these angles and occur when k=klnil, . The beam pattern D,(i , a )  is 
(i) obtaind from D, (?;w) by setting cos8, =I. 

The quantlty ~ ( " ( o )  1s the Fourier transform of the incldent pulse ~ ( " ( t )  and In this papel, watterlng ot a l~near 
frequency modulated (LFM) pulse is cons~dered so that 

T ( ~ )  (t) = 

with o(t)=27t(fmi, +tAf/z). The parameter z is the pulse width, fIni, is the lowest frequency in the pulse, and Af is the 
bandwidth. 

The scattered field is synthesized from its spectrum uslng an inverse Fourier transform so that 
m 

(s) . . I S )  . - -iwt 
p (r,r,;t) =z;; d w ~ ( ' ) ( w ) p  (r,rs;w) 

[s) . . 
The quantity p (r,r,;w) is the Fourier spectrum of the scattered pressure field and is calculated using a Kirchhoff 
scattering formalism. 

2. Kirchhoff Scattering for a Randomly Rough Interface 

2.1 Scattering Theory: CW Scattering 
Since scattering from a randomly rough surface in the Kirchhoff approximation has been treated by many authors [3-51, 

the details of the formalism used in this paper are briefly reviewed. The pressure field scattered from the rough interface is 
given by the Helmholtz-Kirchhoff integral: 

The quantity p(+)(?,w) is the total field evaluated in the limit in which the interface is appronchetl from the fluid half 



space and g(i' , i  ;a(') ) is the free space scalar Green function. The vectors i and i' are, respectively, vectors to a feld 

point and to a point on the surface. The unit vector G(i') is normal to the interface and is given by 

~ ( i . 1  = [P -ax,<(xe,yq)$ -ay,~xq.yn)$ I{ ~ + ~ a ~ , ~ ( ~ ~ . ~ ~ ~ i ~ + [ a ~ , ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ - ~  (6) 

and ds'= dx'dy' { ~ + [ a ~ , ~ ( x ' , y ' ) ] ~ + [ a  . ~ ( ~ ' , y ' ) ] ~ ] ~  and is an infinitesimal area element on the interface. 
Y 

The far-field approximation for the Green function and incident field evaluated on the rough surface are constructed in 
the Fraunhoffer approximation and are given by 

and 
( I )  .- ( 1 )  .(s)*., 

g(? ,i ;k ) = ,i(k r-k r /4m. 

The wave vectors k(i) and k(S) are , respectively, the wave vectors for the incoming and outgoing waves. 

Since scattering from a rough interface in the Fraunhoffer approximation is valid only when the source insonifies a 
relatively small area on the interface, the interface is located in the far field of the source array with r, > A, /A, for all 

frequencies of interest (A, is the planar area c.f the source array.), r'lr, << I, and r'lr << I for all r'. To be able to maintain 
the validity of the Fraunhoffer approximation and to obtain a computationally tractable numerical solution, the formalism 
is limited to narrow beam source arrays. 

In the Kirchhoff approximation, it is assumed that the surface field and its normal derivative are given by 
(+) . A "(i) (i) p ( r ' , ~ )  = [I+R(rS ,k )] p (?,is;") 

and 

A A(i) . In Eqs. (8a) and (8b), R(r' ,k ) 1s the plane wave amplitude reflection coefficient for a planar interface. In this paper, 
scattering from a viscoelastic solid sediment is calculated so that 

A A(i) 
R(r' .k ) = (A-B)l(A+B) 

with 

and 

K:' = k:) + i w ,  18683. 

The quantities kg) and kk2) are, respectively, the wave numbers for the pressure and shear waves in the sediment nnd a P 

and a< are the corresponding log decrement attenuations. It is important to note that slnce the reflection coefficient 
depends on the local angle of incidence, it depends on the surface derivative as well ;IS the plane wave angle of incidence. 
Therefore, when Eqs. (6)-(8) are used in the Helmholtz-Kirchhoff integral, the numerical evaluation of the resulting 
integral is complicated by the fact that the integrand depends on the surface derivatives. To simplify the evaluation of this 
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* "(1) integral, it is assumed that for narrow beams and small surface slopes R(r' ,k ) is approximately constant on the 
insonified portion of interface and may be evaluated by using the mean angle of ~nc~dellce at the interface. For   so tropic 
surface roughness, the mean slope angle of the interface is y = tan" ($ hll) , where 1 is the correlation length [ 5 ] .  Then 
the surface derivatives are eliminated by performing an integration by parts and the resulting expression for the scattered 
pressure field is 

with 

a = {[I+R(? .c") 11 t'" + [I-R(? ,c'" )I L"' 

(i) (s) A = (k -k ), , 
( 1 Oe) 

(0 (s) B = (I; -I; )), , 
(100 
and 

c = (@') -k(') lZ , 

In Eq. (IOa), terms involving derivatives of the projected beam pattern have been omitted. For a Gaussian beam, these 
( 1 )  terms can be omitted when 2k(l) AX >>I and 2k AY>>I. 

2.2 Rough Surface Realizations 
A two dimensional generalization of the technique used by Thorsos[5] was used to construct two dimensional 

realizations of a rough surface with Gaussian statistics. The surface height is given by 

where the spectral amplitude F(K,, ,Ky, ) is given by 

F(Kxm ,Kyn ) = 2 LxLyW(Kxm,Kyn) 

(I la) 

with cos$ = NI(O,I) , sin$ = N2(0,1) , K,,,, =2nm/L, , and Ky, =2nn/Ly . When m<O or n<O. F(K,.,, ,K,, ) = F y K  ,,,, 
,Ky, ) SO that <(x',Y') is real. The lengths L, and Ly are, respectively, the lengths along the x- and y-axes of the 
insonified area on the mean plane of the interface, c is the correlation coefficient, and NI(O,I) and N2(0,1) are 

independent samples from a zero mean unit variance Gaussian distribution. The quantity W(K,,,, ,Kyn ) is the two 
dimensional Gaussian roughness spectrum is given by 

and is normalized such that I dff W(K ) = h2 -- 



3. Adaptive Windowed Local Cosine Transform 
An adaptive windowed local cosine transform[7] is used to construct TF representat~ons of the scattered field time 

series. The time series are segmented or windowed in time so that the resolution in the TF plane is limited by the 
uncertainty principle which is expressed by the fact that the time-bandwidth product is constant i.e., AtAf 2 I. The time- 
bandwidth product describes a Heisenberg cell and the ensemble of Heisenberg cells provides a tiling of the TF plane. 
The TF representation of a signal is displayed graphically in a TF plane in which the Heisenberg cells are shaded in 
proportion to the T F  spectral amplitude: 

In this paper, the segmentation or windowing process is used adaptively to construct a near optimal segmentation 
which is equivalent to a near-optimal localization in time and frequency. An optimal segmentation minimizes the number 
of large amplitude Heisenberg cells and the shaded area in the graphical display of the T-F representation. To obtain an 
optimal segmentation in time, the time series is segmented following a dyadic tree structure. The optimal distribution of 
windows is obtained by comparing the TF representation of the time series using two adjacent intervals with that 
produced by their union. The optimal window is the one that for a fixed number of largest coefficients maximizes energy 
or minimizes entropy. An optimal segmentation consists of a distribution of windows obtained from different levels of the 
dyadic tree and its graphical display is characterized by Heisenberg cells with different aspect ratios. A best level 
representation is obtained by using an optimal uniform segmentation, i.e., a single level within the dyadic tree structure, 
and its graphical display is characterized by Heisenberg cells with a constant aspect ratio. 

The novel feature of the adaptive windowed LCT used in this paper is the bell shaped window wi(t) introduced bv 

Coifman and Meyer [81. On the interval Ij = [aj ] with length I, , wj(t) satisfies the following conditions: 

wj(t) = ~ ~ . ~ ( 2 a ~ + ~ - t )  , 
and 

2 2 wj (t) +wj.,(t) =I It-a, I 2  cj . 

The windows that satisfy the conditions in (13) extend beyond the interval Ii and provide a smooth and symmetrical 
overlap with adjacent windows. 

The LCT basis functions introduced in [4] are given by 

u, (t) = fi W, (t) cos[n(k+l/2)(t-9 )/Ij 1. 
J.k 

The basis functions u. (t) are orthonormal not only within the interval Ij , but throughout the TF plane. It can be shown 
1.k 

2 that if a function f(t) E L (R) , then it can be represented in the following manner: 

with 

ai-Ej 9 
and 

The effect of the window wj(t) is evident in (15) where it is shown that the energy In the overlap reglon is folded back 

into the interval Ij and the function sj(t) is projected out from f(t) and onto the basis functions. Using the representation 
given in (lSa), a signal can be represented by an optimal TF spectrum that can he ~rscll to reconstruct the signal. In 
addition, the Heisenberg cells are disjoint, there is no energy leakage between ;~c!ji~cent cells, and the uncertainty principle 
is obeyed. 
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4. Numerical Considerations and Parameters 

When Eqs. (1 1) and (12) are used to generate a surface realization, 1, , l y  , c, and h are input parameters however, the 

lengths of the insonified surface area, L, and Ly , need to be determined. These lengths are given by the values of x'=L, 

12 and yV=Ly I2 for which the Gaussian beam in the x and y-direction decreases by exp(-3). i.e., when exp [-(L, 1 2 ~ ) ~ ]  = 

exp[- (Ly I ~ Y ) ~ ]  = exp(-3) so that L, =2$ r, ~IcosB, and Ly =2$ r, I$. It is important to note that when 8, or r, 
change, the surface realization changes as well. However, in this analysis the same surface realization was used for all 

0 
calculations and the lengths L, and Ly were fixed at their values for 0, =30 and r, =20 m. An FFT was used to 

calculate a surface realization on a 1024x1024 grid with spatlal increments Ax=L, /1024<h/S and Ay=Ly /1024<WS 151 
To insure that the minimum spatial sampling W5 was obtained, the number of points N, = L, l(hI5) was calculated and if 

N, >1024, the calculation was not performed. The same spatial sampling was used to evaluate the integral over the 
interface. 

Although a closed form expression for the Fourier transform of an LFM pulse can be obtained, it was found that the 
( i )  FFT evaluation of T (w) was numerically more convenient. The number of time samples is N = 2" where the integer n is 

determined by dividing the time window by .he sample frequency. The time window is T and the sample frequency is the 
reciprocal of twice the highest frequency, i.e., the Nyquist frequency, so that n = In[2(f,,,i, +Af)T]/ln2+I and for =I07 and 
the parameters considered in this paper n= 17. 

Time series were calculated by evaluating the inverse Fourier transform of the product of the incident pulse and 
interface scattered field spectra. Since the calculation required a large number of spectral samples, the spectrum of the 
interface scattered field was calculated on 16 nodes of a Cray T3D. It is important to note that the spectrum of the incident 
pulse is confined to the range of positive frequencies -22-28 kHz for which the Kirchhoff approximation is valid. So that 
it is not necessary to calculate interface spectral components for frequencies for which the Kirchhoff approximation is not 
valid. 

A set of parameters was chosen for the source, the fluid half space, the rough surface, and the sediment. These 
parameters are summarized in Tables 1 and 2. In the following, these parameters remain fixed unless noted otherwise. The 
parameters for the viscoelastic sediment are for a a sandy sediment for which the p-wave speed is greater than that in the 
fluid. 

5. Results and Conclusions 

Time series and local cosine based TF representations were calculated for back scattering with 0, =Or =30' from 

surfaces with h=0.01 m and h=0.1 m with I, = I y  =0.1 m, 0.5 m, and 1.0 In. Figure I shows TF representations for 
scattering from surfaces with h=0.01 m and (al)  I=O.OIm, (a2) 1=0.5 m, and (a3) I=1.0. Figures (bl)-(h3) show similar 
results for surfaces between randomly rough surfaces with different statistics. i.e., rms surface heights and correlation 
lengths. In general, differences in the TF representations of the scatter from statistically different surfaces are not 
dramatic, however, differences are most apparent in the high frequency portion of the TF plane. This suggests that 
classification of randomly rough surfaces may be facilitated by broad band pulses whose spectrum includes frequencies 
higher than those considered here. 

It may be concluded that LCT based TF representations of broad band time series scattered from randotnly rough 
surfaces affect a data compression of the time series and that in the TF plane, scattering from randomly rough surfaces 
with different statistics can be distinguished. Although no attempt has been made to develop an algorithm to classify 
surface roughness, the results shown here Indicate that it may be useful to consider local cosine based TF representations 
as a basis for an algorithm to classify surface roughness. 
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Table 1. Source and receive parameters. 

symbol parameter value 

source 

Po incident amplitude 4rr 

distance 

8, polar ongle 

I, azimuthal angle 

&,,a, . +,, beam widths 4' 

Ds beam pattern Gaussian 

pulse width 0.2 s 

fmin min frequency 23.75 kHz 

Af bond width 2.5 kHz 
receive 

r, distance 20 m 

8, polar angle 30' 

8, azimuthal angle 180' - - - 

Table 2. Fluid, sediment, and roughness 
garameters. - 

symbol para~neter value 

sfluid 
(1) 

cp sound speed 
(1) 

pf fluid density 

sediment[9] 
(2) 

cp p-wave speed 1478.0 nJs 

a? p-wave attenuation 0.07 dB11iilkHz 

q) s-wave speed 12 1.83 1111s 

ak2) s-wave attenuation 4.474 tlB11dkHz 

(2) 
p density 1800.0 kg1ln3 

roughness 
h mean height 0.01 111 

I, =I =I coll.elation length 0.5 In Y 
c correlation coefficient 0 
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Abstract 

Inversion strategies for bottom parameter estimation in shallow water impose stringent requirements on 
accuracy and speed of acoustic models. We highlight the importance of second order effects as first order 
determinants of the field using examples based on experimental data, employ high accuracy adaptive 
wavenumber integration techniques to evaluate the terms of the multipath expansion without approximation, 
and provide a basis for more accurate, efficient prediction of variable .shallow water fields. 

1. Introduction 
Modeling environmental processes explicitly (with loss and scatter from surface, volume, bottom) rather than 
implicitly (from e.g. bottom layer descriptions) is common in many acoustic applications. However, explicit 
modeling approaches require decomposition of the incoming and outgoing fields in order to isolate propagation 
angles. One type of field decomposition in a range independent environment is multipath expansion (MPE). It is 
theoretically exact and can be interpreted using ray theory at sufficiently high frequencies, allowing efficient 
treatment of wavenumber and travel time integrals. The technique has proved valuable for modeling 
reverberation data in deep water and Raymode as well as the Generic Sonar Model (GSM) are based upon it 
[1],[2]. Both these models tabulate reverberation with sufficient speed to make rapid inversion applications in 
shallow water feasible (e.g. real time determination of bottom properties from sonar reverberation data [3]). 
Unfortunately, inversion schemes of this type have encountered limited success for long ranges in bottom limited 
conditions. Wavenumber integration methods in general struggle with the highly oscillatory nature of the Bessel 
function at long ranges and encounter practical difficulties in approximating the infinite upper limit of 
integration. As we shall see, the low amplitude fields in shadow zo?es are actually obtained from strong coherent 
reduction of high amplitude mathematical components of the integration. Thus, small errors in constructing the 
integrand or in treating the limits of integration can produce significant (60 dB and greater) errors in the 
calculated field. 

Motivated by these considerations, the basis of MPE is revisited. RPRESS, a high accuracy propagation code 
based on compound matrix propagation [4] and adaptive wavenumber integration [5] has been employed to 
evaluate the terms of the multipath expansion without any approximations like WKBJ. We illustrate the physics 
that is  absent in WKBJ-based treatments of the expanded Green's function. Specifically: (i) Accurate levels for 
evanescent energy contributions to the full wave field are determined and discussed relative to approximations 
which extend ray interpretations to diffracted energy (e.g. analytic continuation). (ii) Multipath coupling, driven 
by refraction in the water column, becomes increasingly more important as frequency decreases, causing 
redistribution of the directional components of the field and a modification in effective level at long ranges. 

Our goal IS to refine the numer~cal integrations performed In r a p ~ d  tmplementations ot MPE, using a well 
matched high accuracy benchmark, In order to ach~eve the performance needed tor broadband ~ n v e r s ~ o n  in real 
tlme. We begin w ~ t h  problems Identifled In lnvertlng bottom parameters trom US Navy sonar data using GSM, 
analyze the performance of ~ t s  multipath Integration (GSM-MPE) [2], and prov~de  a context tor ~n te ipre t~ng  the 
multipath field components obtained from general (non WKBJ) numer~cal methods We subsequently approach 
the issue of modellng reverberat~on when shadow zones dre involved, emphasi~ing the role played by hybr~d  
events w h ~ c h  scatter energy between class~cal and lmaglnary (d~ftract~on-approximate) propagation paths 
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2. Simple caustics and the shallow water propagation field 
Downward refracting sound velocity profiles, common in shallow water, are caustic-forming. The importance of the 
associated diffraction effects will depend strongly on bottom type, and model errors will become apparent only when 
classical arrivals are weak. In particular, we link the unreliable performance of GSM-MPE in shallow water directly to this 
'imaginary eigenray' problem. (By an 'imaginary eigenray', we mean a 'ray' that is horizontally displaced, much like a 
head wave, from a caustic and continued into a shadow zone. According to asymptotic ray theory [ 6 ] ,  this construct can be 
used to represent diffraction in terms of ray equivalents.). We examine the approximations in common use for wavenumber 
integration codes, and isolate the numerical mechanisms responsible for the problems with the GSM code. 

2.1 Inversion results a n d  general modeling considerations 
Our first example involves 3 kHz transmission loss (TL) data collected in shallow water (80 m) along the Korean Shelf in 
the Sea of Japan in the summer of 1994. Downward refraction combined with a low impedance contrast at the bottom 
(mud sediment) produced uniformly high TL measurements independent of receiver depth ( z ,  =7.6, 18.3, 45.7, 80 m). 
Attempts to invert bottom properties from these data failed. Specifically, inversion algorithms based upon GSM-MPE 
produced vanishing reflection coefficients, and curiously high residual field levels beyond the caustic. IFDPE [7], SAFARI 
[8] and RPRESS predict levels well below GSM-MPE using the GSM inverted bottom (Fig. Ib), while all but GSM 
produce reasonable model-data comparisons using typical mud sediment parameters (Fig la). 

Range (km) Range (km) 

Fig 1. a) Reasonable sed~ment parameters for mud produce good agreement between data (obtained out to the range r = 15 
km) and RPRESS. b) Comparison of GSM and RPRESS TL predictions uslng GSM der~ved Bottom Loss values. 

The progressive failure of GSM to predict accurate TL levels is illustrated in Fig. 2. As the bottom impedance contrast 
is reduced, propagating energy escapes from the water column, leaving a residual field that conslsts entirely of diffracted 
energy beyond the caustic range. The GSM levels exhibit 60 dB errors at long ranges when compared to more accurate 
models, and are visible well above the noise for many measurement applications. 

250' I I 
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Fig. 2. TL results from IFDPE (a) and GSM (b) for the same high-impedance bottom and low-impedance bottom. 

To provide better diagnostics, the profile was simplified to a l/c2 linear velocity profile, decreasing from 1.5 k d s  at 
the surface to 1.48 k d s  at the bottom (z=80 m), so that a simple caustic at range r = I  .3 km for source depth ;, = I0 m and 
receiver depth z, =80 m could be investigated (attenuation is neglected). Although GSM-MPE works reasonably well close 
to the caustic (Fig. 3b), its imaginary eigenray construction works poorly for longer ranges (Fig. 3a) where its levels hover 
near 100 dB, independent of frequency. Physically, TL in the shadow zone should increase with frequency, a result 
properly predicted by more accurate models. Thus the performance of GSM-MPE is here actually poorest at high 
frequencies. 



Range (km) 

Fig. 3. a) Frequency dependence of RPRESS and GSM-MPE TL curves for a low-impedance bottom. b) The 3 kHz case 
is displayed with classical ray theory revealing the caustic at r =1.3 km for z ,  =I0 m and z, =80 m. 

2.2 Numerical approximations 
GSM-MPE involves approximations to the Green's function and Bessel function kernels in the integral representation of 
the field as well as truncations of the integration interval itself. To discuss these approxi~nations we start from 

which synthetizes the field from its wavenumber components [9]. By applying the well-known relation 

each wavenumber component of the field can be represented by an outgoing part and an ingoing part, cf. [ 101. (This 
physical interpretation is poor for small kr, however). Note that the integral of the outgoing components should not be 
considered as the outgoing field since ( I )  is already an outgoing field according to the radiat~on condit~on from the source. 

For the 3 kHz case of Fig. 3b, we will use RPRESS to investigate the effects in the shadow zone of approximations in 
setting up the field. The low-impedance bottom is modeled as a homogeneous half-space with density 1.0 kgldm' and 
velocity 1.48 km/s to achieve continuity at z=80 m. We examine right endpoint wavenumber truncations which eliminate the 
evanescent field, ingoing components of the field , and left endpoint truncations which eliminate high angle contributions. 

2.2.1  Evanescent energy 
For our case, the separation between the evanescent and propagating regimes of wavenumbers would appear at a 
horizontal slowness pl, = klllw = 0.6678 slkm, corresponding to the inverse of the tnaximum medium velocity 
between source and receiver (1.4975 kmls at z=lO m). The evanescent energy alone would appear by restricting 
the integral in ( I )  to the interval kll to infinity. As illustrated in Fig. 4, the total evanescent field can be ignored at 
short ranges, but it is a critical component beyond the caustic. The reason is that shadow zone levels will be 
controlled by horizontal wavenumber components close to the caustic wavenumber, which in this case lies very 
close to the truncation point kll, The evanescent-field integrals of the outgoing and ingoing components are also 
shown separately in Fig. 4. The first integral is dominant, but wherever the two are similar in magnitude, a 
beating pattern emerges in the total evanescent field. 

Even for an isovelocity channel governed by ray propagation, the evanescent field is important when wavenumber 
integration is used. Our earliest examinations of the shadow zone performance of GSM-MPE uncovered errors for 
isovelocity profiles which could be traced directly to wavenumber interval truncation. At long ranges, points of stationary 
phase fall close to the truncation point, causing field levels to dip below the geometric spreading loss expected for 
isovelocity propagation. These errors could be reproduced in RPRESS by using the same truncation point as in the GSM- 
MPE code. 

Range (kmJ 

Fig. 4. The evanescent energy can be ignored in the propagating region but not in the sl~adow /one 
Fig. 5. The total integral of incoming components contributes far out in the shadow lone. 
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2.2.2 The integral of the ingoing,field components 
The integral of the ingoing field components is depicted in Fig. 5. Omission of this part is common in sound propagation 
codes. When the propagation is governed by rays or modes, this can be motivated mathematically: stationary phase points 
of rays will preferably appear in conjunction with exp(ikr) of ~, /I ' (kr)  rather than exp(-ikr) of ~,,"'(kr), a modal 
wavenumber (pole) slightly above the positive real axis will cause retarded phase variation in conjunction with exp(ikr) of 
Hdl)(kr) but accelerated phase variation (and hence cancellation) in conjunction with exp(-ikr) of H,,"'(kr). The integral of 
the ingoing components becomes of greater relative importance when a description in terms of rays or modes is lost, as it is 
far out in the shadow zone (cf. Fig. 5) and at low enough frequencies (cf. [IO]). In Fig. 5, we may also note a significant 
destructive interference between propagating and evanescent parts to produce a very low-amplitude total result. 

2.2.3 High-angle contributions 
Another common approximation is to remove high-angle energy from (I), i.e. to truncate the integral at a left end-point k, = - - 

up, .  As an example, we depict in Fig. 6 the residual high-angle field for p ,  = 0.0617 slkm, along with its decomposition 
into integrals of outgoing and ingoing components. Values smaller than p ,  correspond to grazing angles at the source 
greater than 84.70 degrees. Apparently, this high-angle field cannot be neglected far out in the shadow zone where levels 
are low enough to make weak energy important. As in Fig. 4, truncation introduces a disturbance that does not drop off 
very fast as r is increased. Significant oscillations are caused by beating between the integrals of the out- and in-going 
components. 

Range (km) 

" \ Toral Ottlgobrg Field I 

Range (km) 

Fig. 6. High-angle contributions, isolated by integral truncation, become important far out in the shadow zone. 
Fig. 7. The total RPRESS field along with some truncated fields. Note, in particular, the qualitative similarity 
between the GSM-MPE field and the propagating-field integral of the outgoing components. 

2.2.4 Overall effects of truncating the field in a shadow-zone 
We conclude from sections 2.2.1-2.2.3 that it is dangerous to remove parts of the field or to truncate the wavenumber 
integrals for ranges in a shadow zone. Consider Fig. 7, as a summary. The integral of the outgoing components is adequate 
except in the deep shadow zone. The propagating field is adequate at close ranges, but not at all in the shadow zone, where 
it exhibits significant beating between the integrals of ingoing and outgoing components. Note that the GSM-MPE field is 
quite similar to the propagating-field integral of the outgoing components, suggesting that the problem here, as in the 
isovelocity case for this model, is associated with wavenumber truncation in the evanescent regime. Classical and caustic- 
corrected asymptotic ray theory will, of course, predict a zero field and a low-level field, respectively. 

Some of the truncation effects can also be understood by look~ng at the Green's function d~rectly for horizontal 
slownesses p beyond po = 0.6678 slkm, where the evanescent regime starts and an exponent~al decay should appear. It 
turns out that the RPRESS Green's function has not yet been reduced very much In magnitude at po. 

3. Multipath decomposition of the field in an inhomogeneous medium 
According to [2],[1 I], MPE is effected by an expansion of the Green's-function kernel G(z.z,,:k,w) in (I): 

G(z ,z,; k, m) = Xi& Gi,{z, z,~,; k. 64 (3) 
where i=1,2,3,4 denotes fundamental path type and j=O,..,m denotes ray cycle. The physical interpretation of this expansion 
in terms of a ray structure (Fig. 8) is valid asymptotically (high frequency) for a propagating wave. G,) itself represents the z 
component of the propagation, while the r component is handled by the Bessel- (or Hankel-) function from (1)-(2). 

In [2], the decomposition is effected by two particular solutions F.(z;k,w) and F+(z;k,w) of the depth-dependent wave 
equation. The WKBJ approximation allows unique association of F- with an upgoing wave and F+ with a downgoing wave, 
and the initial directional structure is preserved (for a propagating wave that does not turn between source and receiver). 
With 'exact' non-WKBJ computations, multiple internal reflections ('multi-path coupling') will complicate the picture, 
causing initially upgoing F. to acquire downgoing components and initially downgoing F+ to acquire upgoing components. 



In fact, there does not appear to be any canonical way of choosing F. and F+. Each choice will produce a different 
decomposition of the field acccording to (3) and (I), and the multipath expansion is not unique. However, when the field is 
dominated by ray propagation with rays that do not turn between source and receiver, this nonuniqueness may not be 
essential and this may be the reason why this issue is not discussed in [2]. The arbitrariness of subdividing a field in an 
inhomogeneous medium into directional components is addressed in 1121. A particular scheme is the Bremmer series [ 131. 

Fig. 8. The four fundamental multipath types for cycle number j=O. A positive j indicates j additional cycles (two-way 
paths between surface and bottom). 

For a numerically careful benchmark implementation of (3), and the corresponding wavenumber integrals ( I )  of the 
separate multipath components, we introduce two specification depths: an upper one z. for F. and a lower one z+ for F+. 
At z., F- is specified to be purely upgoing in some appropriately defined sense, whereas F+ is specified to be purely 
downgoing at z+. Since up- and down-going components can be defined unambiguously in a homogeneous layer, an 
obvious choice is to consider the medium to be locally homogeneous at 2. while defining F. there, and locally 
homogeneous at z+ while defining F+ there. Another choice is to consider the medium to be l/c2 linear above z. or below 
z+ and use Airy functions to define F.(z.) or F+(z+). respectively, in order to get a purely outgoing wave far out in the 
implied half-space. With a turning point in such a //c2 linear half-space above z., for example, F. would contain a 
'reflected' downgoing component at z. in addition to an upgoing component there (see [14, Box 9. I ]  for the behavior of 
the WKBJ solution across a turning point) . Due to the arbitrariness that is involved, one should choose specification 
depths and types guided by the nature of the problem at hand. 

In order for each Gij integral to converge, it is in general necessary to choose the specification depths z. and z+ such 
that 

Z- 5 m i n ( ~ , ~ ,  z,) I max(zs. z,) 5 z+ . (4) 
If z, < z.  , for example, in the evanescent regime (large k )  some velocity profiles would produce multiple 'reflections' 
causing an exponential increase of F. in the upward direction towards z, . In fact, F.( z, ;k,o) could increase exponentially 
with k, without sufficient control by the excitation factor from the source, and the individual multipath integrals would 
diverge. 

Guided by these considerations, we have developed a version of RPRESS for accurate computation of the multipath 
components of the field. Using the example from Section 2 (Fig. 3b etc.), we choose 2. = z . ~  = 10 m and let F-(z-) be 
defined by regarding the medium at z. to be locally homogeneous. We choose z+ = z, = 80 m, but let F+(z+) be defined 
from Airy functions as if the //cZ linear profile were continued in a lower half-space. For the multipath type 1 (i=1) and 
type 2 (i=2) fields, respectively, there is a 'bump' moving out in range with increasing cycle number j=0,1,2, ... This bump 
represents energy coming from residual interaction with the boundaries (residual relative to the possible interaction 
prescribed by F. and F+ there). For a downward refracting profile, an effective 'skip distance' will appear. The i=lj=O 
field agrees exactly with the field in the modified medium obtained by continuing our medium (without contrast) above 
z=0 m to a homogeneous half-space and below z=80 m according to the l/c2 linear profile above. Fig. 9a shows the 
(coherent) sum of the i=1,2 fields for the separate cycle numbers j = 0, 1,2. For short ranges, direct and surface-'reflected' 
fields will interfere irregularly causing an oscillating sum. Beyond the caustic at r = 1.3 km, the j=O field sum will decrease 
rapidly, being the total field for the modified medium obtained by replacing the homogeneous subbottom half-space with a 
l/cZ linear continuation below z=80 m. Beyond about 2 km, the j=l field sum will become important, explaining the 
plateau there in the total RPRESS field from Fig. 3b. The sum of the j=0 and j = I  field sums of Fig. 9a explains the total 
field out to about 3 km, where the total field again drops significantly, because of interaction with the type 3 and type 4 
fields (not shown). 

In Fig. 9 b) and c), the gradual acquisition by each multipath component of energy from multiple internal reflections is 
illustrated by the departure of F. and F+ from the up- and down-going WKBJ solutions. The straight lines alone, at 0 dB, 
represent what one would expect for the isovelocity case, where WKBJ is exact with F. and F+ void of down- and up- 
going components, respectively. For our l/cZ linear example, F. acquires downgoing components (Fig. 9b) and F, acquires 
upgoing components (Fig. 9c). The horizontal wavenumber considered was for a wave turning at the surface. Our choice 
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of upper specification lnit~alizes the downgo~ng part of F to zero at z =I0  m, and ~t falls about 36 dB below the upgolng 
part at most other depths Because of the Airy-funct~on spec~ficat~on of F+ at z+ =80 m, the upgolng part of F+ w~l l  not 
van~sh there It falls about 62 dB below the downgo~ng part, and ~t becomes lncreaslngly more Important at lower depths 

0 5 6 

Range (km) 

Fig. 9. a )  The 3 kHz RPRESS field from Fig. 3b is decomposed into different rnult~path components. We show 
the sum of the i=1,2 fields for the cycle numbers j=0, 1 ,  2. b) The up- and down-going parts of F ,  as defined 
by the up- and down-going WKBJ solutions, for a particular horizontal wavenumber k. c) As b) but for F,. 

S~rmlar figures for other horizontal wavenumbers show, as expected, that slmple WKBJ-l~ke F and F+ solut~ons appear 
for small k, whereas the mlxture of WKBJ up- and down-going pleces 1s enhanced for large k Across a turnlng polnt, the 
change of character is of course dramat~c [14, Box 9 I]. Furthermore, our rigorous ~mplementation ot multlpath expansion 
allows rather preclse quantitative bounds on the low frequency val~dlty of the WKBJ approxlmatlon 

4. Simple caustics and the shallow water reverberation field 
As we have seen, the propagation field in shallow water may move from regions of strong classical character to 
regions where diffracted energy dominates accompanied by a subtle palette of second order effects. This 
tendency is even more pronounced in the broadband reverberation case for two reasons: redistribution of path 
structure in the measured signal according to time of arrival, and redistribution of highlights produced by 
beamforming. 

To ~llustrate the subtlety and Importance of these effects, we prov~de an example based upon bottom backscatter data 
collected usrng a m~dwater depth source In shallow water under downward retracting cond~t~ons Beamtormlng may 
strongly enhance the appearance of well resolved first, second, etc bottom bounce (BB) peaks In the data (Fig 10a) 
Based upon angle, the sonar beam pattern d~scr~m~nates agalnst the hybr~d mlxture of scattered paths whlch would 
otherwise smooth the region between the peaks due to then lntermedlate arr~val tlmes Becau3e the pr~nc~pal  paths are 
strong vertexlng paths, there will also be an extenswe population of imaginary elgenrays whlch are strongly favored by the 
beam pattern They are produced by about the same source angles whlch tavor the prlnc~pal paths but have a different 
geometric character and (typically) earl~er arrival tlmes Includ~ng the poss~b~l~ty  ot d~fterent transmlt and recelve paths, a 
hybr~d mlxture of classical and lmaglnary paths 1s produced (Fig lob) The apparent times ot drr~val will sh~t t  away trom 
the prlnc~pal BB peaks and the hybr~d events w~ll  form (In t h ~ s  example) the leadlng edge ot each peak In the 
reverberation Errors In modellng the level of these arr~vals w~ll  produce m~smatch (01, In geneial, convergence failure) for 
reverberation based Inverqe problems 

Classical x Imaginary hybrid events 

1st BB 2 n d B B  3rd~r?- 

0 Time (8) lo 
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Fig 10. a) Reverberation data that exhibit BB peaks. b) GSM predicts leading edges dominated by diffracted energy. 



The effect described can be illustrated by a pulse computation for our example case, uslng Four~er  synthes~s 
of monofrequency results. Fig. 1 l a  shows tlme traces for a s~nc-llke pulse centered at about I kHz, and phase 
ldentificat~on can be done conven~ently by RPRESS pulse computat~ons for the ~ n d ~ v ~ d u a l  mult~path 
components. The ear l~er  and later (pan of) arr~vals  correspond essent~ally to cycle numbers j=0 and I, 
respect~vely. The fundamental types I = [  and 2 contr~bute In each case. The tlme 5eparatlon between these two 
types can be seen at the shorter ranger, but further out they merge Into one apparent a ~ ~ ~ v a l  For j=O, the 
(surface-produced) caustic IS reached at r = I  3 km. Beyond that d~stance the pulse becomes distorted (a low-pass 
filtering effect caused by a frequency-dependent d~stance to the caustic in terms of wavelengths), and the 
ampl~tude drops off s~gnificantly (Fig. I Ib). As pred~cted by caust~c-corrected ray theory (e.g [15]), the pulse 
moves out In range and time as if ~t were shed by the caustic In the sense of an lrnaglnary elgenray. In particular. 
an effective grazlng angle can be assoc~ated at the bottom. The ampl~tude drop-off starts In fact well ahead of r 
=1.3 km (cf. Fig. 3b  and Fig. 9a). 

Turning to the later j= l  arrival(s), cf. Fig. 9a, the surface-produced caustic appears at r =3.25 km, beyond the 
ranges considered here. Hence, the corresponding amplitudes of Fig. I Ib do not yet drop off significantly. and 
the propagation can be thought of in terms of classical rays (albeit with a tiny reflection from the bottom caused 
by a discontinuity in gradient only). The amplitude patterns in Fig. I l b  agree with those of Fig. 9a for j=O and I. 
The variations in level before the caustic are averaged out in a broadband pulse calculation, however. 

0 Reduced time (m) 30 

Fig. 11. a) RPRESS pulse computatlons for our example case, w ~ t h  z ,  = I 0  rn and z ,  =80 m (the bottom) T h ~ r t y  
traces are glven, one for every 100 m out to 3 0 km The tlme axls shows reduced traveltlme (r-rll 5) according 
to the sound veloc~ty 1 5 kmls at the surface Each trace 1s scaled so that all traces are plotted wlth a common 
maxlmum ampl~tude b) Relat~ve arnpl~tudes In dB for the two prominent drr~val p a r s ,  j=0 and I, out to 3 km 
Fig. 12. Relat~ve monostat~c reverberat~on level\ obta~ned by c o m b ~ n ~ n g  the two rnaln path\ ot Fig I I for the 
outgolng and backscattered energy to glve tour comb~nat~ons,  among wh~ch the two hybr~d ones are equ~valent 

Neglecting effects such as scattering strength, integration over azimuth and fhe pulse length, a schematic 
computation of monostatic reverberation is attempted in Fig. 12. Each range bin will contribute to the 
reverberation trace with four arrivals at times to+tO, to+t,, tI+to, tl+rl , where to and tl are arrival times for j=O 
and I, respectively. The two 'classical-to-imaginary' coupled paths appear at the same time, reinforcing each 
other. The amplitude-versus-time curves of Fig. 12 have been obtained by a positioning in time according to Fig. 
1 l a  for the reverberation contributions from different ranges according to Fig. I I b. The reverberation should be 
obtained as the sum of its contributing arrivals (with a mixed angle composition) at each time bin. In this case, 
imaginary-to-imaginary and classical-to-imaginary coupling of the outgoing and backscattered paths will 
obviously increase the level significantly at times between 1.0 and 2.5 s. Because of an extremely weak bottom 
'reflection', caused by a discontinuous velocity gradient only, energy with high > is effectively stripped off and 
weak imaginary eigenray contributions become important, as compared to classical energy for cycle I, far out in 
the shadow zone. 

In real~ty,  the lmaglnary elgenray energy would of course not be Important too far from the caustlc. It would 
be masked there by physlcal nolse and by stronger j=1 ,2 .  energy caused by a nonvan~sh~ng ~mpedance contrast 
at the bottom. Hence, ~ t s  reglon ( t~me)  of Influence would be dlmlnlshed but nevertheless present W ~ t h  
beamform~ng as a stripping mechanrsm for Intermediate energy, we would approach the case shown In Fig. 10. 

5. Summary and conclusions 
The approximation techniques used to implement multipath expansion in shallow water require careful 
application. Traditional numerical approximations which work well in tabulating propagating fields can be very 
poor approximations in shadow zones, during cross layer propagation, or when source and receiver are close in 
depth. As a result, the difficulty in determining the correct Green's function in the evanescent regime has turned 
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out to be a critical shortcoming of the Generic Sonar Model in predicting accurate field levels at long ranges. 
Furthermore, the inherent nonunique character of multipath expansion needs to be taken into consideration when 
'exact' non-WKBJ based computations are attempted. 

The shallow water reverberation field is also significantly affected by inaccuracies of this type. Hybrid scattering 
events, beamforming and arrival time distribution functions act together to produce diffracted energy highlights in the 
reverberation time series. Errors in evaluating imaginary eigenray levels will affect the convergence and results of inverse 
algorithms. 

Since GSM-MPE is a much and increasingly used tool for reverberation studies, it is important to i~nprove its 
inaccurate shadow-zone field computations while maintaining its desirable high-speed performance. Our plans 
for future work include: 

(i) Modification of the code. Different strategies are possible, with different preferences for caustic-corrected 
asymptotic ray theory and wavenumber integration [16]. 

(ii) Incorporation of an option to do full RPRESS bench-mark computations for the total field and its 
multipath components. Such computations would be too time-consuming for routine applications, however. 

(iii) Reverberation studies with a modified GSM-MPE code, including an option for time-domain pulse 
computations. In particular, we would like to investigate the phenomenon of classical-to-imaginary eigenray 
coupling more closely. 

(iv) The rapid inversion work has so far been confined to monostatic studies of reverberation. There is also a 
need for bistatic broadband treatments capable of near real-time performance. 
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Abstract 

Calibrated echosoundings from a well-characterized gassy seabed were examined. Acoustic reflection was 
significantly higher than expected. It is hypothesized that gas bubbles are responsible. Anomalously high 
levels of reflection appear at the edge of the spectral peak, possibly associated with nonlinear conversion of 
acoustic energy. An acoustic colormapping method was applied to the data, clearly showing its spectral 
character. The spectral features appear to  carry relevant information about sediment interface roughness and 
gas content. 

1. Introduction 
Over the past several decades there has been considerable interest in the physics of sound penetration into the 

seabed. Much of this work has been driven by a need for reliable mine detection capability. 
In 1993, Chotiros et.al. [ I ]  compared the results of normal incidence echosoundings with expectations, based 

in current acoustic theories. It was found that sandy sediments generally had reflection coefficients that were 
most consistent with poroelastic modeling. These findings were consistent with previous acoustic penetration 
experiments [2], in which anomalous acoustic penetration was observed that is explainable via poroelastic 
theory. The reflection coefficient, in general, was found to have sensitive dependence on the sediment type, 
suggesting that it might be useful for determining seabed acoustic mechanisms. 

A significant problem in seabed acoustics is the question of trapped gas bubbles. Gas bubbles are known to 
possess strong resonances; in water a bubble in resonance typically has an acoustic scattering cross section 1000 
times its geometric cross section [3]. If bubbles are present, even in very small quantities, they can produce 
strong echoes that are indistinguishable from echoes from rigid objects like rocks. In order to understand the 
physics of acoustic interaction with the seabed, and the relevance of retlection coefficient measurements, 
calibrated acoustic data over well-characterized sediments is needed. Unfortunately at present, the database is 
quite sparse. The subject of this paper is the analysis of one such set of data,'collected over a gassy sediment 
site near Viareggio, Italy in March 1996. 

Section 2 contains a description of the data acquisition system. In section 3 ,  the computation of reflection 
coefficients from the data is explained. Section 4 is a consideration of the ping to ping variability of the bottom 
echo. In section 5, possible evidence for nonlinear behavior is discussed. Section 6 describes a method of 
imaging the data to reveal spectral features by mapping the acoustic spectrum into colors. Conclusions are 
discussed in section 7 .  

2. Data Description 
Acoustic data was collected as illustrated in Fig. I .  Broad band echosoundings were collected by an EG&G 

UNIBOOM echosounding system, which features an impulsive source, operating over a nominal band between I 
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and 15 kHz, with a source level of 208 dB. The source was floated in the water column, with its beam directed 
downward at normal incidence toward the seabed. A hydrophone was suspended in the water column at a depth 
of 8 m directly underneath. Each ping recording included a direct acoustic signal from the projector, followed 
by its reflection from the seabed. Care was taken not to clip the signals, so that the direct arrival could be used 
for calibration. 

Oubm - 
Figure I : UNIBOOM echosounder configuration 

2854 pings of data were collected over a 15 km track, depicted in Fig. 2. The water's depth was 23 m. The 
track passed over a previously charted front of trapped gas. The seabed consisted of soft sediment, with a mean 
grain size. determined from sediment grab samples, ranging from 3.8 to 5.3 $, where is a logarithmic measure 
of grain size defined as follows: 

2.@ = grain diameter in mm 

Figure 2: Track over experiment site 

Fig. 3 is a waterfall recording of the whole set of pings. The first return, at 6 ms, is the direct arrival of the 
acoustic signal from the projector to the hydrophone. This is followed, at 30 ms by the bottom bounce. In 
general, the reflection consists of a bright interface return, followed by features from the sub-bottom that are 
horizontally stratified. In several locations there are vertical features, believed to be associated with gas bubbles 
percolating upward through the sediment column. Toward the end of the run is a very dominant example of such 
a feature, likely associated with the gas front. 



0 
Ping Number 

Figure 3: Waterfall plot of recorded data over track 

3. Computation of Reflection Coefficient 
By comparing the direct arrival with the initial portion of the bottom bounced signal, not including sub- 

bottom returns, a determination is made of the seabed's reflection coefficient. This calculation is summarized in 
Figure 4, for a single representative ping. Fig. 4a is an example of the raw time series. In Figure 46, a linear 
time varying gain is applied to the signal to co~npensate for spherical spl-eadinp. This method of compensating 
for spreading insures that the correct spreading loss factor is used for each ping, even when the depth and 
source-to-receiver distance vary between pings. Apparent in Fig. 4h are the direct signal at h Ins, followed by 
the bottom echo at 30 ms, and at 38 ms by a bottom-surface echo. Higher order bottom-surface interactions are 
obscured by noise. In Figures 4c and 4d, narrow windows are applied to the signal about each arrival, direct and 
bottom-reflected. This isolates the bottom echo from features within the sub-bottom. The windows applied in 
Figs. 4c and 4d were tapered, had a length of 2 ms, and were centered about the amplitude peak of each arrival. 
The window length was designed to encompassed most of the energy in the direct arrival. 
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Figure 4: Processing of a single ping to compute reflection coefficient (ping1500) 
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In general, a bottom echo has two components; a coherent reflection and an incoherent scattered return. The 
bottom echo depicted in Fig. 4d is very similar in shape to the incident signal of Fig. 4c. This apparent 
preservation of waveform shape was generally observed in all the pings over the track, and implies that the 
bottom is acting primarily as a coherent reflector of sound. Acoustic modeling of the site [4], based on the 
available information about grain size and interface roughness, is consistent; reflection from the bottom is 
expected to dominate roughness backscatter for frequencies lower than 5 kHz, where most of the acoustic energy 
is concentrated. It is therefore assumed that the windowed signal in Fig. 4d is predominantly a coherent bottom 
reflection. This assumption enables an estimate of the reflection coefficient from Figs. 4c and 4d. 

The squares of the s~gnals  of figs 4c and 4d are proportional to the energlev carr~ed by each wavefront 
Slnce spher~cal  spreading has already been compensated for vla the tlme-varylng g a ~ n  In F I ~  4b, and slnce 
absorption In the water column IS neglig~ble, the reflection coeffic~ent R can be expressed as a ratlo of the 
energles carrled by each of the windowed returns, 

where s, and s2 are windowed direct and bottom-reflected time-ser~es signals depicted in F ~ g s .  4c and 4d. The 
reflection coefficient is plotted for all pings in Figure 5. 

.,,,-,,-,,, T heory (3 .8 phi) - Theory (5.3 phi) 

-20 I 
I I I I I 

,&,"&~,&gO I500 2 0 0 0  2 5 0 0  

Ping Number 
Figure 5: computed reflection loss for all plngs 

For comparison, theoretical predictions of the reflection coefficient, based on poroelastic modeling of 
sediments with mean grain sizes of 3.8 and 5.3 phi, are plotted alongside. The theoretical predictions are based 
on water-saturated sediments with no trapped gas. It is hypothesized that trapped gas bubbles are responsible 
for the difference between these predictions and the measurement. The measured reflection amplitude is highest 
toward the end of the track where, visually from the waterfall plot, trapped gas appears to be most prevalent. 

The power spectra of the direct and bottom-bounce arrivals can be computed from the Fourier transforms of 
the windowed signals depicted in Figs. 4c and 4d. They are depicted in Fig. 6, along with their difference in dB, 
which is the frequency-dependent reflection coefficient. 

0 5 10 15 20 
kHz 

Figure 6:  Power Spectra of direct and bottom-bounced arrivals for ping 1500 



4. Ping to Ping Variability 
There is considerable variability in the reflection coefficient from plng to ping, as I S  illustrated in Fig. 7 .  

where the reflection coefficient spectra for 20 successive pings are overla~d. At frequencies above 10 kHz, 
where very little energy is transmitted, the variability is greatest. An explanation for this variability [5]. 
involves interface roughness. A randomly rough bottom can be regarded 21s a collection of facets, some of which 
return sound to the sonar while others scatter sound away. Each bottom echo is a coherent sum of contributions 
from facets that are appropriately aligned. When the position of the sonar platform changes between pings. a 
different random set of facets will contribute, causing variability in the amplitude of the return. 

Figure 7: Retlection spectra of 20 successive pings 

5. Evidence of Possible Nonlinear Behavior 
The evolution of the reflection coefficient spectrum over the whole track is shown in Fig. 8. Although the 

ping to ping variability across the track 1s significant, there are clear trends in the reflection spectra. Consistent 
with Fig. 5, the spectral amplitude is highest near the end of the track where sediment gas is most prevalent. In 
this region the greatest reflection amplitude occurs between 5 and 10 kHz; frequencies significantly higher than 
the spectral peak of the incident wave. At these frequencies the reflection coefficients appear to be anomalously 
high and sometimes approach 0 dB. 

0 5 10 15 20 2 5 
kHz 

Figure 8: Retlection coefficient In dB versus frequency and plng number 

Fig.9 is a comparison of power spectra over two different portions of the track. In each case an average of 50  
sequential pings is considered, to offset the effects of ping to ping variability. Fig. 9a involves data taken from 
the middle of the track, while Fig. 9b  is taken from the latter portion of the run, where trapped gas is more likely 
to prevail. In the former case, the reflection coefficient varies between -19 and -6 dB across the band. while in 
the latter, the reflection coefficient is as high as +I dB between about 4 and 7 kHz. 

At first glance this appears to suggest that, at some frequencies, more energy is returning than was incident 
upon the bottom. One hypothesis for this apparent amplification of sound at some frequencies is that the botto~n 
is interacting nonlinearly with the incident sound. Sound that is incident at frequencies between 2 and 3 ~ H L .  for 
example, may be scattered at second harmonic frequencies, between 4 and 6 kHz. The net effect of this would 
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be an upshift of acoustic energy toward higher frequencies, elevating the apparent reflection coefficient at higher 
frequencies at the expense of the lower frequencies. It is well known that bubbly media are highly nonlinear. 
Nonlinear conversion of acoustic energy by a gassy marine sediment was observed by Karpov, et.al.[6]. 

It is relevant that the frequency range of the anomaly is higher than the spectral peak for the incident signal. 
Most of the incident sound from the UNIBOOM is between 1.5 and 4 kHz. Second harmonic frequencies would 
range between 3 and 8 kHz, which is consistent with the band of the anomalously high reflection levels. 

a. average over pings 1500- 1550 

  loo^ , 
-20 

0 5 10 15 20 
kM 

b. average over plngs 2750-2800 
Figure 9: 50  ping average reflection spectra from middle and final portions of track 

6. Colormapping 
An acoustic colormapping technique [71 was applied to the data. The method is illustrated in Fig. 10. It is 

biologically inspired and mimics the eye's treatment of optical signals. The acoustic data is passed, in parallel, 
through 3 different band-pass filters and the resulting signals displayed via the red, green, and blue pixel 
elements on a monitor. 

In the colormapped display of the Viareggio data, clear spectral features emerge. These include a light gray 
echo from the water-sediment interface, followed by strata from the sub-bottom with various shades of color. 
These features appear to convey information about the structure of the seabed. 

The light gray leading echo may give an indication about the interface roughness. As was previously stated, 
the initial echo from the bottom will possess two components; a coherent component and an incoherent one. The 
coherent component is the portion of sound that is reflected from the water-sediment boundary, while the 
incoherent component is the part that is scattered by the interface roughness. When the wavelength of the 
incident signal is large in comparison with the RMS roughness of the ensonified patch, the coherent part will 
dominate, whereas when the wavelength is relatively small, the incoherent part will dominate. If the band of the 
incident wave is wide enough to include wavelengths much greater and much less than the RMS interface 
roughness, the longer (reflected) wavelengths will return with stronger amplitude than the shorter (scattered) 
ones. In this case, the colormapped leading edge of the bottom return will appear red-enhanced. 

The fact that the interface return in the Viareggio data has the same hue as the direct signal may indicate that 
the RMS roughness is not comparable to wavelengths contained in the incident signal. The colormapping in Fig. 
10 was applied between 1500 and 8000 Hz , from 112 maximum of the lowest colormapping filter to 112 
maximum of the highest. This corresponds to wavelengths between 100 cm and 18.75 cm. A bottom that is 
smooth to within 114 of the smallest wavelength, or 4.7 cm, will produce a reflected signal across the band, 
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Figure 10: Colormapping of Viareggio data 
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without significant scattering. The fact that bottom interaction in the Viareggio data does not appear to 
influence the spectrum may therefore imply that the bottom is smooth to within 4.7 cm. This agrees qualitatively 
with photographs that were taken of the site. This is also consistent the assumption in section (3) that most of 
the sound from the interface was reflected rather than scattered. 

One possible explanation for the colored strata from the sub-bottom is that they involve layers of trapped gas 
bubbles with varying size distributions. The colors may indicate the bubbles' resonance frequencies, which 
depend on their sizes [3]. The color red in the colormap of Fig.10 corresponds to bubbles with resonance 
frequencies between 1500 and 3500 kHz. For bubbles surrounded by water at sea level, this would correspond 
to diameters between 4.3 and 1.9 mm. Similarly, "green" bubbles range between 1.9 and 1.2 mm while "blue" 
bubbles range between 1.2 and 0.9 mm in diameter. The vertical features in the data, where upward migration of 
sediment gas is apparent, appear to be red-enhanced. This is consistent with the presence of larger bubbles, 
resonating at lower frequencies, percolating upward through the sediment column. At present this hypothesis is 
consistent with the data, but not positively conclusive. Other possible interpretations for the colormapped 
structures might involve coherent effects between boundaries. Further experimentation and analysis is needed. 

7. Conclusions 
Acoustic data from a gassy slte strongly suggests that acoustlc bubble lnteractlons account tor a s ~ g n ~ t l c a n t  

portion of the sound returned. Anomalously h ~ g h  levels of acoustic reflect~on appear to be explainable vla gas 
bubble lnteractlons The spectral content of the return suggests the existence ot nonl~nearltles, posslbly caused 
by gas bubbles. 

A colormapping techn~que y~elds  features that are consistent w ~ t h  scattering trom ~ntertace roughness and 
from trapped bubbles. It is poss~ble that the method might be used to obtaln quant~tatlve estimates of both 
Further research 1s required. 
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Abstract 

This paper focuses on the characterzzation of seabed vegetation, an tntereytrng problem in a lot of 
Mediterranean sea coastal sites since water quality and pollution degree can be efficc~ciously solved by 
investigating the sea flora extents. The acquisition of the data about marine vegetation is accomplished by 
using a high frequency imaging sonar scanning the seabed. The proposed approach is based on a statistical 
feature-based description of the raw sonar data. A simple classifier attempts f o  characterize the acquired 
samples. 

1. Introduction 

1.1 The Shallow Water Surveying 
The character~zat~on of the sea bottom from acoustlc data is an Important problem w ~ t h  many appl~ca t~ons  In 
geophysics, biology, oceanography, geology and se~smology. Acoust~c character~zat~on 1s made poss~ble slnce 
the sea bottom material composltlon (e~ther In or out of the bottom ~tse l t ,  e g sed~ments and vegetatlon) 
supports the excltatlon and propagation of acoustlc waves [ I ] .  

Acoustic waves (or plngs) energy lmplnges the sea floor (or whatever mater~al lying between the transmlttlng 
device and the sea floor) and ~t is scattered In all dlrect~ons by all the Interfaces between two med~ums In 
general, echoes from the Interface between the water and the sea bottom, from the volume ot the sea bottom and 
from the volume lylng close to  the bottom can be detected In the scattered s ~ g n a l  [2][3] Retlect~ons due to 
particular interfaces can be In some way emphasized, desp~te  of other interface contrlbut~ons, by uslng particular 
range of frequencies. For example, In order to Investigate the subbottom geological composltlon, low 
frequencies must be used (i.e , 100 Hz - 10 KHz), w h ~ l e  high frequenc~es must be employed ( I  e., 70 KHz - 2 
MHz) in order to detect fish-bank. 

Then, the returned echo pulses carry the information about the seabed characteristics from which the pulses 
have been reflected: for this reason, by analyzing the scattered intensity, it is feasible to develop appropriate 
techniques in order to extract measures from the echo signals and to detect and classify different areas 
responsible of scattering. 

1.2 Posidonia Oceanica 
The survey of the seabed 1s comlng more and more important in several coastal sltes slnce marlne vegetatlon 
makes up a natural and specially meaningful sea state of health gauge [4] Several specles ot plants and algae, 
each w ~ t h  d~fferent  b~ologlcal and morphological characterlstlcs, populate the seabed In t h ~ s  work, attention IS  
focused on the endem~c Phanerogam Pos~doma Ocean~ca whlch extents along the French and L~gurlan coasts and 
In several other Med~terranean sea continental shelf sltes, play~ng a lead~ng role In the global Med~terranean 
coastal ecosystem. T h ~ s  marine plant forms underwater meadows In httoral areas creatlng an irreplaceable 
environment for several flsh specles, marlne mammals and other species of plants and algae [5] Moreover, 
Posidonla Oceanlca leaves contributes to llmit the energy of the sea swells and current, and create natural 
barriers, thus strongly reduclng the coastal eroslon, Furthermore, through the photosynthes~s process, ~ t s  
meadows produce b ~ g  amounts of oxygen, belng really a green lung for the submersed world Unfortunately, 
Posidonia Oceanica 1s very sensi t~ve to both natural (temperature rlse, tu rb~d water, strong competltlon w ~ t h  
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algae [6], etc.) and man-made changes (dikes, excavation, discharge of sewage and industrial waste, trawling): 
these factors often give rise to regression or quite disappearance of Posidonia beds. Nowadays, the survival of 
this plant depends not only on the pollution agents (chemical, biological, and physical) but also on the 
competitive growth of other species such as the tropical green alga Caulerpa Taxifolia. Therefore, the analysis 
of marine vegetation, and especially of this plant, assumes a scientific interest and also a prclctical importance to 
preserve the coastal water delicate ecosystems. 

Posidonia Oceanica typically shows a great extent within a deep gradient from I to about 40 meters. It is 
organized in roots, a stem termed rhizome, and leaves (Fig. I). The rhizomes can develop horizontally and 
vertically and act as  anchors for the plant to the substrates by means of the roots in the lower part. The bright 
green leaves grow from the vertical rhizomes and are ribbon-like with rounded apices. They have a mean width 
of 1 centimeter and can be up to 1.5 meter long. Plants are arranged in six or seven number groups, organized in 
a fan-like structure. Older plant leaves, of greater length, are on the outside of the plant, whereas the smaller, 
younger leaves are on the inside of the sheaf-like arrangement. Posidonia leaves grow extremely slowly, up to 
10 centimeters per year at the most, hence existing Posidonia meadows maintenance is essential. 

F~gure  1 :  (a) Dense Pos~donia Ocean~ca meadow; (b) draw~ng of the plant 

1.3 The  Acoustic Survey 
The only means to czrefully analyse such small targets as represented by plant leaves consists in a high 
resolution acquisition of measures near to the seabed, and this operation can be performed by a high frecluency 
acoustic device able to detect the response of low strength plant reflections and to perform a dense and accurate 
sampling of the sea bottom where the plants live. 

Sector-scanning sonars carried by autonomous [7] or remotely operated vehicles are usually considered as 
one of th'e most efficient methods for object detection, identification and recognition in marine environment, 
where optical visibility is often limited and underwater cameras cannot be employed even at low ranges [8][9]. 
They generally provide noisy 2D range-vs.-bearing images of the insonified 3D scenes. The signals received by 
the sonar transducer are related to the insonified objects surfaces presented to the sonar head: hence. sonar 
acquisitions supply a distorted representation on a 2D space of the volunie under inspection. Moreover, 
troublesome effects, such as clutter between the seabed and the surface, noise, reverberation and multipath, are 
generally present in sonar images, making them difficult to interpret [10]. 

If the purpose of our research had simply been the detection of vegetation presence, a side-scan sonar could 
hsve been sufficient [ I  I]. In side-scan sonar images, vegetation is often I-ecognizable by Inrge dark areas, and 
meadows upper and lower limits are easily detectable. But, by using this type of sensors, only the detection and 
sometimes a macro-characterization is possible since spatial resolution is generally very poor 1121. Instead, our 
target is somehow more complex and ambitious, being to detect marine plants and trying to characterize them by 
'supplying both quantitative and qualitative characteristics. Hence a high resolution survey is necessary. It is 
accomplished by a mechanically scanned, 2 MHz narrow pencil beam monostatic sonar, scanning a vertical 
sector towards the sea bottom: this sensor is used for insonifying the seabed, acquiring the backscattered signals 
and for the imaging process. The high frequency acoustic device assures a suitable resolution capability and a 
high sensitivity to low strength targets present upon the sea bottom. 



2. The Technical Approach 

2.1 Methodology 
An autonomous or a remotely operated vehicle carrying the sonar head navigates at a very low speed with an 
almost constant distance from the sea bottom: while traveling, the head rotates around its axis of a variable 
sector, thus acquiring data about a strip-like area of the seabed. Hence, data referring to a strip-like area can be 
acquired and stored on the vehicle on-board digital memory or on a remote computer connected to the sonar by a 
standard serial link. The received echoes can be considered either as a sequence of raw scanline signals and 
processed in a one-dimensional space, or as correlated series of scanlines. In this second instance, a kind of 
image can be generated by placing side by side the sequence of scanlines. 

The vegetation analysis is considered as a problem of pattern recognition 1131 by using a statistical classifier. 
The basic concept at the basis of every classification sonar-based system is that the backscattered signals are in 
some way highly correlated with the characteristics of the area or the volume which return the signals. 
Therefore, the received echoes can be processed in order to extract significant features [ 14][15] and to identify 
different seabed areas in terms of vegetation presence and characteristics. The high frequency employed in our 
survey does not let penetration of the sonar signal in the subbottom, while allowing the backscattered echoes to 
be essentially referred to the low-strength vegetation leaves and to the water-bottom interface. This 
consideration shows the effectiveness of the chosen acoustic sensor. 

2.2 Data Acquisition 
A Tritech ST2000 2 MHz narrow pencil beam sonar, scanning a vertical sector towards the sea bottom was 
employed for the data collection. The sonar measurements result from the combination of a sequence of 
individual measurements made while it sweeps its nominal sensor axis through a defined sector spanning an area 
of interest. The sensor can generate scans containing 800 individual measurements at equally spaced intervals of 
0.45" over a full 360" panorama. The sonar operates by transmitting an outgoing pulse (i.e.. ping) of duration 
depending on the range of the target to be insonified, by listening the received signal up to the time 
corresponding to the selected range, and finally, by reorienting the transducer for the next ping cycle. 

In order to better visualize the acquired data, the image of the observed underwater scene is build by placing 
side by side, in a vertical arrangement, each received scanline without any kind of pre-processing or 
compensation operation. The raw sonar signal can be mapped into a 8-bit image with standard range 0-255 
corresponding to the head dynamic range 0 4 0  dB. 

Figure 2 shows a sonar image acquired in a laboratory acoustical tank at 1 meter distance from the bottom. 
All the images presented in this paper were acquired in a tank where both real Posidonia Oceanica and flat plant 
leaves were fixed over a synthetic lawn, while the sonar scans variable sectors always at the best angular (0.45") 
and spatial (1 sample every 6.4 ps in time, 4.8 mm in range) resolution. Low contrast and a preferred vertical 
direction are relevant factors that must be taken into account for the selection of suitable processing algorithms. 

Figure 2: Sonar image of real plant leaves on a nearly flat bottom. 

Vertical and horizontal resolutions are not a-priori fixed and this kind of image representation is effective 
only when a sufficiently high spatial resolution on the sea bottom really exists. The vertical resolution is 
influenced by the transmitted pulse length and the ratio between the selected range and the number of acquired 
samples: by sampling the backscattered echoes at the highest possible rate, a nominal range resolution of 4.8 
mm is assured. However, the AD converter inside the sonar head can handle only 1500 samples per each 
scanline at the most and this characteristic involve a limitation about the maximum available range in order to 
maintain the best resolution. This limit is fixed at about 7 meters from the targets. But, the highest is the number 
of acquired samples and the vertical resolution, the longer is the time spent to acquire the scanline data and the 
worst is the horizontal resolution on the bottom, since while the head keeps silent to transfer the backscattered 
echoes to the processing unit, the vehicle moves forward along its path. The result is an image in which each 
columns is poorly related to its adjacent ones. Therefore, a balance between the desired vertical resolution and 



60 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lcl-~ci. Italy 30 June - 4 July 1997 

the sampling interval on the seabed has to be reached, otherwise only n ID ana ly \~ \  can be carried out. 

2.3 Data Preprocessing 
Before analyz~ng the acqu~red s~gnals  to extract features and to 'Ittempt the \eabed c l a s s ~ t ~ c a t ~ o n ,  a 
preprocesslng phase IS appl~ed  In the 2D doma~n by using essent~ally lmdge ploce\\lng algo!~thm\ They aim at 
f i l ter~ng the rece~ved nolsy s~gnals  and at focuslng the attent~on on \~gn~tlc'lnt p x t \  ot edch scanl~ne,  that 
correspond at ~ s o l a t ~ n g  lnterestlng areas w~thln the correspond~ng image Thl\ 9econcl oblect~ve I \  part~cularly 
Important slnce most of the feature extraction algor~thms to be \ucceas~vely appl~ed,  'ire tllne Lonsumlng and 
great Improvement In computat~onal burden can be drawn by cons~der~ng a \mall p o ~ t ~ o n  ot the s~gn'll Instead ot 
~ t s  wholeness 

The first operation appl~ed  to the raw scanl~ne s~gnals  I S  a compen\dtlon to1 the loc,d bottom \lope the 
~nformat~on about the d~stance between the acoustlc recelver and the bottom I \  \uppo\ed 'I\ ,I known var~able. 
b e ~ n g  e ~ t h e r  dlrectly measurable from the raw data ( ~ f  the acoustlc pul\e 1s not dbborbed by the overhang~np 
plant leaves) or prov~ded by an external sensor such as an ecosounder 

Image processing technrques bas~cally cons~st  In a comb~nat~on  ot non-l~near [ 161 and Inolpholog~cal t~ l te rs  
[I71 F ~ g u r e  3 shows an acqulred sonar Image and the result obta~ned at the end ot the preploce\slng phase The 
bottom lower l ~ m ~ t  and the upper bound of targets are clearly obsetvable 

Figure 3: (a) An original sonar image and (b) the focused sonar image as it appears after the image 
preprocessing. 

2.4 Feature Extraction 
The first step of the proposed statistical classification consists in the extraction of feature vectors from the 
acquired and preprocessed data. This is a fundamental operation since only by considering features suitable for 
separation of different vegetation types, the successive classification phase can guarantee satisfying 
performances. In fact, the classifier's capability to discriminate between different information classes relies on 
how well the different classes are separated in the feature space [13]. 

We have d~rect ly access to the sampled backscattered data, hence methods examlnlnp echoes shape and 
strength appears su~table.  Thus, several features based on backscattered \trength, texture content and bcanl~ne 
shape analys~s are extracted on the barn of the ment~oned 2D representat~on Each feature 15 ext~acted from the 
selected part of the o r ~ g ~ n a l  scanllne s~gnal  tnls corresponds to compute the texture value only w ~ t h ~ n  the 
port~on of the s ~ g n a l  that was preserved durlng the Image preprocesslng Th15 techn~que allows to  educe the 
requ~red operations by savlng tlme. 

The following features were extracted from the focused data: mean value, standard dev~ation, mean 
deviation, skewness, kurtosis, distance between the bottom and the upper bound of the plants, number of maxima 
and minima of the signal, and several quantiles (from 0.1 up to 0.9) [14]. 

Most of the above mentioned features are related to the distribution of a random variable. Especially the 
quantiles can be useful to describe a distribution, being the pth quantile of a set of values defined as the mean 
value Q, of the subset {xi )  of values satisfying the following condition P(x, < Q,,) 51, and P ( x ,  2 Q,,) I I - p .  

Moreover, also the texture content was quantified in terms of energy, entropy, contrast and homogeneity, by 
supposing that variations in acoustic reflectivity may correspond to different structures (i.e., plant types) present 



over the seabed Texture features were calculated by d e f ~ n ~ n g  the pray-level \patla1 co-occurrence matrlx 
(GLCM) for small strlp-like subsets of the whole Image compo\ed by 10, 15, and 20 successlve plngs 
(correspondlng to angular sectors 4.5O, 6 75O, and 9.0" w ~ d e )  The GLCM I \  ,I \ymmetrlc matrlx of relat~ve 
frequencies P,, w ~ t h  whlch two nelghbor~ng plxels separated by a f ~ x e d  d~\ tance  t l  along '1 fixed d l ~ e c t ~ o n  B occur 
In the Image, one with gray level i and the other wlth gray level J W ~ t h ~ n  the de t~ned  are& \everal tests of the 
dlstance parameter value d were performed for all the four p r ~ n c ~ p a l  d ~ r e c t ~ o n  0 (0°, 45". 90". 1 '+So) 

F ~ g u r e  4 shows four d~fferent normallzed tralnlng teatures (standard d e v ~ a t ~ o n ,  skewnes\, lower and upper 
quart~les) der~ved  from the Images above correspond~ng to the three cla\\e\ t o  be tdentltled \eabed w~thout  any 
plant (left), and bottom w ~ t h  dense (center) and sparse (r~ght)  vegetation meadow\ 

Flgure 4. Some normalized feature values related to the correspond~ng scanl~nes trom wh~ch they were 
extracted. 

By carefully analyz~ng the plots conta~ned In f~gure  4, ~t IS ev~dent  how not even the most s ~ g n ~ t ~ c a n t  features 
are able to powerfully d~scr~mlna te  between d~fterent  plant types slnce a lowel d~tfelentlatlon I S  already present 
for dense and sparse plant arrangements. 

About 78 features were extracted from the tralnlng data set (X) organized lnto a MxN matrlx, belng M=78 the 
d~mensional~ty of the feature space and N=20000 the number of tralnlng scanl~nes, qulte equally d ~ v ~ d e d  lnto the 
three classes. bottom, sparse Pos~donla leaves and dense flat plant leaves The teature space dlmenslon IS surely 
too large to be envisaged, givlng rise to ~nsurmountable computational and vlsual~zat~on dlftlcult~es. 
Furthermore, only a f ~ n l t e  amount of ~ n f o r ~ n a t ~ o n  1s contained In the data, hence, many features are llkely to 
contr~bute no useful ~nformat~on,  b e ~ n g  nolse sensltlve, redundant or ~ntr lns~cally not \ ~ g n ~ t l c a n t  
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These are the main reasons to perform a feature space reduction consisting in mapping the full feature vector 
to a reduced feature vector with a very small dimension. This operation is performed by a principal component 
analysis (PCA) [18]. The statistics of the data are analyzed to determine a set of orthogonal axes in feature 
space along which the data varies at the most. Data principal components (PCs) are obtained by an eigen 
analysis of the data covariance matrix: the obtained eigenvectors provide the directions in which the data 
arrangement in the feature space is stretched most. Projections of data on the eigenvectors e,  ( i= 1 ,  2, ..., M) are 
the PCs. The corresponding eigenvalues A, give an indication of the amount of information the respective PCs 
represent: PCs corresponding to large eigenvalues represent much intormatron In the data set and must be 
preserved, while other PCs may be d~scarded carrying much less ~nfo~mat ion  

Table 1 shows the ergenvalues, the amount of variance associated to each e~genvalue 'tnd the cumulatrve 
variance: the corresponding first 7 ( P = 7 < M )  elgenvectors account for about 89.3 '% of the total varlance from 
the data set with 78 features. Hence, by reduclng the or~ginal data set from 78 features down to only 7 vectors, 
there has only been a loss of 10.7 % of the total variance. 

Table 1:  Eigenvalues amount of variance. 

i 

hi 

Var.0: 

Cum. 
Var. 

PCA provides with a set of reduced feature vectors containing most of the covariance energy. Since the 
covariance within the same class is expected to be less than the covariance between different classes, the 
reduced feature vectors should be clustered around location corresponding to a class in the reduced feature 
space. 

The clustering method is a k-means algorithm based on the minimization of a performance index which is 
defined as the sum of the squared distance from all the points in a cluster domain to the cluster center [13]. This 
method is extremely simple but it is not a refined technique, since it is necessary to specify the desired number 
of clusters and it is sensitive to the choice of initial cluster centers and to the order of the training samples. 

Figure 5 shows two views of the three clusters as obtained after several tests with different initial cluster 
centers by considering only the first three eigenvalues (corresponding to the 75.32 '% of the total variance): a 
really good separation between the classes cannot be observed. 

1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 IS- 
78 

0.95 0.41 0.18 0.11 0.06 0.05 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.01 - 

3 5 4 7 9 6 4 2 9 7 5 4 2 1  
46.2 20.1 8.94 5.70 3.36 2.76 2.18 1.09 0.94 0.86 0.73 0.71 I 5 9  0.55 - 

4 4 
46.2 66.3 75.3 81.0 84.3 87.1 89.3 90.4 91.3 92.2 92.9 93.6 94.2 94.7 100. 

4 8 2 2 8 4 2 1 5 1 4 5 4 9 0  

-.. rlgure 5: Two views of the clustering of the reduced feature vectors with the first three principal components. 

2.5 Classification 
In the presented application, classification consists in labeling each new ping (i.e., each column in the image 
domain) in view of its characteristics as individuated through its feature values to a pre-defined class, being the 
employed method a supervised classifier. 

Three classrf~catron stages, wrth lncreaslng order of complex~ty, can be detlned the t ~ r s t  consrsts In the 
decls~on about the presence or the absence of vegetation on the seabed, the second concerns the r d e n t ~ f ~ c a t ~ o n  of 
dense or sparse plants on different bottom substrates, and the t h ~ r d ,  a c ~ o ~ d i n g  to the d e s c r ~ p t ~ v e  power of the 



acquired data, relates to a more precise ,e.g., by distinguishing between Posidonia Ocennica and Caulerpa 
Taxifolia plants. Currently available results refer to the first two classificiltion stages. 

Moreover, two different levels of information can be associated to these three classification stages: the first 
and the second steps may supply with a quantitative information while the last classification result may provide 
a qualitative description of the surveyed area. 

The employed classifier is the k-Nearest Neighbor (k-NN) classifier: it is a traditional non-parametric 
algorithm related to the Bayes decision rule: the mos: frequently represented class label among the k nearest 
training samples to the current samples x under examination is assigned to .r. The vote is based on the Euclidean 
distance between the samples. 

It is really impossible to provide precise performances for the classification algorithm on a ping-by-ping 
basis. Nevertheless, is it feasible to visually compare each acquired series of scanlines with the corresponding 
labels, by superimposing the labels on the scanlines image (Fig. 6). 

Figure 6: Classification results limited to the discrimination about sparse or dense settlements for a test 
sequence. 

50 

3. Conclusions and Future Perspectives 
In this paper we investigated a system aiming at characterizing marine vegetation on the seabed by means of a 
high frequency imaging sonar. The problem is considered as a pattern recognition application, hence, aquatic 
plants are characterized by extracting meaningful features based on signal shape, intensity and texture content 
from the acquired echoes. 

/'"- 
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Data about real Posidonia and common flat plant leaves were collected in a controlled environment and then 
used as training input to the developed system. Acquired data were organized as images and image processing 
techniques were employed for the first analysis phase consisting in the detection of plants upon the simulated 
sea bottom. The characterization process performed only on the meaningful portions of the acquired data series 
was detailed together with the feature selection methodology. A simple k-NN classifier was tested. 

Upper level: dense plant arrangements 
Middle level: sea bottom without any 
plant. 
Lower level: sparse plant arrangements. 

Preliminary results shown in the paper demonstrate the effectiveness of the selected approach for what 
concern the possibility of investigating marine vegetation with a high frequency sonar. Both the resolution of the 
analysis and the performances of the preliminary characterization final stage are in accordance with the desired 
and expected results. Good performances may be obtained if only a quantitative description of the data is 
requested: plant detection behaves satisfactory in almost all the acquired samples without being heavily 
infiuenced by changes of the acquisition parameters and discrimination about sparse and dense plant settlements 
is equally satisfactory. 

However, system performances make worse with respect to the increasing desired qualitative description 
degree: different plant types classification strongly depend on several factors especially due to the random plant 
arrangement and to the poor information contained in the backscattered data. Hence, for a more accurate and 
robust characterization in terms of distinction of different plant species, further research is required. Some 
changes in the sonar head characteristics parameters (i.e., transmission pulse duration, and head sensitivity) are 
necessary in order to increase the spatial resolution within each scanline, thus by detecting ~norphological 
differences between different plant types. Moreover, an intensive experimental activity at sea is going to be 
carried out along the Ligurian coast to collect more data about Posidonia Oceanica meadows. 
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Abstract 

Variability in sediment porosity and velocity creates volume scattering which ts a parameter used in high-frequency 
scattering models. High-resolution vertical profiles of sediment porosity and compresstonal wave velocity collected from 
17 diverse sites on continental shelves are used to calculate vertical autocorrelanon functions. Porosity and velocity 
fluctuations in the upper 20-35 cm of sediment exhibit correlation lengths which are highly vartable. The variance of the 
porosityfluctuations varies with sediment type. Data comparisons indicate thatfluctuatiorls in sedimerlr porosity are due to 
biological and sedimentological processes andfluctuations in sediment velocity are due to hydrodynan~ic processes. 

1. Introduction 

Recent field work in the field of high-frequency acoustics has focused attention on the potential contribution of sediment 
volume scattering to bottom backscattering from a sea floor lacking significant interface roughness [I]-[5]. Failure of 
acoustic models to accurately predict high measured levels of backscattering at small grazing angles has been attributed to 
lack of consideration of sediment volume scattering [I] ,  [4], [6]. Scattering from the sediment volume is created by 
fluctuations in sediment density or sound velocity, and Hines [7] and Jackson er al. [8] have derived models for predicting 
acoustic backscatter from the sediment volume. In each approach, characterizing the fluctuations in sediment porosity 
within the sediment fabric and assessing the variance of these fluctuations are essential for accurate model predictions. The 
variance of porosity fluctuations is used to address scattering magnitude and the correlation lengths of these fluctuations are 
used to determine the frequency and grazing angle dependence of the backscatter. The model of Jackson et al. [8] employs 
the correlation length derived from the sediment sound velocity and density fluctuations as model parameters. 

The correlation length associated with sediment density and sound velocity fluctuations has been invoked as a physical 
parameter for volume scattering models by a number of authors [7], [9]-[12]. In each case, lack of sufficient physical 
property data forced the authors to extrapolate meager existing data and make assumptions in order to arrive at a value for 
correlation length. In the absence of actual physical measurements, Nolle et al. 191 and Hines [7] assume correlation 
lengths are related to mean grain size (in relation to the ensonifying wavelength). Moreover, Hines allows the porosity 
variance to be a free parameter in his model so as to fit the model to the data. Lyons et al. [4] uses input parameters 
estimated from core data, but relies on only one core as ground truth for each sediment type. 

Fortunately. a large body of data on sediment porosity and compressional wave velocity does exist for a variety of 
sediment types as a result of the Naval Research Laboratory (NRL) shallow-water high-frequency and coastal benthic 
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boundary layer programs. Since 1982, NRL scientists have collected physical and geoacoustic property data to support 
high-frequency field experiments in sandy and muddy sediments. Sediment porosity and compress~onal wave velocity as 
well as sediment grain size have been measured vertically at regular, closely spaced intervals from numerous diver- 
collected cores and boxcores In order to ascertain sediment variability. Geoacoustlc data collected by NRL can be used to 
calculate parameters integral to the volume scattering models of Hines andlor Jackson. correlation functions of sediment 
porosity and velocity fluctuations, and variances of sediment porosity and velocity fluctuations. 

2. Methodology 

Collection of cores was accomplished with the goal of ascertaining the variability of surficial geoacoustic properties over a 
wide area selected as an experiment site. The locations of core collection were chosen randomly within the site to ascertain 
spatial variability of the parameters in the vertical dimension, yet be representative of the horizontal spatial variability 
throughout the site. 

Cores on which geoacoustic and physical property measurements were made were collected with 6.1-cm diameter 
polycarbonate plastic cylindrical core liners. Each core was bevelled at one end to facilitate the careful manual penetration 
into the sediment. Cores were capped at both ends immediately upon collection to retain the water overlying the sediment 
and kept in an upright position during transport to the laboratory for analysis. Collection, measurement, and handling 
procedures were designed to minimize sampling disturbance and to maintain an intact sediment-water interface within the 
core samples. Of the 17 experimental sites, five sites were sampled from boxcores (Montauk Point, Quinault Range, 
Arafura Sea, Straits of Juan de Fuca, and Russian River), one was sampled by probes in diver-collected box cores (Long 
Island Sound), and the rest were sampled directly by divers [13]-[16]. 

Measurement of compressional wave velocity was made within 24 hours of collection, once the samples had 
equilibrated with laboratory temperature. Sediment compressional wave velocity was measured at I-cm intervals using a 
pulse technique [15]. The probes used to measure sound velocity in box cores were piezoceralnic transducerlreceivers 
operated at a frequency of 70 kHz. 

Samples were extruded from sediment cores upon completion of acoustic measurements and sectioned at 2-cm intervals 
(I-cm intervals in cores from L.I. Sound) to determine sediment porosity and grain size distribution. Porosity was 
determined from weight loss of sediment dried at 1 0 5 ' ~  for 24 hours. Sediment grain size was determined from 
disaggregated samples by dry sieving for sand-sized particles and by use of a Micromeritics Sedigraph for silt- and clay- 
sized particles when samples were collected from muddy environments. 

The length of the sediment within the cores varied between 9 and 48 cm, depending on the sediment type. The acoustic 
frequencies at which the models are employed dictate that the length of the cores need only extend to the acoustic 
penetration depth and the number of measurements made from the cores result in increments corresponding to at most half 
a wavelength in order to accurately and usefully derive the correlation length. However, only the uppermost 20 to 30 cm of 
most shallow-water sediments are penetrated and allow reradiation back to the receiver at these high-frequencies (20-1 80 
kHz). The one- and two-cm increments over which the measurements were made are sufficient to resolve fluctuations 
capable of scattering sound energy over most of the range of relevant acoustic wavelengths (1.5-7.5 cm). To avoid the 
problems involved in calculating the correlation function for essentially a truncated series of data, the first-order 
autoregressive model of Diggle [I71 for analysis of a large number of relatively short series of data is used. Because of the 
short spatial series, the autocorrelation coefficent is estimated by Burg's algorithm [18]. Correlation length of a data 
sequence was calculated after Yaglom [I91 by 

where 1 is the correlation length, I$) is the autocorrelation coefficient and A z  is the srunpling interval for the porosity and 
velocity fluctuations. 

Although the NRL data were measured at I- or 2-cm intervals, the assumption that the tluctuations have a correlation 
length of 1 cm or less was tested by the following procedure. All core data were separated into groups corresponding to 
location and sediment type. A linear regression was performed on each core to remove any trend due to depth gradients of 
sediment porosity or sound velocity. The residuals from each core were analyzed to determine if the residuals could be 
considered to be uncorrelated "white noise" as opposed to the alternative hypothesis, namely, that the residuals were 
generated by a first-order autoregressive process. If the residuals can be characterized as white noise, then the correlation 
length is equal to or less than the measurement interval. The Durbin-Watson test at the a < 0.05 level of significance was 
used to choose between the two hypotheses. For sample sizes less than 15, a Monte-Carlo method (explained on p.304-305 
by Conover [20]) was used to determine the percentage points for the Durbin-Watson statistic. 
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calculations instead of density because of the direct linear relation between density and porosity [IS]. The data presented 
here are estimates that assume isotropy in the vertical and horizontal distribution of inhomopeneities. 

Estimates of autocorrelation functions are made for sediment porosity and sound velocity fluctuations and examples are 
presented in Figs. 1-3. Due to the model chosen, autocorrelation functions derived from the sediment porosity and velocity 
data exhibit an exponential decay. Correlation functions having autocorrelation coefficients which did not pass the Durbin- 
Watson test for white noise residuals are not plotted. Most data series prove to be positively correlated. The majority of 
data series with uncorrelated, white noise for the least-square residuals are porosity measurements made at 2-cm intervals. 
Thus, many of the fluctuations of porosity may have correlation lengths less than 2 cm. The exponential autocorrelation 
function R(z) is calculated as 

where z is the lag value m cm. The first-order autocorrelation coefficient $ I  1s ev~dent In the figures as the value of the 
autocorrelation function at lag I cm. 

Porosity Veloc i ty  

Lag (cm) Lag (cm) 
Figure I: Autocorrelation functions estimated from fluctuations in sediment poroslty and sedlment sound velocity 
for cores collected in the Arafura Sea. 

Figure I shows the autocorrelat~on hnct~ons for the sedlment porosity and wund veloc~ty data collected trom the 
Arafura Sea. Autocorrelation functions calculated for veloc~ty tluctuat~ons e x h ~ b ~ t  \teeper decay than t h o ~ e  calculated tor 
poroslty fluctuatlons The difference In the decay of the tunct~ons 1s probably due to the b~modal graln clze d~rtr~butlon ot 
the sediments Sediments at the s ~ t e  are es~entlally sand- and gravel-a~zed partlcle3 (ave~aglng 5 5 9  of sample we~ght) 
embedded In a s~lty clay matrlx Var~atlon In mean gram s ~ z e  w~thln the slte 15 due to d~fferences In proportrons of coarser 
components. The coarse materlal conslsts of sand- and gravel-slzed mollusk shells, shell tragments, and carbonate rocks 
Sed~ment sound veloc~ty e x h ~ b ~ t s  l~ttle varlabll~ty, whereas poroslty and meen gram 'iwe e x h ~ b ~ t  much greater var~abrl~ty 
[3]. The relatlve constancy of the veloc~ty data 1s lnd~catlve ot the homogeneous s~lty clay matr~x supporting the carbonate 
~nhomogene~t~es. In contrast, the lnhomogene~t~es whlch are embedded In the matrlx create the ~ ~ i r ~ a b ~ l ~ t y  rn poroslty and 
gram slze. Hence, the autocorrelat~on funct~ons derlved from poroslty fluctuat~ons e x h ~ b ~ t  a w~der spread of decay rates 
and assoc~ated correlat~on lengths than those derlved from velocity fluctuat~ons 

Autocorrelat~on funct~ons calculated for measurements of Eckernforde Bay sedlment are d~splayed In R g  2 The nature 
of the sediment poroslty fluctuatlons y~eld autocorrelat~on functions whlch decay rap~dly and are clustered together, 
lnd~catlng small correlat~on lengths Eckernforde Bay sed~ment IS a silty clay w~th h~gh poroslty and h ~ g h  concentratlons of 
organic matter. Fluctuat~ons In poros~ty, however, are confined to the uppermost 1-2 cm ot sed~ment where the depos~t- 
feedlng animals flour~sh In a thrn zone reqtr~cted by oxygen ava~labllrty 121 1 Below thls oxygenated layel, the sed~ments 
exh~bit strong chem~cally reduclng cond~t~ons wh~ch l n h ~ b ~ t  the actlvltles of most an~mals that cauze poroslty fluctuat~ons 
Sediment sound veloc~ty fluctuatlons yreld autocorrelat~on funct~ons w~th d~vergent decay lates The bay 13 open to the 
Balt~c Sea to the east and the shallow depth allows the sedrments to be subject to sto~m-lnduced sed~ment transport events 
The sed~ment structure IS characterized by coarser lamlnae depos~ted by stolms 1221 Fluctuat~ons In sed~ment sound 
veloclty reflect the presence of these lam~nae and the autocorrelat~on funct~ons dlve~ge into three groups correspond~ng to 
fluctuat~ons w~th  correlat~on lengths of approximately 1, 2.5 and 10 cm 
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Figure 2: Autocorrelation functions estimated from fluctuations in sediment porosity and sediment sound velocity 
for cores collected in Eckernforde Bay. 
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Figure 3: Autocorrelation functions estimated from fluctuations in sediment pnrosity and sediment sound velocity 
for cores collected at the Panama City (111) site. 

A range of sediment grain sizes from the Panama City (111) site are represented in the autocorrelation functions 
displayed in Fig. 3. Porosity fluctuations in coarse and fine sands yield autocorrelation functions that decay rapidly without 
exception (porosity data from medium sand did not survive the Durbin-Watson test). There is no discrimination in terms of 
decay rate between the two sediment types. Generally, sands produce porosity autocorrelation functions with rapid decay 
rates and resultant short correlation lengths. Sediment sound velocity fluctuations in tine, medium and coarse sands from 
the Panama City (111) site yield autocorrelation functions with various decay rates, but no divergence into separate decay 
rates according to grain size. 

The correlation lengths corresponding to each autocorrelation curve are plotted as a function of mean grain size of the 
sediment from each experiment site in Fig. 4. The data in Fig. 4 reveal the greatest amount of variation in the correlation 
lengths occurs in porosity measurements made in muds consisting of mixtures of sand, silt and clay ( 5  to 7 @). This is not 
an unexpected result but indicates that stable predictions of density fluctuations in these type of sediments may be difficult 
to achieve with reasonable confidence. Porosity measurements made in coarser grained sediments (< 5 Q) exhibit the least 
variation in correlation length. There is no discernible trend related to grain size in the correlation lengths for velocity 
measurements plotted in Fig. 4, but values of correlation lengths are smaller than calculated for porosity measurements. 
Values of velocity correlation lengths are smaller than porosity correlation lengths due chiefly to the smaller increment over 
which velocity is measured. A higher level of correlation in velocity measurements may be explained by the ability of the 
autocorrelation function to resolve repeating patterns at correlation lengths less than 2 cm when the increment is only I cm. 
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Figure 4: Plots of correlation length as a function of mean grain size (4) calculated from porosity fluctuations 
and sound velocity fluctuations. 

3.2. Parameter Variance and Sediment Type 

The variances of sediment porosity and sound velocity define the nature of the impedance tluctuations in the sediment and 
these impedance fluctuations are responsible for the scattering of the sound from the sediment volume. Values for sediment 
sound velocity and porosity variances are somewhat interdependent and are indicative of particular sediment types. Values 
given in Table 1 are plotted in two-dimensional variance space in Fig. 5. Some experimental sites exhibit high values for 
porosity variance, but low values for velocity variance. Other sites exhibit low values for porosity variance, but high values 
for velocity variance. Generally, the former sites are muds and the latter sites are sands. The dashed lines demarcating the 
four regions in Fig. 5 are arbitrarily located, but effectively illustrate the pattern created by the distributions of the two 
variances. The parabolic relationship between sediment compressional wave velocity and porosity depicted in Richardson 
and Briggs [I31 explains some of the pattern of high variance from one parameter paired with low variance from the other 
parameter: low porosity variance and high velocity variance is typical of the nearly vertical segment of the parabola, high 
porosity variance and low velocity variance is typical of the flattened segment of the parabola. 

Those sediments having low variances in both velocity and porosity are unlikely to exhibit significant volume scattering. 
The three sites exhibiting low values for variance in sound velocity and sediment porosity are from St. Andrew Bay in 
Panama City, Florida and Eckernforde Bay, Germany. One sediment is a well sorted, fine sand which is relatively 
homogeneous and loosely packed since it is under the influence of strong oscillatory tidal currents. The other two 
sediments are muds with low rigidity and high organic content from protected embayments. The sediments from the 
protected embayments lack heterogeneities due to the hydrodynamically quiescent environment and the resultant anoxic 
conditions which reduce biological disturbances of the sediment fabric. Backscattering strengths from Eckernforde Bay are 
in fact anomalously high for nmds due to the scattering from a methane-gas-bubble layer I m below the sediment surface 
[23]. The variance data presented here, however, are indicative of the upper 35 cm of sediment which is devoid of methane 
gas bubbles and relatively homogeneous. 

Sediments having high variances in both parameters, however, are very likely to exhibit volume scattering. Sites located 
in the upper right corner of Fig. 5 are either sands with shell hash mixed in the sediment matrix or mixtures of silt and sand 
or silt and clay. Backscattering levels measured from three of the sites in this corner of Fig. 5 are quite high [2], [24]. 

Those sites exhibiting high variance in sediment porosity but low variance in sediment sound velocity are muds with 
inhomogeneities such as shell hash or animal burrows [3]. Backscattering levels measured from the Arafura Sea, the 
California coast off the Russian River, and approaches to the Strait of Juan de Fuca are all anomalously high for muds [3], 
[24]. The sands in the upper left corner of Fig. 5 are mixed with larger fragments of shells or other carbonate debris. Some 
of the elevation in variance values in these sediments are due to measurement error caused by scattering of the high- 
frequency sound by shell fragments (Richardson and Briggs, 1993). Nevertheless, scattering of sound from the sediment 
volume is characteristic of sediments in this region of the plot. 
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Figure 5: Plot of sediment sound velocity variance vs. sediment porosity variance for various experiment 
sites investigated. 

Processes active on the continental shelf which tend to increase the variance of of the sediment porosity are primarily 
biological and sedimentological. Burrowing organisms such as polychaete worms and thalassinoid shrimp increase 
sediment porosity by building and maintaining irrigated tunnels within the sediment fabric. Sea cucumbers and heart 
urchins create a high-porosity, open sediment fabric by their ingestion and defecation of sediment as they burrow [251. The 
presence of coarse shell hash layers within the sediment fabric decreases sediment porosity. Incorporation of mollusk shells 
in sediment fabric occurs during burial of coarse lag deposits by sedimentary events. Burial may occur through gradual or 
catastrophic settling of suspended material or migration of sand ripples over accumulations of coarser shells or shell 
fragments. The presence of burrows, reworked sediments and shells within the sediment fabric increases variance in 
porosity. 

Variance of sediment sound velocity increases primarily as a result of hydrodynamic processes. Increasing tluid stress 
on the bottom caused by either oscillatory or unidirectional currents winnows the finer sediments and leaves coarser 
sediment behind. The episodic nature of hydrodynamic stress events, varying from regular tidal periods to occasional 
storms, creates layers of coarser sediments with higher values of sound velocity. Sites associated with higher values of 
velocity variance near the top of Fig. 5 are characteristic of higher stress regimes than sites associated with lower values of 
velocity variance. Hydrodynamic conditions vary from a quiescent lagoon in St. Andrew Bay at the lower left quadrant of 
the figure to continental shelf sediments subjected to winter storms at the Russian River, Charleston, Quinault, and 
Jacksonville sites at the upper portion of the figure. 

4. Summary 

Measurement of physlcal propertles such as sedlment porosity and dens~ty at small Intervals downcore ~dentlt~es 
lnhomogeneltles potentially creatlng sedlment volume scatterlng Fluctuations In sediment compressional wave veloclty and 
sed~ment denslty are the most effectlve lndlcators ot sedlment fabric lnhomogenelty because fluctuat~ons In these two 
propertles define sed~ment Impedance differences 

Correlatlon funct~ons derived from vertlcal gradients of sedlment poroqlty and sound veloclty are parameters 
determ~ning the frequency and grazlng angle dependence of sedlment volunle scatterlng In some models 141. [7] The 
varlance of sedlment poroscty and sedlment sound veloclty 1s a parameter determlnlng volume scatterlng Correlatlon length 
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and variance of physical parameters depend on sediment type and the processes (deposition, transport, bioturbation) in 
effect at the particular location. Sediments with uniform sediment size tend to exhibit stable estimates for correlation length 
of sediment property fluctuations. Conversely, sediments with a wider range of grain sizes or bimodal grain-size 
distributions exhibit higher variance of the sediment sound velocity and diverse estimates for correlation length. 

Although values for sediment sound velocity and porosity variances are somewhat interdependent, their relationship to 
each other provides information about sediment type and processes acting upon the sediments. Sediments having low 
variances in both velocity and porosity are unlikely to exhibit significant volume scattering. Sediments having high 
variances in both parameters are very likely to exhibit volume scattering. Sediments exhibiting contrasting magnitudes in 
variances of porosity and sound velocity are sediments containing inhomogeneities or exhibiting bimodal grain-size 
distributions. Although biological, sedimentological and hydrodynamic processes do not act exclusively, certain 
generalizations are apparent in the continental shelf data: biological and sedimentological processes increase the porosity 
variance, whereas hydrodynamic processes increase the sound velocity variance. 
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Abstract 

A series of experiments has been performed to study the vrscous absorptrorz of sound by partil ulare suspensrons 
typical of those found in coastal waters. The effect due to the particles rrz the frequency rnrige of 
50 - 150 kHz has been determined by taking the difference rn reverberutrorz frmes o f  n volume of water with and 
without particles. Measured attenuation agrees reasonably well with thnf predicted by theorj for concentratioris 
above 0.5 g// 

1. Introduction 
The acoustic absorption properties of suspended particulate matter in natural bodies of water are not well 
characterised, though there are a number of applications (e.g., naval mine-hunting sonars, acoustic Doppler 
current profilers) where such knowledge would be important, particularly in shallow water in the frequency 
range 50  - 300 kHz. Typical suspensions contain particles in the size range I - I00 ym where a variety of shapes 
and concentrations from 0.1 kgm.' up to 4 kgm.' are possible. They are liable to produce significant absorption 
losses [I]. There may also be the potential for flocculation and turbulence. The acoustic absorption of such 
systems is not known and, if models or inversion procedures are to be successfully carried out, must be 
quantified 121. Similar comments apply to the inversion processes associated with the acoustic characterisation 
of suspended particulate matter, where currently untested assumptions must be made regarding the absorptive 
properties of the suspension 131. 

Most of the work concerning suspensions has focused on scattering. Other absorptive processes are, also, 
better understood. Within the water column, temperature, salinity, pressure, and the concentrations of absorbed 
gas may vary, affecting the overall acoustic absorption. If bubbles are present, they may contribute significantly 
to the loss of acoustic energy through thermal and viscous effects, and also through acoustic re-radiation. In 
addition to being entrained at the water surface through wind, wave, and rain action and carried to around 10 m 
by Langmuir circulation and turbulence etc., bubbles might also be generated at depth through biological 
processes, decomposition, or seepage. It is possible to incorporate such factors individually into a description of 
the acoustic absorption. For deployments in the environment in question, however, not only must the 
contribution from the suspended particulate matter be quantifiable, but also the possibility of synergy between 
these factors should be explored. There is, for example, an association between suspended particulate matter and 
the stabilisation of gas pockets [4]. 

This paper presents results from an experimental study which aims to quantify the viscous absorption 
associated with suspended particulate matter. Parallel with this study, theoret~cal descriptions of the 
phenomenon are being developed by Richards et al. [ I ,  51, such that theory and experiment can be compared. In 
this way the viscous absorption effects of the suspensions, once determined, can be incorporated into acoustic 
propagation models. 
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2. Experimental Method 

2.1 The acoustic tests 
A series of investigative tests have been performed in order to evaluate the experimental system and to begin 
characterising suspensions. The tests performed to date use the reverberation behaviour of a volume of liquid to 
characterise the attenuation of the fluid. Differences in decay rates may be equated to variations in the 
absorptive properties of the fluid and the boundaries of the volume. It is important, therefore, that the absorption 
of the water and container is well known so that the relative contribution due to the addition of particles can be 
determined. Preliminary tests were performed in a large, thick-walled plastic tank containing approximately 0.6 
m3 of water. Decay traces from this apparatus were compared to traces taken from a smaller system comprising a 
suspended polythene bag containing 16 l of water. Although the ratio of surface area to volume was increased in 
the smaller system, the reverberation time increased, emphasising the importance of reducing the losses at the 
boundaries in order to maximise the relative losses in the fluid. 

The system used is shown in schematic form in Figure 1. The signal generation, data acquisition and signal 
processing are controlled by a personal computer running LabVIEW software. The output signal is sent to a 
power amplifier and then to a Briiel & Kjor 8103 hydrophone. Signals are received by a second 8103 
hydrophone and are monitored by a LeCroy digital storage oscilloscope, after suitable amplification, and are 
finally transferred for storage and analysis to the computer via a GPIB interface. The 16 C of water is contained 
in a suspended, thin-walled polythene bag. This provides an approximation to a pressure release surface around 
the whole volume, thus minimising boundary losses. A mechanical stirrer is used to lift the particulate into 
suspension and is removed whilst data are being recorded. The dynamic concentration of the solution can be 
monitored using a light scattering sensor (LSS). This monitors the settling out from suspension of the 
particulate. The acoustic and LSS measurements are performed separately as the presence of the LSS in the 
solution has an adverse effect on the reverberation. 

Pol 

PC with AID board 
hydrophones 

Figure 1 : Experimental apparatus. 

T o  measure the reverberation time of the volume it is necessary to record the decay of a sound field as a 
function of time. Ideally, the reverberation time is determined from the decay of a diffuse sound field. A diffuse 
sound field is one where the average energy density is the same throughout the volume considered and all 
directions of propagation are equally probable [61. The onset of a diffuse sound field in an enclosure can be 
described by the Schroeder cut-off frequency. This gives an indication of the lowest frequency at which the 
modal density, i.e., the number of modes per bandwidth, is sufficient to constitute a diffuse field. The Schroeder 
cut-off frequency, fSrh, can be expressed as [7] 

where T is the reverberation time of an impulsive noise source (i.e., the time for the sound pressure level to fall 
by 60  dB), c is the speed of sound in the fluid, and V is the volume of the enclosure. Typical values of fSIh for 
the system used were between 50 and 75  kHz. This is near the lower limit of the frequency range under 
consideration in this project. This could be reduced to a value less than 50 kHz by slightly increasing the volume 

~ ~ 

to 20 e, although this is near the strength limit of the bag. 
Two techniques have been used so far to generate a sound field: an impulse and a burst of uniform white 



noise. Both these techniques produce a broadband sound field. The advantages of a long burst are that the sound 
field is given time to build up to a constant level before being cut. This Improves the signal-to-noise ratio. Also, 
because there is a more uniform sound field, the decaying sound field is less prone to large perturbations due to 
direct reflections and particular modes of the volume. 

A typical test sequence consists of the solut~on belng stlrred untll ~t appears that the particulate IS 
homogeneously spread throughout The tlme for thls to occur can be v e r ~ f ~ e d  by the LSS and I S  ot the order of a 
few seconds. Care must be taken to ensure that particulate does not collect In the e d d ~ e s  generated In the corners 
of the bag adjacent to the bottom seam d u r ~ n g  the stirring. Ten noise bursts are sent to the emlttlng hydrophone 
and their responses are recorded by the computer. The test sequence takes approx~mately 35 s T h ~ s  IS about the 
time limit before significant amounts o t  part~culate have begun to settle out of solut~on. 

The decay rates were determ~ned by applylng the method of Integrated ~mpulse response (IIR) [8] to the 
sound field from the time that the driving s~gnal  was cut-off. Thls method was used, even tor s~gnals  derlved 
from non-lmpulsional sources, as ~t gave a smooth estlmate of the decay rate The value of the ~ntegrated lmpulse 
response represents the ensemble average of the squared nolse responses at tlme r after the onset of decay whlch 
is equal to the squared tone-burst response Integrated from tlme t to "~nfinlty " The practical lmplementatlon of 
thls method IS as  follows. The response of the volume to the burst ot random n o s e  (wh~ch contalns the frequency 
range of Interest) IS squared then backwards Integrated from an upper tlme l ~ m ~ t  (some time betore the response 
IS exceeded by the background nolse) to the lower t ~ m e  l i m ~ t  when the sound b u n t  was cut oft T h ~ s  produces the 
IIR curves shown In the results sectlon The slope of thls curve I S  determ~ned trom a l~near  regress1011 over the 
~ n l t ~ a l ,  h e a r  part of the curve Typically, the lower tlme Irmlt for the 11near regression was I0  rns after the sound 
was cut off (the burst lasted 20 ms) and the upper l l m ~ t  was variable, the c h o ~ c e  depend~ng on the rapld~ty of the 
decay. 

Post-processing of the results also involved performing the IIR analysis at each of the desired frequency 
bands. The raw data was filtered after acquisition using a Butterworth bandpass filter in 10 kHz bands over the 
frequency range of 5 0  - 150 kHz. Above this frequency, the response becomes increasingly non-linear making it 
difficult to obtain an estimate for the linear decay of the sound field. The data were also reduced into time bins 
which represent the RMS of the signal for a used-defined number of samples. This was typically 100 samples. 
The sampling frequency of the oscilloscope was 500 kHz. 

Measurements were made on particulate-free water and then on water containing varying concentrations of 
glass beads. This type of particle has a high sphericity, as can be seen in Figure I, and is, thus, representative of 
the particles used in the theoretical modelling. The difference in reverberation of the two systems determines the 
contribution of the particles to the total absorption according to the following analysis. 

Figure 1 : Scanning electron micrographs of the glass beads at a) 250 time? magn~ficat~on and b) 1400 tlmes 
magnificat~on. 

2.2 Determination of absorption f rom reverberation times 
The decay of a diffuse sound field where absorpt~on occurs at the boundary and w~thln the propagating medlum 
is characterised by the reverberat~on tlme, T, given by [9] 

where V is the volume (m", c is the speed of sound of the fluid (mls), A is the total sound absorption at the 
boundaries of the volume, and cr is the attenuation coefficient of the tluld (Nplm). The quantity A = S71 IS 

expressed in units of metric sabin, m2, where S is the surface area of the volume (m2) and i i i s  the average 
Sabine absorptivity (dimensionless). The flrst term in the brackets represents the sound absorption at the 
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boundaries and the second term is the absorption in the medium. If Tw and T, are the reverberation times of the 
particulate-free water and the water containing the particulate, respectively, then the difference in the attenuation 
coefficients of the fluids, A a ,  in d ~ m - '  is given by 

This represents the attenuation due to the addition of the particulate. This equation makes three important 
assumptions: 

i) that the speed of sound of the solution stays constant as particles are added, 
ii) that the volume remains constant, and 
iii) that the addition of the particles does not affect the absorptivity of the boundaries. 

The sound speed in suspensions can be calculated by using the formulation developed by Ahuja [ lo] .  Assuming 
a rigid particle (i.e., the particle "viscosity" is much greater than the fluid viscosity), then the change in sound 
speed for the solutions considered in this work is less than 0.01%. The volume fraction of a 1 gle solution of 
glass beads having a density of 2400 kglm3 is only 0.042%, so the assumption of constant volume is reasonable. 
Finally, if changes in acoustic impedance are principally responsible for changes in behaviour at the boundary, 
then the product of the change in density and change in sound speed represents an error of less than 0.1%. This 
is reasonable to assume as the bag itself acts like a pressure release surface. Thus, the properties of the bag can 
be assumed to have almost no contribution to the absorptivity at the boundary. Any change in behaviour qt the 
boundary will be due to changes in the properties of the fluid. This does not take into account the viscous losses 
due to fluid movement parallel to the bag. If the boundary can be taken to behave as a perfect air-water 
interface, then the absorption will be due to sound transmission to the surround~ng air. For a normally incident 
plane wave, the absorption coefficient, ab, is given by the expression [ l l ]  

where p.c. and pwcw are the specific acoustic impedances of air and water, respectively, and typical values have 
been taken. The validity of assuming an ideal air-water interface are discussed in section 3.2. 

3. Results 

3.1 Particle concentration and size distribution measurements 
An important aspect of the experimental method is the measurement of the particulate concentratior. and the 
particle size distribution. This is because the theory predicts the particulate attenuation is directly proportional 
to the concentration (for the concentrations under consideration here), a feature which is examined later, and is 
also a function of the particle size [12]. An infra-red LSS has been used to monitor the concentration of particles 
in suspension. The particulate is put into solution by means of a mechanical stirrer. Figure 2 shows the variation 
of concentration with time for a 1.0 gle solution of glass beads. The time that the stirrer was turned on is obvious 
from the plot and it is clear that the solution becomes quickly homogenised. The stirrer was stopped at 20 s and 
the particulate was allowed to settle. The measured concentration shows a gradual, though non-linear, reduction 
as the particles settle out. The pathlength of the LSS is approximately 0.05 m. It was placed 0.1 m below the 
surface of a 0.37 m deep volume of water. The large dip in concentration between 65 and 90  s is probably due to 
large scale circulation of the water producing a particulate-rich eddy, located away from the LSS, which rotates 
with time. This could make the concentration non-homogeneous throughout the volume even though the average 
concentration follows the expected exponential decay with time. It should be noted that the initial concentration 
of 0.1 gle does not represent a fully settled solution but the suspension concentration before the stirrer was 
activated. 

The particle size distribution was measured following the test by taking a sample of the solution and 
analysing it in a laser diffraction analyser. This determines the volume distribution of particles over the size 
range, 0.4 pm - 1000 pm. This means. however, that the dynamic variation of the particle size distribution 
cannot readily be obtained as a relatively substantial volume of water must be taken from the solution. This 
would obviously affect the reverberation characteristics of the volume. Figure 3 shows the particle size 
distribution for the glass beads used in this study. 
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Figure 2: Variation of suspended particulate 
concentration with time of a 1.0 gl! solution. 
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Figure 3: Particle size distribution for glass beads 

3.2 Glass bead solutions 
A series of tests were performed on glass bead solutions with concentrations from 0.0 - 1.0 glP. The.water used 
was passed through a reverse osmosis system and then filtered to remove any remaining particulate matter. As 
can be seen from Figure 3, there are very low concentrations of particles in the micron range. The glass beads 
were added in 3.2 g steps, i.e., 0.2 glf increments. The water was degassed prior to testing. The dissolved 
oxygen content varied from 41 - 60 % over the course of the measurements. 

Figure 4 shows typical binned time traces and their corresponding IIR curve at 100 kHz for pure water and a 
1.0 gle solution of glass beads. The IIR curve clearly represents the decay rate of the sound energy in the 
volume. The y-axis scale is the sound pressure level (SPL) in dB re I pPa. This only relates to the measured time 
trace. The reverberation times calculated for these traces were 0.233 s for the pure water and 0.132 s for the 
glass bead solution. At this frequency there is almost a 60 dB dynamic range. The output burst lasted 20 ms and 
the increase in the sound pressure over this time is clearly seen in the figures. The effect of the particulate is 
clearly seen. 

SPL (dB re 1 p a )  
1 90-1 

0.05 o.io 
Time (s) 

Pure water 

SPL (dB re 1 p a )  
190-1 

Time (s) 
1.0 glf glass beads 

Figure 4: Typical binned time traces at 100 kHz for reverberation time calculation (upper trace) with their 
corresponding integrated impulse response curve (lower trace). 

Figures 5 and 6 show, respectively, the reverberation time and the attenuation due to the addition of particles, 
A a ,  as functions of frequency. It should be noted that the reverberat~on tlmes have been corrected for 
temperature and atmospheric pressure 1131, which both affect the speed of sound of water. Because the 
temperature of the water changed over the course of the experiment from 16.0 - 15.1 "C, the reverberation times 
have been normalised to the conditions present for the particulate-free water measurements, i.e., 16.0 "C. Figure 
5 shows that the reverberation time for the pure water decreases with increasing frequency, as is expected as the 
attenuation increases with increasing frequency. As particles are added, the reverberation time similarly 
decreases and, in general, as  more particulate is added the reverberation decreases. This leads to a general 
increase in attenuation with increasing frequency, as expected. If the attenuation is normalised with respect to 
concentration, Figure 7, then it is clear that the curves do not reduce to a s ~ n g l e  value. The reasons for this are 
not yet clear. The variations at low frequencies for the more dilute solutions may be because the measurements 
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are made close to, or below, the Schroeder frequency. As the concentration increases and, thus, the reverberation 
time reduces, the Schroeder frequency reduces to around 50 kHz. The more dilute solutions show the greatest 
variation from the expected values. Considering the small variations in attenuation for these solutions, this is not 
altogether unexpected. The bold line in Figure 7 is the predicted normalised attenuation for a glass bead solution 
of the given particle size distribution. The measured attenuation agrees reasonably well with the prediction, 
particularly for the higher concentration solutions. The reasons for the discrepancies, especially for low 
concentrations, are discussed below. 
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Figure 5: Reverberation time for various 
concentrations of glass beads. 
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Figure 6: Particulate attenuation for various 
concentrations of glass beads. 
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Figure 7: Normalised particulate attenuation for 
various concentrations. 
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Figure 8: Reverberation times for distilled water 
N.B. Ideal curve relates to right hand scale. 

Consider the predicted reverberation time for particulate-free water calculated using an empirical formula for 
the attenuation of distilled water [14]. If it is assumed for the moment that all the boundaries behave as a perfect 
air-water interface for normally-incident rays, then it is evident that the measured reverberation time (and, 
hence, the attenuation) for pure water is considerably less than predicted (Figure 8). This is not unexpected; in a 
diffuse sound field many wall reflections will be at oblique incidence. In order to achieve a good fit to the 
measured data, the absorptivity at the boundary, i.e., the acoustic intensity transmission coefficient, must be 
increased from 0.001, for an ideal air-water interface at normal incidence, to 0.015 for the air-water interface 
and 0.0093 for the bag-water interface. These values were determined by taking reverberation measurements 
with different volumes of water and, thus, different proportions of surface area of the bag and the free surface. 
The absorption coefficients of the two types of boundary were varied in order to minimise the variation of the 
total absorption over the different water volumes and the frequency range of interest. Using these values of 
absorption and assuming ideal water, the fit to the measured reverberation is quite good. The calculation of the 
attenuation due to the addition of the particles is unaffected by the exact values of the boundary losses (provided 
they are small) because, first, this is not a function of the boundary properties, as shown i n  (3); and, second, 
because the difference in reverberation time is used, the attenuation of the water is eliminated. If, however, the 
absolute attenuation of the pure water or the water containing particles is to be found, a better understanding of 



the losses at the boundar~es must be obtalned T h ~ s  should also Improve the measurement ot dllute \olut~ons 
where the varlatlon from pure water attenuation 1s s l~ght  

As mentioned previously, each result represents the average of ten measurements taken over 35 s. Figure 10 
shows the reverberation times for particulate-free water and two concentrations with error bars equal to one 
standard deviation of the ten measurements at each of the frequency steps. Although there is some overlap, 
particularly at low frequencies, the amount of variation suggests that the observed trend is fairly consistent. If 
the variation of reverberation time with time is plotted for one solution (1.0 glP in this case) at a number of 
frequencies (Figure I I), then it is clear that there is a general increase in reverberation time as the test 
progresses. This is consistent with some of the particulate settling out of the solution and reducing the 
attenuation. There may also be a contribution from the variation in fluid movement as the solution calms after 
the stirring. 
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Figure 10: Reverberation times for water and selected Figure I I: Variation of reverberation time with time 
solutions with I standard deviation error bars. for a 1.0 glP solution at three frequencies. 

4. Conclusion 
A series of reverberation tests performed on particulate-free water and water containing various concentrations 
of spherical glass beads have shown that the attenuation due to the particles is a readily measurable parameter 
using this technique. The attenuation measured agrees well with that predicted by theory for solutions with a 
concentration greater than 0.5 glP. Testing is continuing in order to obtain a better understanding of the loss 
mechanisms in the experimental system. In particular, the losses at the boundaries are being investigated. This 
may also resolve the variation from the predicted attenuation for the more dilute solutions. One aspect requiring 
investigation is the effect dissolved oxygen has on the measurements. As mentioned in section 3.2,  in the tests 
performed to date the dissolved oxygen level showed a gradual increase over time. The contribution this makes 
to the reverberation behaviour requires further investigation. The dynamic concentration has been measured and 
this shows a gradual reduction with time which may, in part, explain the variation of reverberation time over the 
course of the test. The particle size distribution may also vary with time but, as yet, there is no method for 
monitoring this. It is evident that the contribution to attenuation of suspended particles due to viscous 
attenuation is small but, nevertheless, significant and should be taken into account in propagation models for 
turbid waters. 
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Abstract 

A class of possible cost functions to be used in model-based estimation of bottom parameters from high- 
frequency backscatter signals is introduced. The cost is based on the properttes of the signal in the wavelet- 
transformed domain. It is  shown, through a simulative study, that the cost can be selectively tuned to be 
sensitive only to subsets of the parameters to be estimated. This in turn suggests that a "divide-and-conquer" 
inversion strategy can be applied at least in the case of normal incidence bottom returns from parametric sonar 
data. 

1. Introduction 
Model-based inversion of acoustic data has been proved an efficient and valuable approach to the estimation of 
geophysical properties of the ocean andlor of seafloor sediments when working with deterministic acoustic 
propagation [I]. T h ~ s  sltuatlon usually arlses when the acoustlc s~gnals  propagating In the ocean environment are 
of low frequency nature (up to 1 KHz) When deal~ng w ~ t h  h~gher  frequency acoustlc, the stochast~c nature of the 
~nterac t~on  between the propagatrng s~gnals  and the med~um rnhomogene~t~es cannot be neglected Thls makes 
the a p p l ~ c a t ~ o n  of model based rnverslon techniques much more difficult (or even quest~onable) at the hlgh 
frequency reglme wrth respect to their low frequency counterparts Thls work focuses on the problem of 
quant~tat~vely estlmate the upper seafloor sed~ment properties (sound speed, densrty, compress~onal wave 
attenuation, seabed rms helght, etc ) from bottom backscatter data The recelved slgnals can be modeled as the 
output of a stochast~c process, whose parameters are to be estimated Thls makes ~t mean~ngless to compare 
directly the measured data wlth model-pred~cted t ~ m e  serres. On the other hand, some poss~ble approaches based. 
for Instance, on the computation (from the data) of the backscatterlng strength vs grazlng angle funct~on may 
not exploit all the lnformatlon present In the data 
In this work we discuss some possible choices of cost function, to be minimized in the inversion process, that 
attempt to exploit as  much information as possible from the received data while at the same time avoiding or 
reducing the effect of the randomness implicit in the physical process. In particular, it is shown how multi- 
resolution wavelet based data analysis can be used in order to perform the inversion in the wavelet-transformed 
domain. Moreover, it is possible to tune the cost function in order to make it selectively sensitive only to a 
subset of the parameter at a time. This in turn suggests that a wavelet-based processing can be well suited for a 
divide-and-conquer inversion strategy, in which all the parameters of interest are recovered in sequence. 
Examples are shown from at-sea data collected with the "Topas" parametric sonar system, and with simulated 
data generated with the "Boris" backscattering stochastic model. 

The paper is organized as follows: in the next section some p r e l ~ m ~ n a r ~ e s  on the forward model and on 
wavelet processing are given. In section 3 it is shown, by means of examples on field data, how wavelet-based 
processing can effectively be employed to discriminate between different bottom types, at least in a qualitative 
way. In section 4, a systematic approach to the construction of a class of wavelet-based cost functions is 
proposed, and it is shown by simulative examples how to select, within the same class, cost functions sensitive to 
a subset of the sought-for parameters. Finally, some discussion of the current results, open problems, and future 
work is given. 
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2. Preliminaries 

2.1 Choice of the forward model 
A preliminary issue that has to be addressed before even discussing the inverse problem is the selection of the 
forward model. While the status of ocean acoustic models up to few kHz is relatively mature and well 
understood [ 2 ] ,  the same does not apply to acoustic propagation at high frequency. It is common to have at hand 
models able to predict some average properties of the measured time signals [3]. Less common is the case in 
which a prediction of the measured time series is provided. The time series prediction has to be intended, in this 
context, as a specific realization of a stochastic process. It has to be underlined that, even in the case of perfect 
correspondence between model parameters and physical parameters, model predictions and measured data will in 
general be different, corresponding to different realizations of the same process. While this situation prevents 
from a direct time series comparison in any inverse scheme, the availability of a model that does predict data 
realizations gives, to the designer of a model-based estimation strategy, the greatest flexibility in terms of 
processing steps. A forward model for bottom backscattering with these capabilities is Boris. A complete 
description of Boris can be found in [4]-171. Boris is able to generate a time series realization given as input the 
parameters related to: the environment (sound speed in the water column, sound speed, density and attenuation 
in the sediment, bottom surface roughness as rms elevation, volume inhomogeneity as rms per cent variation of 
sound speed and density); the geometry (water depth, source-receiver position, grazing angle, tilt); the system 
(pulse shape transmitted, beam pattern, source level). The output oy the model is produced by generating a 
specific realization of the bottom surface and volume with the specified average properties, and then by 
computing the specific (deterministic) acoustic return due to the generated surface and volume. The seafloor 
interface scattering is modeled using the Kirchhoff approximation, and the volume contribution with the small 
perturbation theory. 

2.2 Wavelet processing 
Wavelet processing and wavelet transform have received much attention in recent years, essentially due to their 
ability of producing a time-frequency analys~s of a given signal with variable resolution. A general reference text 
on the subject is [a], while a tutorial paper with specific application of wavelet processing to high frequency 
backscatter data is [9]. Wavelet processing is based on the choice of a set of basis functions g(t:r,a) generated in 
the following form. Let g(t;O,l)=f(t); then $(t;r,a)=f((t-z)/a), where r i s  a time shift and a is a scale factor. The 
function f(t) is sometime called the "mother" wavelet, since it generates all the remaining wavelet basis by means 
of time shifts and scaling operations. It must be remarked that the mother wavelet cannot be any arbitrary 
function, but has to satisfy several conditions to guarantee orthonormality and coinpleteness of the basis. Note 
also that if the shift and scale parameters are allowed to be continuous, we talk of wavelet transform; if they are 
allowed to take a numerable set of values we talk of wavelet series, in analogy with the case of Fourier basis 
functions. Given an admissible wavelet basis, a generic signal x(t) has the following representation in the z-a 
domain: 

+- 
X ( T , ~ )  = j z(t)$(*; r , a ) d t  

-* 
There are some formal conditions that the basis and the signals have to satisfy to guarantee that the integral in 
(1) is convergent. In general, these conditions are respected if both the signal and the wavelets have finite 
energy, as it will be the case in the discussion in the following of the paper. Essentially X(r,a) is built as a 
bidimensional matrix by computing the correlation of the signal x(t) with scaled versions of the mother wavelet 
f(t). The scale factor a plays a role similar to that of the frequency in the more traditional time-frequency 
analysis. The similarity becomes a formal equivalence if f(t) is taken as a windowed sine function. In this case, 
(1) becomes the common expression for the Short Time Fourier Transform. With respect to time-frequency 
analysis, wavelet processing offer in general more flexibility and variable resolution. However, depending on the 
specific wavelet basis chosen, it is not always clear what is the physical interpretation of the transform X(r,a). 
In the following of the paper, we will make use of the wavelet transform with the mother wavelet described by 
Deaubechies [ lo ] ,  and reported in Figure I. The reason for this specific choice is mainly because this is the 
mother wavelet whose shape is closest (at least, among those mother wavelets we are aware of) to that of the 
Ricker pulse transmitted by the parametric sonar system through which the field data have been obtained. This 
has some importance in understanding the physical meaning of the specific wavelet transform chosen. In 
particular, if the mother wavelet is chosen (as in our case) as equal to the transmitted pulse (or close to it as it 
can be), in the completely deterministic case (no roughness, no inhomogeneities) one would obtain a matrix 
composed by the deconvolved signal in one row, and zero in the other rows. The effect of the stochastic 
parameters is to blur the deconvolution results, and the wavelet transform is able to trace the blurring both in the 
time and scale domain. 



Fig. I: Deaubechies wavelet used for the transform ( I ) .  Time and amplitude axes are not reported, since the 
function can be arbitrarily scaled and amplified 

3. Field Data Analysis with the Wavelet Transform 
In thls sectlon ~t 1s our lntent~on to show how f ~ e l d  data taken on dltterent bottom types show systematlc and 
quantifiable d~fferences when processed 1~1th the wavelet transform tntroduced prevtously Thts I S  a key polnt tn 
order to attempt a definition of a meaningful cost funct~on for a model-based tnverslon scheme 
The data to be shown have been collected at the Saclantcen test sites in the gulf of La Spezia, Italy, and have 
already been partially reported in [ 7 ] .  The experiment configuration was as follows: the "Topas" 040 parametric 
sonar from SIMRAD was used in monostatic configuration; the system was transmitting a calibrated Ricker pulse 
with a center frequency of 8 kHz, and a bandwidth of approximately 8 kHz, steered at normal incidence toward 
the bottom. Data were acquired at a sampling rate of 100 kHz. The system has been used at three sites, in the 
following labeled as 'Tellaro', 'Portovenere' and 'Monasteroli', having water depths varying between 12 and 17 
meters. At these three sites, the bottom is described as compact sand, silty clay and gravel on sand respectively. 
Each signal in the data set has been transformed according to ( I ) ,  with the following choices: 125 samples 
(corresponding to 1.25 ms of data) have been selected for each signal; the signals have been aligned, so to avoid 
any effect due to the different bottom depths; the scale parameter cc has been let moving from 1 to 50. The 
following notational convention is used: X i j ( z , a )  is the wavelet-transformed signal, with i=T,P.M identifying the 
location of the original signal, and j=1,2, ... identifying the specific signal among those of the location i .  The 
wavelet transform of the different signals are now compared by means of the following difference matrix 
A(i,j,k,h) defined in the following way: 

Note that A 1s a matrix whose elements are tndexed by z and a ,  each element tn A IS the modulus of the 
d~fference of the modull of the corresponding elements In the matrtces X , ,  and X ,  1, By looklng at the dlfference 
matrices, ~t appears systemat~cally that the dlfference matrlx of two s~gnals  taken tn the same area has elements 
of about one order of magn~tude smaller than the d~fference matrlx of s~gnals  taken at drfferent areas Thls IS 
shown for instance In fig 2, where, w ~ t h  the same scale on the r-axls, the dtfference matrlx of two slgnals from 
Portovenere and Tellaro IS compared wlth the d~fference matrlx o t  two signals trom Portovenere 
Another example of the same kind is shown in fig. 3. This bthaviour of the difference matrix is systematic, at 
least in the three data sets that we had available. This suggests that the compaiison in the wavelet-transformed 
domain is able to capture the differences between different bottom types. T h ~ s  may be used, for instance, in a 
qualitative bottom classification scheme, in which the seatloor is characteri~ed as "sandv-"siltw-"clay" types. 
The purpose of the next section is to explore if more quantitative information can be extracted by comparing the 
data with model realizations in the wavelet-transformed domain. 

4. Cost function selection and parameter sensitivity 
In this sectlon we propose a systematlc procedure for the d e f l n ~ t ~ o n  of a cost funct~on to be used In model-based 
invers~on schemes, relying on the wavelet transform (I) .  Furthermore, we proceed wtth a sensltlvlty analysls of 
the cost function wrth respect to the bottom parameters to be est~mated A large use of the Borts model 1s made 
In this sectlon, however the procedure In Itself IS tndependent of the part~cular chotce of forward model 
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Fig. 2: Difference matrix between signals from Portovenere and Tellaro (left) and difference matrix between 
two signals from Portovenere (right). Note the difference in magnitude when the signals are coming from 

different areas. 

Fig. 3: Difference matrix between signals from Monasteroli and Tellaro (left) and difference matrix between 
two signals from Monasteroli (right). Note again the difference in magnitude when the signals are coming from 

different areas. 

Let Xd(r, a )  be the wavelet transform of the data time series d(t) .  Let m be the vector of bottom parameters to be 
estimated. In particular, in the following we will consider m=[o, c,, v ,  a,], where o is the surface roughness rms 
in meters, c, is  the sediment sound speed in mls, v is the rms sound speed and density volume inhomogeneity, in 
percent variation w.r. to c, and p, a, is the compressional wave attenuation in the sediment in dblm. The case of 
signals at vertical incidence is considered; it is well known that in this case sediment sound speed and sediment 
density p cannot be recovered independently, but only the acoustic impedance z=pc, can be estimated. In the 
simulation study presented in this section we keep the density linearly related with the sound speed, and we refer 
to sound speed estimation. However, it has to be clear that what is actually estimated is the acoustic impedance. 
The assumption of no layering in the sediment is also made. The case of multiple layers is briefly discussed in 
the next section. The knowledge of the other relevant environmental, geometric and system parameters is 
assumed. 
For a given choice of the bottom parameters m, N realizations of the data r(t;m,i) ,  i = I ,  ..., N, are generated 
through Boris or through any equivalent model. At each realization is associated its wavelet transform matrix 
X,i(z,a;m). The ensemble average of the wavelet transform is then computed: 

I N  X,(z,a;m)=-CX,.(z,a;m) 
N i=l 

(3 )  

At this point we are ready to define the following class of cost functions: 



where the absolute value operations are done element by element, i .e . ,  for each (za) index; II.11 stands for the 
usual euclidean matrix norm and the parameter P is a positive real constant selected by the user. The usefulness 
of the parameter f l  lies in the fact that, by appropriate tuning, it can be used to increase the sensitivity of the cost 
function J to some of the parameters in m, and to decrease the sensitivity to some other parameters. The 
sensitivity of J to a generic element m, of the vector m is defined in the usual way as: 

Roughly speaking, a "large" value of f i  gives more weighting to the part of the signal with more energy, which is 
in general due to the sediment surface return contribution; on the contrary, a "low" value of /I tends to preserve 
the energy content of the original time series (note that P=O is a possible choice, which corresponds to no 
weighting applied to the signal in the wavelet-transformed domain). Note that here "large" and "low" strongly 
depend on the quantities IXd(z,a)l and I ~ , ( z , a ) l :  in our case, the sum of the two reaches peak values of the 
order of magnitude of 10'. This means that, with the choice of P=20 (discussed in the following), the peak values 
will be weighted by a factor of about 0.1, and the weighting will rapidly decrease moving away from the peak. 
The idea of the parameter $ comes from traditional seismic signal processing, where it is customary to use time- 
varying adaptive gain on the recorded time series. Here, however, the adaptation gain strategy is performed in 
the wavelet transformed domain. In particular, we will show, with simulated data generated with Boris, using the 
calibrated Topas beam pattern, pulse shape and source level, that, by taking /3 of the order of 10'. the cost 
function (4) is such that the sensitivity (5) to the volume parameters v and ap is negligible. This, in turn. 
suggests the following inversion strategy: a cost function (4) is defined with @lo; the cost is minimized with 
respect to the parameters o and c,. With these estimated values, a new cost function is defined with P=O, and it 
is minimized with respect to the remaining parameters v and a,. 
The (simulated) reference data d( t )  have been generated by assuming an environment with the following 
parameters: o=0.04 m; c,=1720 mls; v=5%; ap=0.9 dBlm; p 1 . 9  g/cm'. The time signals have been generated as 
in the field data test case, with a sampling of 100 kHz, and only 125 samples have been considered in the 
wavelet analysis. A value of P=20 has been chosen. The number N of different realizations to be used in 
computing the cost (4) has been fixed to 10. In fig. 4 we present the cost plotted as a function of o and v. This 
has been obtained by computing J with values of o ranging from 0.03 to 0.05 m at steps of 0.0015 m. and v 
ranging from 0.5% to 11% at steps of 0.75%. The other parameters were kept constant at their reference value. 

Fig. 4: Low sensitivity of the cost function J with P=20 to the volume inhomogeneity parameter (v). 

It can be seen from the figure that the sensitivity of the cost function to the volume inhomogeneity parameter is 
negligible (the sensitivity (5) can be evaluated from the figures by looking at the variation of the cost in the 
direction parallel to that of the axis of the parameter whose sensitivity is investigated; if the contour lines are 
parallel to some of the axis, the cost is not sensitive to that parameter). Negligible sensitivity is also experienced 
with the sediment compressional wave attenuation, as it appears in figure 5. Here the cost function has been 
generated by varying the surface roughness as before, by varying the compressional wave attenuation between 
0.3 and 1 dBlm at steps of 0.05 dB/m, and by keeping the remaining parameters fixed. 
The cost function is sensitive to both the surface roughness and the sediment sound speed. In fig. 6 the cost as a 



88 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

function of these two parameters is plotted. Note that not only the cost has been generated with different 
realization of the time series, but also, in this case, the insensitive parameters v and a, have been chosen at 
random for each realization, in order to further verify their passive influence on the cost. In this test the surface 
roughness has been sampled with the same range and step as before, while the sediment sound speed has been 
sampled from 1540 m/s to 1960 mls with a step of 30 mls. As stated before, the sediment sound speed is not 
independent from the density, since we are treating the normal incidence case. We have fictitiously imposed a 
dependence of the density from the sound speed of the form p =  1 . 2 * 1 0 ~ ? * c , ,  -0.1640. So the sound speed 
estimation has actually to be intended as an estimate of the acoustic impedance. From fig. 6 i t  can be seen that 
there is a unique well defined minimum in the cost function, corresponding to the correct reference data 
parameters. It is interesting to note that the cost function is very smooth, with a unique minimum. 

Fig.5: Low sensitivity of the cost function J with P=20 to the sediment compressional wave attenuation (a,,). 

0.03 1400 c,. (111 S )  

Fig. 6: Cost function J with P=20 w.r. to sediment sound speed and surface roughness 

We remark that, although the simulations presented refer to a specific case, they have been run for a number of 
cases, and these results, at least qualitatively, are systematic. At this point, by selecting a proper value of the 
parameter p, it is assumed that a correct estimate of the surface roughness has been obtained. Having fixed the 
surface roughness, a new cost function belonging to the class (4) is defined, this time by choosing P=O. In fig. 7 
the cost function is shown with respect to sediment sound speed and volume inhomogeneity. Also in this case, 
there is a unique minimum at the expected position, although the cost function is less smooth. 
In this case, in which the volume gives significant contributions to the cost function, the compressional wave 
attenuation is also expected to play a significant role. However. in the example reported in fig. 7, the 
bidimensional cost has been obtained by fixing the attenuation to a cbnstant value of 0.5 dBlm, different from 
that of the reference data. It can be seen that this has no influence on the correct determination of the other two 
parameters. This is confirmed if we plot the cost aS a fbnction of volume inhomogeneity and compressional wave 
attenuation, with surface roughness and sediment sound speed fixed to their correct (reference) values. As it can 
be seen in fig 8, the cost function has low sensitivity to the attenuation parameter; however, it has 'to be 



remarked that the sensitivity to the compressional wave attenuation is not entirely negligible, as  it was in the 
previous cases discussed. In any case, it is not sufficient to correctly identify the attenuation parameter. Note 
that the volume inhomogeneity parameter is correctly recovered. 
It is not clear to us at the moment why the cost function is not sensitive to the sound speed attenuation; it may be 
due that, by taking only 1.25 ms of data, the travel time within the bottom is not sufficient to consistently show 
the effect of the attenuation; or, it may be that the wavelet-based cost function itself masks fht: arknuation. 

Fig.7: Cos t  function J with P=O w.r .  to  sediment sorrnd speed crnd volume inhomogeneity 
X I "  

J ci3=0, 

Fig 8: Low, although not entcrely negligible,  sensitivity of the cost furlctrort J w ~ t h  P=O to the seditnerlt 
compressional wave attenuation a,, 

5. Discussion and Conclusions 
Wavelet processing of normal incidence backscatter signals from parametric sonar seems to have the potential 
for a proper classification and model based inversion of both deterministic and stochastic sea bottom parameters. 
Many questions, however, remain open. One is the physical explanation of why should wavelet basis show this 
property. We are currently exploring other approaches to time-frequency and time-scale analysis (in particular, 
with the Wigner-Ville distribution) in an attempt to clarify this aspect. 
An implementation of a "divide and conquer" inversion strategy, relying on the class of cost functions defined in 
(4), is currently under development. It is expected, however, that even better results, in terms of selectively 
reducing the sensitivity to some of the parameters, may be obtained by using backscatter signals at different 
frequencies. In particular, using a parametric sonar, the primary frequency may be used for the surface roughness 
and acoustic impedance determination, without recurring to the tuning of the parameter P. Note that, in the case 
of the Topas system, the primary frequency is at about 40 kHz, while the difference frequency signals taken as 
reference in this work have center frequency at 8 kHz. 
The case of multiple layers can be treated with the same approach underlined here, by inverting the parameters 
of one layer at a time (a technique known as "layer stripping" in the seismic community). It has to be said, 
however, that all the inversion methods of the divide-and-conquer type, including layer stripping, may suffer of 
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severe inaccuracies from early errors: any inaccurate result is in fact carried over in the subsequent steps of the 
inversion procedure. This implies that an accurate analysis of the robustness of the proposed scheme will also be 
necessary in the near future. 
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Abstract 
W e  constder a Bayeszan approach to the problem of znferrzng parameters of the SONAR envzronment gzven only 
the gathered szdescan zmage. A szmplzfied model of the process zs developed along wzth suztable pnor dzstrzbut~ons 
o n  the parameters, and a samplzng technzque zs utzlzsed to estzmate the parameters most lzkely gzven the data. A s  
a n  example, we apply thzs technzque to estzmatzon of a step-gazn TVG curve and use the results zn restoratton of 
legacy srdescan data. 

1. Introduction 
We attempt to  draw a distinction between processzng and analysts of SONAR data. Techn~ques for extracting 
information based on power spectra [I], fractals (21 and other statistical techniques 131 consider the surface statistics 
of the observed image, essentially treating the image as any other array of numbers with l~ t t le  regard to the creation 
process. Recently, attempts have been made by Beattie and Elder [4] and Dugelay et al 151 to extract more data, 
although in Beattie's case the approach is motivated by visual arguments, a11d in Dugelay's examples, the effects 
are applied to  very large scale processes where significant averaging has talten place 

We are more interested here in inferring parameters of the SONAR eiiviroment when the image considered 
was recorded, in an attempt to  extract useful detail with which to furthe1 our unde~standmg of the data These 
parameters do not have to  be recorded: anything which has a significant effect on the imaging plocess is implicit 
in the image created; all we have to do is devise a method with which to estimate the effect and hence infer the 
parameter value Essentially, we are attempt~ng to invert the SONAR imag~ng process, but given the complexity, a 
number of simphfications and assumptions have to be made. However, the assunlptions ale shown to he reasonable 
under normal operat~ng conditions for typical surveys, and in partrculai for t l ~ e  dataset wh~ch we use for the 
example 

The process of rnferring data in this manner IS quite general; we choose a stla~gl~tforward p~oblein of e s t ~ ~ n a t ~ n g  
the step gains and durations of a staircase style TVG process in legacy data given no othei infotmation as an 
example in this case. 

2. Data Description 
The dataset considered consists of output from a high frequency sidescan opeiating ~n shallow coastal waters off 
the south coast of the UK. The electronics pack was an early model, and consequently used a simple staircase 
TVG, with consequent vertical striping of the record (figure 1). As well a s  being annoying 011 visual mspection, 
this process renders the data significantly non-stationary and complicates fu~thel  analysis 

Unfortunately, this legacy data contains no record of the SONAR palameters, and even the first return time 
has been removed in an attempt to de-jitter the data and improve on storage Thus, the tnsk we consider is to 
estimate the relevant parameters, including the TVG step durations and galns with the intention of eventually 
removing the gain curve and replacing it with something more appropriate to avo~d the obselved aitifacts 

The gains steps are observed to be of regular period. Figure 2(a) shows estimates of column means in the image 
of figure 1 using a sliding windows of width five columns. The periodic spikes ale mole easily seen in the FFT 
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Figure 1: Example of staircase TVG on SONAR data. 
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(b) FFT of column mean estimates; 512 sample radix-2 DIT 
algorithm 

Figure 2: Observed periodic gain structure in SONAR image. 

of the signal. This shows significant periodicity about the 14 sample period, equivalent to about 1.4111s with the 
10 kHz sampling rate used during digitisation. Such periodicity makes the effect unlikely to be natlual. confirming 
that the observed artifacts are caused by the TVG. 

The sections of data used in the analysis are 420 samples by 100 pings in size, aiid ale extlacted fionl a larger 
dataset essentially a t  random, under the constraint of satisfying the assumptions xnade in the next section. 

3. Modelling Methodology 
The technique used to extract information from SONAR images revolves a~ound n s~~i ip le  inodel of the energy 
return expected from the seabed and a sampler technique to allow consiutei~t esttinates to be generated In order 
to build a model which can be easily manipulated, a number of simplifying ~ss~~ l l lp t io~ l s  have to be made. 

We assume firstly that the geometry of the system is simple. The towfish is ~naii~titined at the same height about 
the seabed, and is assumed to be sufficiently stable not to affect the images cleated, if fish inotion 1s suspected, 
there are a number of techniques to improve the situation 16, 71. To avoid conlplications with beam-pattern effects, 
we assume that the beam is sufficiently wide and narrow to avoid spotlighting and spreactiug in the assnmed swathe 
width. The towfish for the dataset considered satisfies these conditions. 

To further simplify the geometry, we assume that the towfish is of suffiently high frequency to allow a ray based 
solution to the propagation equations, and also that the speed of sound is constant so that the rays propagate 
in straight lines. We justify these latter two assumptions by noting that typical surveying w ~ t h  sidescan does 
not normally entail propagating through deep columns, and hence there is little chance of a thermocline being 
introduced, and that even if one is present, there is little chance of there being sufficient distance in propagation 
to allow the effects to become significant. Using a simple ray tracing model and temperature data from an 
instrumented range in a river estuary, typical rays even through strongly varying profiles show a maximum distance 
error of just over 1% for the longest ray examined. Consequently, the effect is insignificant compared to the other 
approximations made in the model. 



The model includes spreading and absorbtion losses by assuming that t l ~ c  sound sl)rcads spherically and that 
absorbtion is exponential, based on the propagation path length. The cl~oicc of spreading model is motivated 
purely by mathematical convenience, although the absorbtion is based 011 morc accurate measurements [8]. 

Modelling of the seabed interaction is again motivated by mathematical convenience. We choose to simplify 
matters by using empirical justification of Lambert's Law (more correctly a "rule of thumb") [9] as a model, 
assuming that the seabed is a diffuse reflector, and considering only the   no no static scattering case for energy 
returned along the incident ray. More complex models such as those developed by Jackson et nl. [lo] could in 
theory be incorporated, but the manipulations would be much more difficult; in this pilot study, we opt to accept 
innacuracy in modelling as necessary to feasible implementation. A consequence of these modelling assumptions is 
that the point statistics of the observed image should be Rayleigh distributed [Ill, which can be shown by standard 
x2 testing on maximum likelihood fits of a Rayleigh distribution to estimated histograms from the dataset. 

The TVG observed in the previous section is modelled by a base gain and a time varying component as 
illustrated in figure 3. We choose to parameterise in terms of step durations and additive gain for mathematical 
convenience in developing the sampler code. The step-like function A,(z) is used to allow differentiation to talce 
place, but as a -t m, this curve converges to the unit step (since lim,,m dX,(x)/d~(,+o + 0, and if H ( x )  is the 
Hilbert step function, lim,+, J-: JH(x) - X,(x)Jdx = 0). 

I I I I 
w - -  

84 

Ping Epoch 

S 

gji = Cys iX,  t,, - C 6 ,,,a (1) 
s=o ( ..1, ) 

Figure 3: Staircase TVG curve used in modelling. 

We build the simplified model by concatenating all of these assumptions, modelling the expected return per 
pixel as p,, for the (i , j) th pixel. The return is a product of gain, absorbtion loss, spreading loss, and reflectivity 
a t  the seabed: 

where t,, = to ,  + j T  for samples of period T ,  and we allow that the first return time per ping may be variable. 
Some of the effects expected in the data cannot be distinguished from this model. For example, it is in~possible to 
determine the reflectivity coefficient distinctly from the overall gain, or an increase.in towfish height from a change 
in bottom depth. We assume, however, that these effects are not normally significant, and modelling potentially 
composite parameters is sufficient to gain further insight into the data. 

4. Bayesian Posterior Analysis and Model Development 
4.1. Sampler-based Approaches t o  Bayesian Analysis 
Attempting to fit this model directly would be extremely difficult due to the interactions between the parameters, 
the non-linearity of the description and the possibility of multiple solutions. In an attempt to resolve these 
difficulties, we utilise the Bayesian approach to data analysis in order to incorporate prior knowledge of likely 
parameter values (and thus constrain possible parameter combinations), and use a sampler based scheme to deal 
with the complexities that this process generates. 
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In this application, the model developed forms the likelihood function, ant1 we ~~nplement prior distributions 
on the parameters to complete the model. However, it would be almost cc~~tainly impossible to manipulate the 
posterior distribution analytically to determine the properties, and difficnlt c,ve~~ to l~nple~nent a numerical attack 
on the integrations required for determination of the marginal distrihutior~s re(111irt~d. The alte~native is to develop 
a Monte Carlo [12] scheme to estimate properties based on samples fro111 thc posteriol. 

However, due to the complexity of the model, it is impossible to draw samples fiom the (very highly dimensional) 
posterior distribution. Therefore, we utilise the ideas of Monte Carlo Ma~ltov cllmn (MCMC) analysis 1131 to develop 
a Markov chain which has, as its limiting distribution, the posterior distribution This allows the samples to be 
generated by simple simulation of the chain, essentially swapping one large sampling task for a number of simple 
samplers. After an initial settling period, samples generated from the Marltov chain can be considered to be 
correlated samples from the distribution and thus can be used to estimate any required property of the posterior 

4.2. Sampler  Implementation 
We use the Gibbs sampler algorithm [14] to implement the MCMC ailalysi~ required The MCMC technique 
originated in statistical physics [15] where many different sampler algorithms are used, but is now used extensively 
in both image reconstruction (e.g., [16]) and more mainstream statistical analysis (e g , [17]), where variants of 
the Metropolis-Hastings algorithm are used. The Gibbs sampler is one such variant whe~e the Markov chain is 
induced by sampling from the conditional distributions of the variables, i e., f (s,lx,Vj # 7 )  

However, determining the conditional distributions under general conditions IS quite difficult. H e ~ e ,  we follow 
a simplification after Spiegelhalter et al. [18] where a graphical model is used to rep~esent the relationship between 
the variables, and assumptions of marginal independence of the variables are made to allow development of the 
conditional distributions. 

The graph representing the current model is shown in figure 4, where solid directed lines indicate statisti- 
cal dependence of parameters in the indicated direction, and broken adirectional lilies indicate a deterministic 
relationship. The relationships and distributions are summarised beside the giaph, where N ( p ,  a L )  is a normal 
distribution, and R(P) is a Rayleigh distribution. 

t,, = to, + j T  
tot - N(to, a;) 

Figure 4: TVG estimation model and defining equations for stochastic and determinlstic relationships 

Use of rectangles in the graph indicates independence, and hence the graph.here indicates that each ping is 
initially assumed to be marginally independent of all others (although, since they share a common ancestor in the 
to and gain parameters, they are not necessarily marginally independent in the posterior distributions), as are the 
samples within each ping This is required for consistency with the previous assumptions. The rectangles also 
represent a general variable, indicating that all of the pings have the same structure (so that, for example, the to, 
are marginally independent, but all depend on to in the same manner). 

The structures about to, are typical of models of this type (and are the same about the gain step durations, 
Jkr and y,,). The structure indicates that some variation is expected, but the degree of var~ation is unknown. 
Therefore the variance of the paramete is included as another parameter of the sampler, and is also estimated 
as part of the fitting process. In this example, the value of ut could be expected to be reasonable, indicating 
small variation in the fish height or bottom bathymetry; the values for u, and ua might be expected to be smaller 
since they depend mainly on the stability of the electronics pack on the towfish, which should be good They are, 
however, included for symmetry and so that this point can be determined by posterior marginal analysis. 



i Support ranges are for limits such that Jebp(x)dx = 0.99. 
ii Maximum gain is over 130 dB, based on deterministic estimates. 
iii Medwin's formula [19] at T = 4"C, S = 20ppt and z = 40m; variation of each 

parameter gives typical limits of 1420 - 1540 ms-'. 
iv Absorbtivity at 100 kHz at 4'C is 30dB /km [8] (c = 0.993). 
v i.e., a Gamma distribution, Q(r; a ,@)  = (@l?(a))-'(z/p)"-' exp(-ZIP). 
vi Inverse variance ("precision") is modelled to simplify the maths; the gamma dis- 

tribution is conjugate to the Gaussian linking densities, giving a closed form con- 
ditional distribution. 

vii Prior is intentionally vague since no information is available. 

Tnhlo 1 .  C n m m > r x r  nf nrinr rlictrihr~tinna anrl narnmotorq fnr TVC mndd 

The prior distributions used in the model are summarised in table 1, and while the parameters of the distribu- 
tions are determined by physical constraints, the shape of the distributions are determined mainly for mathematical 
convenience. In most cases, the priors are fairly vague since only general constraints on the parameters are re- 
quired; the purpose is to  keep the sampler in a physically likely area of the parameter space, but to let it explore 
that region fairly freely. 

The full conditional distributions required for sampling can be determined as follows. Let V be the set of all 
nodes in the graph (i.e., parameters), let c, be the set of all chrldren of node v (i.e., all those which depend on 
it, collapsing deterministic links as required), and let p, be the set of parents of a node (i.e., those on which v 
depends). Then, Spiegelhalter e t  al. [20] show that the conditional is: 

f(vl.) = f (vIPV) n f (clpc) (6) 
cEC., 

where f (vl.) = f (vlV\ {v}); nodes without parents use the prior for f (vlpv) Thus, for example, the full conditional 
of to% can be read from the graph as: 

This level of complexity in full conditional distributions is common. In some cases the function may be a 
particular distribution (with conjugate priors), but this is not usual. In the case of log-concave distributions, the 
ARS algorithm [21] may be used, which automatically constructs an accept-reject envelope [22] for the variable 
using a numerical technique. However, many of the full conditionals in this model are not log-concave (or, a t  
least, cannot be proved to be unconditionally log-concave), and the more general ARMS algorithm is used [23]. 
Although conceptually simple, implementing ARMS is an exacting task; the authors are indebted to W. R. Gilks 
(contact: wally . gilks(9mrc-bsu. cam. ac .uk) for providing the code to implement this. 

5. Experimental Analysis 
Analysis with the sampler is a process of setting a suitable initialisation scheme, and then running the Gibbs 
sampler algorithm sufficiently long to  ensure that the induced Markov chain has settled to its final distribution. 
In this example, the data set shown in figure 1 is processed. 
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(8) FIE& return time density estimates 

Figure 5: Kernel density estimates of first return time and speed of saund. Estimates from last 1000 saniples of 
3000 in run. 

The initialisation scheme is not critical; in theory, any parameter set should be sufficieut under very weak 
conditions on the sampler. Experience with sampler algorithms suggests that starting the chain about the marginal 
posterior modes of the variables is as good an initialisation strategy as any, although it does not guarantee any 
better convergence rate for the sampler. The derived parameters (i.e., to., yh, and &A,) are sampled initially 
according to  their defining equations, ensuring that the values generated are p11,ysically possible (this is guaranteed 
on later samples by the construction method for the ARMS algorithm envelope). 

The question of how many samples to allow for settling of the sample1 (the ''burn-in" time) and how many 
samples from the sequence to use is still uncertain except in special cases. Our (very conservative) scheme is to 
simulate 3000samples from the chain and use only the very end of the run for estimation of properties. Judging from 
experience of other researchers (particularly [24]) and from traces of the parameter behaviour during development, 
convergence appears rapid and the estimates generated are stable. The only difficulty in this experiment is in the 
gain parameters for the last few stages of the TVG; the step parameters tend to settle sequentially from the first 
return side of the image, and longer runs are required to ensure sufficient time for all of the parameters to settle. 

However, kernel estimates of the &st return time and speed of sound, figure 5, show stable monomodal 
densities within the correct parmeter  range. Confirmation that the sampler is not simply sampling from the prior 
distributions is found in the fact that the first return time is significantly higher than first expected, and indeed 
is distinctly in the upper a i l  of the prior distribution. In addition, the posterior variances are n~uch smaller than 
the prior variances, indicating that the vague priors used do not affect the sampler significantly. The mean values 
of the two parameters give to = 41.1 ms and v = 1491.2 ms-', leading to a towfish height of 30.6 m, typical of 
100 lrHz surveys. 

Analysis of the sampling variances indicates that there is sufficient evidence in the to, to conclude that the first 
return time varies on a ping by ping basis, but that there is no significant varlat~on between t l ~ a  galn duration and 
amplitudes. In subsequent rnns, the model could be simplified accordingly, 

The major test of this model, however, is in restoring the data set test image. The output from the last 1000 
samples of the chain were averaged to  give posterior estimates of the required variables, and these were used to 
remove the step gains and replace them with the TVG assumed in the model. The results, figure 6, show signifcant 
improvement from the original data, which is confirmed by the column mean estimates shown for original and 
processed images. 

6. Discussion and Extentions 
The results in figure 5 6  shaw that the system proposed can detect features of the SONAR environment from 
the images, and (since the values generated restore the image correctly) that the model developed has to be 
reasonably accurate for the data considered. The aim of this experiment, and similar techniques, is not necessarily 
to give a perfectly accurake physical model, merely one which is sufficiently close to approximate the data but also 
sufficiently flexible in support by its sampler to allow the imperfections to be compensated in fitting. 

Close examination of figure 6 shows that much significant detail is obscured in the original clata, particularly 
the gentle bathymetry in the middle of the swathe, which is very obvious in the restored image. Comparison of 
the befare and after images shows that the detail is present in the original, but is obscured by the step-gain effects. 



(a) Original data 

(b) Detected galn step locations 

(d) Orlglllill and restored data column meall estimates 

(c) Restored data 

Figure 6: Original and restored data, with column means. Column means, estimated with a window width of 
five samples show significantly less periodicity after restoration, corresponding to the smoother appearance of the 
restored image. 

This technique has a number of advantages over other analysis systems, not least that it can easily attack 
problems which would be difficult by other methods. The MCMC process makes it a simple task to specify the 
relationships between variables and then estimate their properties given the data, even when the variables were 
never measured. Although implementation may be computationally demanding, this has to rneasl~red against the 
observation that there often is no alternative estimation technique. 

The process is also intuitively satisfying. Many other techniques atterript to  infer properties of the seabed 
simply from the surface statistics, treating the data as simply another image Here, we have the ability to infer 
probability densities of the SONAR environment parameters, and the ~inderstailding of the dataset which is implicit 
in this process is very powerful. Although fairly lirnited through the assumptions made in cleveloplng the pilot 
model, this technique is a first step towards infering real knowledge from the images. 

Work on these techniques is continuing. We envision that the malor improvements requlred initially are 
inclusion of more general seabed surfaces, both in terms of bathymetry and multiple sedi~nent types Extention to 
self-shadowing of surfaces, discrete objects and targets, and better models of the phys~cal processes are also being 
considered in order to infer properties useful for fnrther analysis. 

7. Conclusions 
A method has been proposed for structuring the problem of inference of parametels in SONAR. We construct a 
simple model of SONAR physics, use the Bayesian method to inrorporate prior information on the parameters 
(to improve the stability of the system), and utilise a MCMC technique to nrunerically estilnate features of the 
(high dimensionality) Bayesian posterior distribution. These parameters are useful in their own right, infering 
information on the SONAR environment when the image was gathered, and may also be used to manipulate the 
image whence they were generated. 

In this particular example, a simple TVG restoration problem has been posed, ancl an example of the dataset 
has been processed The sampler outputs can be summarised to present probability density functions for variables 
of interest, or can be used to remove and replace the step TVG curve wlth d more appropriate smooth function 
which reduces the artifacts. The consequence of this is much better visual appearance, and better visibility of 
significant effects In the SONAR trace 
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It is possible to include a great deal of structuring information into a difficult problem, and hence to include 
complex statistical models without very complex analysis techniques. The specification of the model is simple, and 
although computationally demanding, implementation of the sampler system is quite straightforward. As well as 
adopting a more rigorous "investigative data analysis" approach to the problem, the system also builds inference 
on parameters that are otherwise difficult to obtain and leads to much better understanding of the process of 
image gathering. 

The model is being actively developed. Planned improvements include a better model of image formation 
including self-shadowing and irregular seafloors, and the inclusion of multiple sediment types. The ultimate goal is 
to develop a sampler which will infer relative reflectivities of each sediment, taking into account shadowing effects, 
and hence give sediment rather than texture maps of the surveyed area. 
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Abstract 
The primary limitation on system performance for active sonars is reverberation - the reradzalion of acoustic 
energy back to  the receiver from inhomogeneities in the physical properties of the mediarn and its boundaries. A new 
technique for modeling reverberation using an autoregressive power spectral density fuaction lo  describe the mnge- 
scattering funclion of the reverberation channel is presented. The method is used to estimate the range-scatten'ng 
function from sampled reverberation time-series. 

1. Introduction 
Fkverberation - the reradiation of acoustic energy back to the receiver from inhomogeneities in the physical 
properties of the medium and its boundaries can be particularly bothersome in shallow water when contributions 
from surface, volume, and bottom reverberation are present. Many techniques for modeling reverberation have 
been proposed, developed, and tested. These efforts have been motivated primarily by either lhe need to simulate 
reverberation time-series data to test existing processing techniques ([I], [2 ] )  or the desire to formulate new 
detector-processing structures [3]. A new technique for modeling reverberation that can be used to address either 
of these two issues is presented below. 

2. Linear Systems Theory Approach To Reverberation Modeling 
Small amplitude acoustic signals are governed by the linear wave equation [4];  therefore, reverberation can be 
analyzed using a linear, time-varying filter. The input/output relationship of such a filter is 

where s ( t )  is the input signal, y ( t )  is the output signal and h ( t ; r )  describes the output of the filter at  time t 
due to  a unit impulse applied T seconds earlier. It is assumed that s ,  and tl?erefore, y have negligible energy 
outside a band centered at  some carrier frequency and can be designated as band-pass signals [3]. Analysis then 
continues with the equivalent lowpass complex representation of these signals a.nd the impulse response h,. To 
simplify notation, it is now assumed that s ,  h ,  and y refer to their complex lowpass representations. 

Equation (1) will be equated to the system shown in Figure 1. Specifically, the deterministic signal s ( t )  is the 
transmit waveform and y ( t )  is the resultant reverberation time-series. The time-varying filter h ( t ;  r )  models the 
effects of system parameters, propagation effects, and scattering effects and will be referred to as the "impulse 
response" of the reverberation channel. From this model it can be seen that r is a variable representing time delay. 

A simple approach to modeling the reverberation channel that has found widespread use assuines a first-order, 
uncorrelated scattering model [5]. It is assumed that the scattering regions are uncorrelated with each other 
no matter how closely spaced in the time-delay variable r ,  and, at  ea.cb time delay, the impulse response is a 
sample function of a stationary, zero-mean, complex Gaussian random process. These assumptions are typically 
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referred to as the "wide-sense stationary, uncorrelated scattering (WSSUS) assu~nplions." Because of the zero- 
mean, Gaussian assumption, the reverberation channel is completely characlerizecl by bhe second-order statistics 
of h(t; r ) .  As a result of the WSSUS assumptions, the correlation function of h(t; r )  has Llle unique structure 

That is, in the variable t ,  the correlation function is only a function of the time cl~fference At = t l  - t 2 ,  and in the 
variable T ,  the correlation function has the structure of a nonstationary, white-noise process. 

The time variations of the reverberation channel are caused by the mot1011 of the inedium inhomogeneities and 
the motion of the transmit/receive array relative to the medium. As measured by 111e variable At above, this 
motion manifests itself as a Doppler spread of the transmitted waveform. Under certa~n conditions [6] tallat are 
assumed to  hold in this development, the channel can be assumed to be time invariant so that (1) reduces to a 
simple convolution integral 

and the correlation function in (2) reduces to 

Now the impulse response of the reverberation channel is just a realization of a nonstationary, complex Gaussian, 
whit+noise process where the average intensity function rh(r) is referred to  a.3 the "range-scattering function" 131. 
Although rh(T) is a causal function of time delay and, in theory, is of infinite extent, for all practical purposes, 
there is a range of values of r over which rh(r) is essentially nonzero. This limit w~ll  be cienotecl as TI&. It is often 
referred to as the "multipath spread of the channel" [7]. 

The continuous-time Fourier Transform (CTFT) of h ( r )  is also a stochastic process with correlation function, 

that is only a function of the frequency difference A  f = f 2  - fl and therefore can be written as 

Therefore H ( f ) ,  the random transfer function of the reverberation channel, is a wide-sense stationary (WSS), 
zero-mean, complex Gaussian process. Also note that, from the Wiener-Khinchen theorem , 

That is, the range-scattering function is the CTFT of the correlation function R H ( A f ) .  R H ( A f )  is referred 
to as the "two-frequency correlation function" [3]. Since Ru(A f )  is an autocorrelation function in the frequency 
variable A f ,  i t  yields a measure of the frequency coherence of the channel. If jl, denotes a measure of the coherence 
bandwidth, then fh  = &. Two sinusoids with frequency separation greater than f h  are affected differently by the 
channel. It can also be shown that the time-varying intensity of the reverberation is 

In summary, a range spread reverberation channel has been modeled as a random, time-invariant, linear system 
with a WSS, zero-mean complex Gaussian transfer function H ( f ) .  The correlation function of the transfer function 
is the two-frequency correlation function in (6) and its power spectral density (PSD) function is the range-scattering 
function in (7 ) .  Knowledge of either of these second-order statistics completely characterizes the reverberation. 
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Figure 1: Linear System Model for Reverberation 

3. Discrete Processes 
The ultimate goal is to estimate the range-scattering function rh(r)  from reverberation time-series data, and to 
this end the transfer function H(f)  is now sampled at  equally spaced intervals 6f along the frequency axis. The 
motivation being that (6) and (7) are equivalent to a PSD estimation problem in the time delay (T) and frequency 
(Af)  domains. For the present time, it is assumed that access to the samples is available. Later it will be shown 
how to extract this information from the reverberation time-series data. The discrete-time process 

is formed. H[n] is a discrete-time, zero-mean, complex Gaussian WSS process with autocorrelation function 
R[m] = Rx(A f = m6 f).  As such, the z-transform of R[m] can be defined as 

When z is limited to the unit circle, r(s)  is the discrete time Fourier transform (DTFT) of R[m]. In addition, if z 
is expressed as a continuous function of r with 6 f held fixed, then on the unit circle, z(r)  = ej2"76J and 

m 

r ( r )  = P(z(T)) = p(ejZTT6f ) = ~ 1 ~ 1 ~ - j ? r n 1 r 6 f  
m=-m 

(11) 

and it is seen that T(T), the DTFT of R[m], is the PSD of the WSS process H[n]. Note that r ( r )  is periodic in T 
with period = 116 f .  

Since R[m] was derived by sampling the continuous function Rx(A f )  a t  equally spaced samples 6 f along the 
frequency axis, the sampling theorem yields, 

that is, the PSD of the WSS process H[n] is equal to a periodic function of T that is 'a scaled, illfinite sum of 
displaced replicas of the scattering function rh(r ) .  AS long as the sampling interval in the frequency domain 
satisfies 

aliasing in the time-delay domain is kept to a minimum and r ( r )  is a good approximation (to within a scale factor) 
of T ~ ( T ) .  Note that in order to minimize aliasing, the frequency samples  nus st be spaced less than the coherence 
bandwidth of the channel (6f 5 fh).  

3.1. Autoregressive Processes 
It is now assumed that only a finite number of samples (H[n], n = 0 ,1 , .  . . , N - 1) are available and that r ( r ) ,  
which was previously shown to be a good approximation to the scattering function rr,(r), is desired. The problem 
now falls into the category of PSD estimation - determining the spectral content of a random process based on a 
finite set of observations from that process. Typically, the set of observations is made in the time donlain and the 
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PSD estimate generated in the frequency domain, so it is important to reineiiaber that in the crirrent problem, the 
observations are made in the frequency domain, and the spectral estimates are gelierated in the tinae-delay domain. 

The approach taken in this effort assumes that H[n] ,  n = 0 ,1 , .  . . , N - 1 are samples of a zero-mean, complex 
Gaussian, autoregressive process of known order p (referred to as an "AR(p) process") [8] 

Here p is the order of the autoregressive process, a = [a[l] a[2] . . . u [ ~ ] ] ~  is a vector whose elements are the co~nplex 
AR coefficients, and ~ [ t ]  is a complex Gaussian, white-noise process with variance u2. The PSD of H[k] is 

where T' represents a normalized time delay 

'This result is consistent with the requirement for minimizing aliasing in the time-delay domain, and the funda- 
mental period of r' is chosen to be 0 < r' 5 1. 

4. Maximuin Likelihood Estiination Of The Range-Scattering Fu~lction 
In this section inaximum likelihood estimates (MLEs) of a and u2 denoted as a and 5' are developed [9]. When 
these estimates are substituted into (15), a inaxinlum likelihood estimate of the PSD (range-scattering function) 
is produced: 

8' 
71(r1) = 

11 + EL=, &[m] exp(-j2rmr')12 ' 

(17) 

Recall that the MLEs are based on the data set H[n] ,  n = 0 ,1 , .  . . , N - 1, which is denoted in vector form as H. 
The approximate (actually conditional) probability density function (PDF) of H is: 

where the vector of unknown parameters O = [aTu2IT, N' = N - p and u[O] = 1 Ma?timizing this fuilction with 
respect to u2 yields 

When a is replaced by its MLE, u2 becomes 8'. 
The MLE of a is found by minimizing J ( a )  in (19). Note that J ( a )  is a quadratic with respect to the a[k]'s 

and can be written as 

where 

and 



Minimizing J (a )  with respect to  a  yields 

and substituting (23) into (19) yields 

where P& is the projection matrix 

5. Processing Reverberation Time-Series 
The previous development assumed that  salnples from the random process H [ I I ]  were readily available. In reality, 
a finite set of samples must be derived from the time-series y ( t )  These ca.n be obtainecl a.s follows. Recall that 
s ( t )  is a complex lowpass signal and y ( t ) ,  h( t )  are complex lowpass random processes. Assun~c: that  the energy 
of s ( t )  is negligible outside the band - B / 2  5 f 5 B / 2 .  Also assume that the bandwidth of tlie signal is greater 
than the coherence bandwidth of the channel, B > fh ~s l lr , , .  Sample y(t)  with sa~nple  periotl At = &, and form 
the discrete-time version of ( 3 )  

where s[n] = s(t = n A t ) ,  h[n] = h(t = nAt ) ,  y[n] = y(t = nAt ) ,  NT = Nh + N s ,  Nh = 2,  N, = 2 and T, 1s the 
duration of the t r a n s m ~ t  waveform The d~screte-tune system replaces the cont~nuous-t~me system wlth negl~g~ble  
loss of information Equation (26) represents a tapped delay line model oE the reve~beratlon channel [3] 

Now assume that  T* > TS so  that  Nh >> N, and assume that  N w NT % NI, samples of y[n] ale collected Per- 
forming an N point d~screte Fourler transform (DFT) on y[n], tlie llnear convolut~on 111 (26) can be approslmated 
with a circular convolution and can be wrltten ln the frequency domaln as 

where theDFTofy [n ]1sde f ined tobe? [k ]=~ , "~~y[n ]exp( - j2~nR/N) ,  k = 0 , 1 ,  , N - 1  
Now &[k] is derived from ?[k] by dlvislon under the assu~nption that S[k] # 0 ,  R = 0 , 1 ,  , N - 1 

Given the sampl_e period above, the_ D F T  approximates the C T F T  reasonably well, that  IS, p [k ]  can be 
replaced with Y [ k ] ,  S[k] with S[k ] ,  and H[k]  wlth Y [ k ]  Also note that  the d~screte frequency ~nclea k  corresponds 
to  frequencies & x SO the sample period of the DFT output IS < $, which satisfies the requirement 
to  minimze aliasing of the scattering function 111 (13) Note also that the h[n] are samples from an ~ndepenclent, 
complex Gaussian random process, that  1s h[n] - CN(0 ,  r [ n ] ) ,  where 

The tap  weights of the tapped delay line model are independent, zero-mean, complex Gaussian rand0111 variables, 
where the variance of h[n] is r [n] .  Finally, from (12),  (15),  (16) ,  and (28), ~t can be seen that  

The r[n] are referred to  as the "sampled range-scattering function" and are t<he quantities that  are estimated with 
the MLE technique described in the previous section. In order to illustrate the efficacy of thls approach and poilit 
out some of the processing details, several examples using actual in-water da ta  are presented in the next section. 
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Figure 2: Time-series: P ~ n g  1 
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Figure 3: Spectral Content of Ping 1 

6. IN-WATER RESULTS 
The data were collected In approximately 100 meters of water. The sonar array transm~tted a large t~me-bandwidth 
waveform (T, x 0.3 seconds, B z 2000 Hz) and received the reverberat~on return whde operat~ng at  a depth of 
approximately 30 meters. The element level data of the sonar array were processed to produce a dlgital version 
of the complex lowpass representation of the reverberation returns and the sum hearn tmle-series was generated 
from the element level outputs. This is the time-series referred to as "y[n]" in (26) F~gure 2 1s the reverberation 
return time-series from the data set designated "P~ng 1." 

Figure 3 shows the spectral content of the time-ser~es data of P ~ n g  1 obta~ned by perfornl~ng a DFT on the 
data. Note that this time-ser~es possesses good spectral support over a w~de frequency range (1 e , S[h] # 0 over 
a wide range of frequencies) S~nce the AR model~ng approach requires the estimat~on of only a small number of 
parameters ( p +  1, and in the examples shown In t h ~ s  sect~on, p = 13 was chosen), not all of the data in Fyure 3 
must be processed Frequency samples 5000 - 6000 were chosen for this esa~nple and the deconvolut~on operat~on 
was performed. 

When these data are inserted into (17), the MLEs of the AR coefficients produce an MLE of the sampled 
range-scattering function shown In F~gure 4 When this scatter~ng funct~on est~mate is convolved w ~ t h  the squared 
magnitude of the transmit slgnal (essentially a boxcar function of duration T, seconds), an est~mate of the intensity 
of the rece~ved time-ser~es is produced (see (8) for the continuous-tune version of t h ~ s  relat~onshlp) F~gure  5 shows 
the intensity estimate for Ping 1. Note that there are transient effects contained 111 the results, but  when these 
effects are removed and the ~ntensity est~mate 1s plotted along with the onginal t~me-series data, as 111 Figure 6, 
the intensity estlmate follows the complex structure of the reverberatlon t~ine-series very closely 

The scattering funct~on estimate (Figure 4) was then used to generate a real~zat~on of the random  inp pulse 
response via the use of a random number generator. This impulse response was used to smlulate a reverberat~on 
time-series vla (26) F~gure  7 shows a plot of the original time-series m the top trace and the s~mulated time- 
series in the bottom trace. The s~milar~ty  between the two time-series appears to be rather close, ~ n d ~ c a t ~ n g  that 
AR modeling of the range-scattering function shows promise. Note that add~t~onal  s~mulated real~zat~ons of the 
time-series can be obtained by simply generating new real~zations of the ~mpulse response us~ng the estimate of 
the sampled range-scattering function and the random number generator. 

Another data set was examined to test the robustness of the AR approach. Data set des~g~lated ' 'P~ng 2" was 
processed In the same manner as P ~ n g  1 This lllcludes uslng the same   nod el order p = 13 Smce the sonar was 
moving through the water, these data were taken in slightly d~fferent water ~llass fro111 P ~ n g  92 F~gure  8 ~ 1 1 0 ~ s  
the ~ntensity function est~mate and the ~n-water time-series for Ping 2. Co~npar~ng F~gures 6 and 8, ~t IS read~ly 
seen that each of the time-ser~es 1s quite d~fferent, but the AR approach 1s able to capture the co~nples structure 
of each. 
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Figure 7: Actual and Simulated Time-series: Ping 1 
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Figure 8: Intensity Function Estimate and Time-series: Ping 2 
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Abstract 
The problem of angular spreadang of sound that has undergone rnultzple boundary scatterzng (both sea surface and 
sea bed) In a shallow water  channel zs dzscvssed Measurements made of the horzzoiitn~ sgatznl coherence along a 
lzne array are related dzrectly t o  the horzzontal angular spread. The data are znferprefed wzlhzn the framework of a 
probabrbty denszty functron (PDF) for angular spread. The multtple-bounce sztuatzon zs znterpreted by convolvzng 
PDF's assoczated wzth each srngle bounce, wherezn each szngle-bounce PDF zs comp~ited as rf t h e  other boundary 
znteractron were replaced by a perfeet mzrror rejlectzon. 

1. Introduction 
In shallow, littoral regions the acoustic transmission channel is typically governed by the process of multiple 
forward scattering from both the sea surface and the sea bed. With each boundary interaction, the signal may 
be further spread in time, frequency, and angle. In this paper we present results of an experimental study of 
the spatial coherence (or, equivalently, angular spreading) of high-frequency sound that has ui~dergolle ~llultiple 
boundary interactions and therefore has been dispersed in angle. Measurements of the horizontal coherence along 
a line array oriented transverse to the direction of propagation are related directly to the net horizontal angular 
dispersion. 

Both passive and active undersea acoustic detection and localization systems utilize horizontal arrays of re- 
ceivers. Beamforming algorithms can then give increased signal-to-noise ratios for detection and h ~ g h  degrees 
of spatial resolution in the horizontal plane for localization. Such beamforming algorith~ns usually assume per- 
fectly coherent plane-wave propagation for predicting performance. However, as presented in t111s paper, forward 
scattering of propagating signals from the sea surface and bottom can significantly degrade the performance of 
beamforming algorithms owing to loss of horizontal coherence. A thorough understanding of these processes is 
therefore necessary for determining the performance bounds of such systems. 

2. Experimental Description 
The experiment was conducted near the Dry Tortugus collection of islands (24036.i1N 82O60.7'W) off south Florida. 
The water depth was 25.6 m, and the bottom consisted of calcium shell deposits and soft mud. The experimental 
layout for the forward-scattering measurements is shown in Figure 1. S~gnals were transm~ttecl from one of two 
ITC-1032 omnidirectional transducers suspended from a spar buoy at  depths of 7 i and 17 2 111. The spar buoy 
was tethered to the research vessel Seaward Explorer  l laced in a four-pomt moor) at rai~ges between 70 and 100 m 
and tended by a small boat for final positioning. The natural per~od of the spar 1,uoy was 12 s, well away from 
the period of the dominant surface waves. 

'Current address: SACLANT Undersea Research Centre, Viale S Bartolorneo 400, 19138 La Spezla, Italy 
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Figure 1: Experimental layout for the forward scat,t,ering measurements. 

An experimental run consisted of 20 pulses transmitted at  5-s intervals. The 1)ulses were cw tra~~smissions of 
length 1 ms and frequency 30 kHz. At this frequency, the roughness parameter defined as 2 k H  sin O,, where k is 
acoustic wavenumber, H is rms waveheight, and 0, is grazlng angle nssociatetl with the n o n ~ ~ n a l  specular point, 
ranged between 3 and 10. The signals were received on a horizontal line array suspended off the stern of the 
research vessel at  a depth between 7 and 10 m. A bracing structure (not shown) was used to rest,rict other than 
controlled array rotation, and a damping mechanism was used to reduce array heave motion. 

We simultaneously recorded signals from the eight-element array, on whlch tlie minimum and lilaxin~umelement 
separations were 1.59 and 57.15 cm, respectively. (Note that during the csperin~ent elements 7 and 8 became 
inoperable, which reduced the maximum separation to 31.75 cm and the element-spac~ng comh~nations from 28 
to 15.) Details on data acquisition, data reduction, and the procedure for estimat~ng spatla1 coherence are given 
by Dahl [I], who discusses similar measurements made in a deep water environment. Note that t l i~ s  procedure 
also includes a phase correction for any slight array rotation which invariably occl~rs during the 100-s averaging 
interval. We assume the received signal (of relative bandwidth 3%) is composed of only one frequency component, 
and thus the results given below are expressed in terms of the receiver srparat~on normahzed by the acoustic 
wavelength equivalent to 30 kHz. 

Figure 2a illustrates the dominant ray paths that compose the arrival s t r l ~ r t ~ l ~ e  for a typical experiniental run. 
With a 1-ms pulse, the first few paths can be resolved (Fig. 2b), and thew spatial coherence studied separately. 
In particular, the horizontal spatial coherence for the surface-bounce, bottonl-l>o~~nce, and surface-bottom bounce 
paths is derived from the time-windowed segments as shown in Figure 2h. Notice that the two l>ottom-interacting 
paths suffer an energy loss of approximately 25 dB, as bottom grazing angles exceed tlie critical angle (approx- 
imately 10'). The surface-bounce paths, on the other hand, experience essentially 0 dB energy loss for this run, 
during which the wind speed was 3.8 m/s. 

Figure 2: (a) Dominant ray paths contributing to a typical arrival structure. 'I'hr no1111nill grazing angle (in 
degrees) for each boundary interaction is noted. (b) Ensemble average of forwartl-watte~wl signals showing the 
primary arrivals: direct (D), surface bounce (S), bottom bounce (B), alrci surface-hottoln I>o~unce (SB). 



Thus, for t h ~ s  comb~nation of O(100) m range and m~d-water source and recelver depths, t h ~ s  particular acoust~c 
channel is dominated by the direct and single-surface-bounce paths. The acoustic measurements were accompan~ed 
by measurements of wind speed and direct~on and surface wavehe~ght spectra W~nd-speed ~neasurements were 
made at  a helght of 6.9 m above the sea surface and off the stern of the Seamurd Erplorer (this locat~on resulting 111 
min~mal interference from vessel structures) Surface-wave displacement spectra, ~nclud~ng di r~ct~onal  ~nformation, 
were measured using a d~rectional wave buoy moored approx~mately 200 in froin the .Seaward Ezplorer, and data 
were radio transrmtted back to the vessel every hour Conductivity, temp~rature, pressure (CTD) measurements 
were made approximately every 3 hours The condit~ons were such that the sound speed profile was nearly 
isovelocity, w ~ t h  a sound speed of 1520 m/s Bottom properties for this s ~ t e  are d~scussed in greater de ta~l  in a 
related paper [2] on the same experiment. 

3. Interpretation of Spatial Coherence Associated with Single Boundary Interaction 
Figure 3 shows the horizontal coherence for single-boundary-hounce paths a.s lneasuretl in three experimental runs. 
The three solid lines represent data from surface-bounce measurements, a,nd the dashed line represents data from 
a bottom-bounce measurement (we postpone its discussion for now). Referring now t,o t,he surface measurements, 
the two runs symbolized by open circles and t,riangles were taken back t,o Imck but with different geomet.ries (in 
this case, different source depths); otherwise the sea surface environment,, as charact,erized by a wind speed of 
3.8 m/s and an rms waveheight of 16 cm, was t,he same for each run. The t.hircl run (symbolized by asterisks) was 
taken with yet another geometry but also under different environmental conditions, chara.ct,erized by a wind speed 
of - 1 m/s and an rms waveheight of 7.5 cm. 

The solid lines are, in fact, from a model [I] for the horizontal spatial coherence result,ing fro111 forward 
scattering from the sea surface. The model is based on the high-frequency limit. of t , l i~  Kirchhoff approximation 
for computing the bistatic cross section (applicable only to forward scatt.ering in t,he near-specular region). This 
quantity is related to the horizontal coherence by first forming a probability density function (PDF) for the arrival 
angle. In this case, the relevant PDF is the marginal PDF corresponding t.o t.he horizontal arrival angle, and it 
converts to horizontal coherence via a Fourier transform. This approach 11ighlight.s the interrelations between t.he 
bistatic cross section, the horizontal angular density function, and the horizont.al coherence. The solid lines can 
also be represented well by Gaussian parametric curves of the form Irl = exp(-(kdas, )'/2), where d is the element 
separation and the parameter 0 0 ,  is the rms horizontal arrival angle. Estimates of 0 0 ,  for t.he t,hree solid lines, in 
order of decreasing coherence, are 0.57O, 0.86', and 1.70°. 

1 2 3 4 5 6 7 
NORMALIZED RECEIVER SEPARATION 

Figure 3: Hor~zontal coherence for single-boundary-bounce paths a s  measured III three experimental runs The 
key geometric variables of source depth (SD), receiver depth (RD), and range (RG) are glven along w ~ t h  the key 
sea-surface environmental variables of wind speed (U) and rms wavehe~ght ( H )  
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The case where only the geometry has changed is readily understood hy thr  rrlation discussrd in [I], 

SL sin Og 
reh 1 + R D / S D 1  

where SL IS the rms large-scale sea-surface slope and R D  and S D  ale tht, soulcr ancl leceivel depths, ~espect~belj  
In both runs, RD = 9 5 m, but In the second lull SD has changed from 17 2 111 to 7 7 m ,  and R ,  has changed from 
20 4 O  to 13 7' Using these values, (1) pred~cts that the deepel soulce shoultl ~ ~ s u l t  111 ahout twlce the holizontal 
angular spread, which 15 cons~stent w ~ t h  the es t~n~ates  of an, T h ~ s  not only tlrmonstrates the diarnatic effect 
that array acquls~t~on geometry has on spatla1 cohe~ence, but also qhows how cohelence estllllates obtalned 111 one 
geometry can be translated to anothe~ grollletly 

Understanding the effect of chang~ng w~ntl sl)cetl and surface contl~t~ons on the spat~al cohe~ence requlres 
exam~nat~on of the frequency spectra for surfate wnvr.he~ght taken at the same t ~ m r  as the acouqt~c uleasurements 
(Flg 4) The maxlmum resolvable frequency for l l ~ e  wave-l)noy measurements 1s O 58 Hz, and thus beyond t h ~ s  
point (about four tlmes the peak frequency) wr have appended an f-5 tall 111 older to compute the ~ m s  (large-scale) 
slope s~ as requ~red by the coherence model T l ~ e  large-scale slope 13 ~ s t ~ m a t e d  uslng 

where the cut-off frequency f, is related t.o the cut-off wavenumber Ii, via (2iifc)' = gIi, ($1 = gravitational 
constant) and defines what we mean by large scale (also cf. Ref. [I]). Ntullerical si~nulations [3] suggest sett.ing 
A', = 0.25k which gives sr. = 0.044 for the lower wind speed case and s~ = 0.100 for t,he higher wind speed case. 
The actual s~ values used to produce the solid-line model fits in Fig. 3 were 0.055 and 0.105, which are remarkably 
dose to the estimates based on (2) and the measured surface wave spectra. It, is ilnport,ant to not,e that t,he precise 
form of the spectral decay is not a settled issue. Our use of f-5 follows t,hat of Banner [4] (see also [FJ]), although 
others [6] suggest a less rapid decay. Furthermore, the directional information gat,heretl by thr wave buoy has been 
collapsed, or averaged out, in the omnidirectional spectra shown in Fig. 4. We are present,ly const.ructing full 2-D 
surface wave spectra and will revisit these measurements in a future work 

i o.4 
10" 1 o0 

FREQUENCY (Hz) 

F~gure 4: Frequency spectra for surface waveheight measurements taken at same t ~ m e  as the acoust~c mea~urnnents 
shown m Fig 3. 



Fmally, an e s t ~ m a t e  of the s~ngle-bottom-bounce coherence 1s also shown 111 Fig 3 (open t ~ ~ a n g l e s .  ivlth tlaslied 
11ne representation) The l ~ n e  IS an exponentla1 curve of the form II'l = rxp(-kd?), where the parameter d 
1s equ~valent to  ue,/l 67 These data are from the t h ~ r d  arrival shown 111 Fig 2b (shortly befo~e  G 111s) Fol 
comparat~ve reference, est~mates of as, for the first three arrlvals 111 Fig 21, I e , the d ~ r r c t  path zu~face-l)ounce 
path, and bottom-bounce path, are < 0 5O, 0 86", and 163O The bottom-hounce data in Fig .% also shorn sl~ght  
osc~llatory behav~or,  pelhaps assoc~ated w ~ t h  bottom roughness 111 a manlie1 c1esc11l)rd by G u l ~ n  and hlalyshe\ [7] 
At t h ~ s  stage we shall not ~nterpret  the osc~llations and proceed w ~ t h  the smooth r \ponrnt~al  r tu \e  lep~esenta t~on  

4. Estimates of Spatial Coherence Associated with Multiple Bouildary Interactiolls 
and Their Interpretation via Co~lvolutio~l of Angular PDFs 
In this section we show t.hat t,he measured sl,a.t.ia.l coherence functions for mult,iple I~oundary int,eract,ions are 
reasonably approximated by multiplying t,hc spat,ial coherence funct,ions associa.t,ed with a single surface and a 
single bottom interaction. The interpretivr fra,~nework here is that  of coiivolving individual PDFs t,o arrive a t  t,he 
P D F  for the  s u m  of random variables. 111 t,his rase, spatial coherence reprrsrnt ,~ t,he cha.ract.erist,ic function for t,he 
P D F  of the horizontal arrival angle, a,nd t,lius ~n~~lbiplication a.pplies. 

Tuteur and McDonald [a] developed a. rigorous formalisln for the time spreads associat.ed wit,li mult,iple-bounce 
acoustic channels, assuming certain spat,ia,l st,attistics apply to bot,li surfa.ces. We post.ulat,e, in an analogy t.o the 
time spread model in [8], that  the total horizontal angular spread is the suni of the a1igu1a.r spreatls froin individual 
bounces, wherein the spread from each bc.unce is computed as if the ot,l~er bo1111da.ry interaction were replaced 
by a perfect mirror reflection. Figure 5 illust,rates this process for the surfa,c.r-l~ot,t,oii~ pa.t.li shown in Fig. 2a. A 
virtual source is used for the bottom-bounce segment (replacing the init,ia.l surface hounce). wit.11 SD equal to  
33.3 m and RD equal to  16.1 in as measured from the sea bed. A virtual receiver is used for t,he surface-bounce 
segment (replacing the bottom bounce), with SD remaining a t  7.7 m and RD now going t,o 41.7 111 as  measured 
from the sea surface. 
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Figure 5: Illustration of process used to  calculate total horizontal angular spread for the surface-bottom path 
shown In Fig. 2a. 

Figure 6 shows estimates of the horizontal coherence for the surface-bottom bounce path that airlves sliortl? 
after 10 m s  (Fig 2b) The dashed line labeled SURFACE B O U N C E  1s cle~~ved from the aforement~oned model 
[I] for surface coherence, using sr, = 0.105 and the new geometry ~llustrated in Fig 5 for the surface hornice-to- 
virtual recelver path The dashed line labeled B O T T O M  B O U N C E  is t h ~  rrsult of t ~ a n s f o l i n ~ ~ i g  d as  pel (2) 
using the new geometry illustrated In Fig 5 for the v~r tua l  source-to-bottom bounce path The11 mult~plicatioii. 
equ~valent to  convolving the angular PDFs for hor~zontal arr~val  angle, is shown by the sol~cl I~ne ,  with ag~rement 
t o  the measurements b e ~ n g  q u ~ t e  sat~sfactory for coherence est~mates that rxceed ahout O 45 

Two other examples of this method are shown In Figs 7a and 7b, 111 t h ~ s  casr ~ ~ p ~ e s e n t ~ i i g  the ~UI~FICP-hottom 
(7a) and the bottom-surface (7b) bounce paths for the experimental run that ~ m m r d ~ a t e l q  preceded thr  lull 
d~scussed in Flg. 2 Thus sr, = 0.105 is agaln used for the surface coherencr model, hut the assoc~ated sniglr- 
bounce geometries shown in Fig. 5 differ Though agreement with the data 1s clearly bettel ni Fig 7a, 111 110th 
examples the characterist~c shape of the data IS ~eproduced by the method 
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Figure 6: Horizontal coherence for surface-bottom bounce path shown in Fig. 2b, which arrives arrives shortly 
after 10 ms. The key geometric variables of source depth (SD), receiver depth (RD), and range (RG) are given 
along with the key sea-surface environmental variables of wind speed (U) and rms waveheight (H). 

5. Summary 
In this paper we have presented measurements of the horizontal spatial coherence of high-frequency sound that 
has been forward scattered from the sea surface, the sea bed, and their combination. The measurements were 
made at  30 kHz in a shallow-water channel of depth 25.6 m. 

The single-bounce surface coherence estimates have been interpreted using a model based on bistatic scattering 
from the sea surface, applicable to the near-specular region, with model-data agreement. being quite satisfactory. 
This model requires an estimate of rms large-scale slope, which was in turn derived from estimates of sea surface 
wave spectra taken at  the same time as the acoustic measurements. 

The multiple-bounce coherence estimates have been interpreted in terms of t,he convolutioil of PDFs for hori- 
zontal arrival angle, or equivalently, multiplication of horizontal coherence functions. The coherence functions in 
this case are associated with boundary interactions involving the surface and bottom separately a.nd are computed 
as if the other boundary interaction were replaced by a perfect mirror reflection. The method described here can 
be readily generalized to two or more interactions with a surface or bot,tom scattering interface, as would apply 
t o  longer-range propagation in shallow water. 
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Figure 7: Same as Fig. 6 but for the experimental run Immediately  receding the one in Fig 2. (a )  surfacehottom 
coherence; (b) bottom-surface coherence. 
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Abstract 

Within a research programme aimed at developing in situ sediment classification methodologies, it has been 
demonstrated that with only limited ground truth information, sub-bottom profiler data can be inverted to produce 
quantitative information on the spatial distribution of surj?cial sediment physical properties. Further, it has also been 
shown that using an integrated approach to the analysis of seismic shear wave velocity data and reflection responses 
can help discriminate subtle variations in the seabed sediment properties. 

1. Introduction 

In the past few years, there has been increasing interest in geophysical remote sensing of sea floor sediment 
properties, in particular, in research related to developing in situ sediment classification methodologies capable of 
providing input data for geo-acoustic and mine burial models. At the University of Wales, Bangor (UWB), research in 
this field has progressed along two fronts: 

(i) research into extracting physical/geotechnical information from the seismic reflection response, and 

(ii) studies of sediment seismic shear wave propagation characteristics, including development of methodologies for 
underway measurement. 

This paper presents results of a series of integrated experiments (seismic reflection and shear wave) carried out in 
Irvine Bay, Scotland, an area of the eastern Clyde Sea near Glasgow, in 1995. The aims of the experiments were: 

(i) to acquire high quality, high resolution digital sub-bottom profiler data in a suitable format for processing and 
analysis of the sea floor reflection response, 

(ii) these data to be acquired in an area offering appropriate ground truth information to enable calibration of the sea 
floor reflection response and ultimately, to allow validation of the seismo-acoustic physical property predictions, 

(iii) to process the acquired seismic data to provide maps of the physical property distribution in the area using 
geotechnical processing algorithms developed at UWB (on the basis of published empirical acoustic-physical property 
relationships), and 

(iv) to acquire complementary shear wave velocity data to help interpret any anomalous areas observed on the 
'seismo-acoustic property' maps. 



116 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

2. Background 

2.1 High resolution seismic reflection studies 

It has been known for several decades that the sea floor reflection coefficient (or acoustic impedance) can be used for 
the broad classification of sea flow sediment type e.g., [I]. During recent studies carried out in other areas 121, "in 
press" [3], the Marine Geophysics Group at UWB has demonstrated the potential for using the seismic reflection 
response recorded during surveying with a conventional boomer sub-bottom profiler system to provide semi- 
quantitative information on sea floor sediment properties. In the absence of precise quantitative control, the previously 
reported studies concentrated on attempting inferences on sediment property variability on the basis of spatial change 
in the relative reflection strength and bottom reflectivity variance. However, within the current study reported herein, 
interpretation of the seismic reflection response has been taken a stage further, with laboratory-derived control data 
(in the f o m  of measured physical properties) used to calibrate the reflection response, thereby enabling a more 
'absolute' acoustic measure of the in situ sediment properties. 

2.2 Shear wave studies 

As reported previously [4], there is clear correspondence between the surface sediment seismic shear wave velocity, 
sediment grade and bathymetry within the study area. In general, deeper water is characterised by the presence of 
muds of low shear wave velocity ( c. 30 rnts); the areas of shallower water are predominantly sands and muddy sands 
displaying higher shear wave velocities (60-90 m/s) suggesting a bathymetric control on sediment properties. For the 
purpose of the current study (1995 experiment), the shear wave survey concentrated on a neighbouring sector of Irvine 
Bay, with the primary objective being the provision of information to help interpret any anomalies arising from the 
seismic reflection interpretation. 

3. Data acquisition 

L --,---- ----- -r'--- ' r - - -  - -1 -- - I 4.78 4 .77  4.76 -4.75 4 .74  -4.73 -4.72 

Longitude (W) 
Figure 1: Grab sampled mean grain size 



3.1 Seismic reflection response 

High resolution digital seismic reflection data were acquired using a Uniboom surface towed source and a separately- 
towed hydrophone. Data were recorded digitally on an Elics-Delph 2 marine digital acquis~tion system. Sub-bottom 
profiles were initially interpreted to provide information on subsurface structure and seismic character of the various 
sedimentary units, en route to constructing a seismic stratigraphy for the area The second stage ~nterpretation was 
directed towards the extraction of physical/geotechnical information from the dig~tal seismlc reflect~on response. 

3.2 Shear wave velocity 

The UWB bottom-towed geophysical sledge [5] was used to acquire shear wave velocity data for the surficial sediment 
cover in a pseudo-underway fashion. For the shear wave measurements, the sledge-mounted horizontally-polarised 
shear wave source was fired at discrete locations along the survey track, with signals detected by an integral bottom- 
towed multi-element geophone array. Recorded travel-time data were inverted to provide information on the spatial 
variability of shear wave velocity in the upper 2-3 metres of the sediment cover. For the purpose of this study, the 
interpretation concentrated on arrivals at near source detectors in order to provide a velocity measure for the 
immediate surface layer. 

3.3 Grab and core sampling 

Thirty grab samples and three gravity cores were collected to provide a range of ground truth information. Core 
samples were both X-rayed and logged for compressional wave velocity prior to extrusion from the core barrel. In the 
laboratory the core material was analysed for grain size characteristics, moisture content, specific gravity of the 
grains, bulk density, porosity and shear strength. Grab samples were analysed for grain size distribution, with the data 
from all the samples used to produce grain distribution maps for the survey area (Figure 1). 

4. Properties from the reflection response 

4.1 Processing the seismo-acoustic data 

In the first instance, the raw boomer data were compiled and processed to enable maps of the relative bottom 
reflectivity strength and shot-to-shot reflectivity variance to be produced. The bottom reflectivity variance i.e. the shot- 
to-shot variance of the relative bottom reflectivity strength, was calculated over a window of 40 shots. Ground truth 
data from the laboratory core analyses were then used to calibrate the relative reflectivity strength at the fixed core 
locations, this then allowing conversion of the relative bottom reflectivity strengths to absolute measures of the bottom 
reflection coefficient. The bottom reflection coefficient (or acoustic impedance) values could then be inverted to 
produce geophysically-determined maps of the bulk density, porosity and mean grain size of the sea floor sediments. 

4.1.1 Calibration and inversion 
The calibration of the seismo-acoustic data was carried out using the porosity and density information from the three 
gravity cores. Using the empirical equations of Richardson and Briggs 161, it was possible to determine an 
empirically-derived reflection coefficient for each of the cores for both density and porosity data. A linear regression 
technique was then used to determine the linear relationships between reflection coefficient and bottom reflectivity 
strength, making it possible to produce a reflection coefficient map for the entire area (Figure 2). Thenceforth, the 
same empirical relationships [6] were used to invert the seismo-acoustic data for the physical properties (bulk density, 
porosity and grain size) of the surficial sediment cover (using the UWB developed geotechnical processing 
algorithms). 

4.2 Sediment type and grain size 

The acoustically-derived sea floor sediment types, defined in terms of mean grain size, indicate that the south-western 
two-thirds of the area surveyed comprises sandy mud (Figure 3). This is in agreement with the published BGS map 
for the area [7]. As mentioned previously, there is a high degree of correlation between the grain size of the surficial 
sediments and the bathymetry. An examination of the seismo-acoustic data also shows a close relationship between 
bathymetry and the seabed reflection coefficients. For example, two topographic ridges in the area are associated with 
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areas of elevated reflection coefficients, providing an independent test of the strong inter-relationship between sea 
floor sediment type and bathymetry. 
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Figure 2: Sea floor reflection coefficient 

Throughout the area there is good visual correlation between high reflection coefficients and low phi values (coarser 
grained sediments), the latter obtained from the analysis of grab samples. Similarly, there is a high degree of 
correlation between the acoustically-derived modified Folk sediment classification (based on the reflection 
coefficients) and the same obtained from grab samples. Further, examining the spatial distribution of surficial 
sediment across the survey area for both acoustically-derived and grab sample data, the contour boundaries between 
different sediment types appear markedly similar in position and form. 

4.3 Bulk physical properties (bulk density and porosity) 

Maps of acoustically-derived bulk density and porosity display similar trends to those seen for mean grain size 
distribution. Again, there seems to be a close inter-dependence between bathymetry and acoustically-derived 
properties, not unexpected on the strength of the earlier discussion. 

4.4 Reflectivity variance as a sediment classification aid 

Bottom reflectivity variance (Figure 4) can be used in a semi-quantitative manner to broadly d~scr~minate between 
different types of sea floor as the parameter varies as a function of the sea floor sediment roughness. For the Irvine 
Bay survey, there was a high degree of visual correlation between the bottom reflection ceoffic~ent and the shot-to-shot 
variance, the areas of high bottom reflection coefficients generally having correspondingly high values of shot-to-shot 
variability. This is to be expected as it is more probable that coarser grained sediments are both more highly reflective 
and more highly scattering; the latter is both as a consequence of the larger particle size and because these coarser 
sediments are more likely to exhibit bedforms (e.g. ripples). 
Probably most importantly, shot-to-shot variance as a sediment discriminator allows areas where bottom surface 
scattering may be a problem (in acoustic sediment property inversion terms) to be recognised. With regard to the 
Irvine Bay data, areas of outcropping bedrock or glacial till could be identified by a combination of very high sea floor 
reflection coefficients (i.e. values that are above those of upper limits for normal marine sediments), and/or high shot- 



to-shot bottom reflectivity variance. Clearly knowledge of bottom surface scattering is important if the results of 
acoustic surveys are to be used with confidence in sea floor sediment property prediction. 
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Figure 3: Sea floor reflectivity variance 

4.5 Independent validation of the acoustic interpretation 

To test the validity of the acoustic interpretation, a subset of the acoustically-derived physical property data was 
compared with a published data set produced from an independent laboratory study of the physical properties of the 
Irvine Bay sediments. The referenced data were gamma-density core logs acquired by the Admiralty Research 
Establishment in 1989 [8]. The ARE logs comprised a series of discrete density measurements at 10 cm intervals 
down the length of each core. Comparison of acoustically-derived densities with the gamma-density data yielded 
excellent agreement, lending support to the acoustic physical property classit~cation methodology. 

The second independent approach to method validation presented itself in terms of the comparisons between acoustic 
mean grain size predictions and grain size distributions produced from the analysis of grab samples. As with the 
independent density test and as discussed above (4.2), there appears to be close agreement between the acoustically- 
predicted and physically-derived properties. 

5. Shear wave velocity data 

5.1 Shear wave velocity as a sediment property indicator 

The seismic shear wave velocity is widely recognised as an indicator of the structural strength of a sediment. 
Essentially the shear vibrations are translated through the skeletal frame of the sediment hence the relation to 
structural properties (of the sediment particle framework) and the significance for seabed 
classification/characterisation studies. Further comment on shear wave propagation in marine sediments and 
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velocity/physical property relations is beyond the scope of this paper but can be found in the expanding literature on 
the topic. 
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Figure 4: Acoustically derived sea floor mean grain size (phi) 

5.2 Irvhe Bay 1995 study 

The velocity transect presented here as Figures 5. cross zones of the survey area (specifically the southernmost sector) 
which yielded subtle changes in sediment physical properties on the basis of the seismo-acoustic prediction. In the 
main part, these zones of subtle change occur in areas of predominantly finer grained sediment. On the basis of the 
seismo-acoustic prediction using boomer data, the south eastern margin of the area surveyed showed a decreased 
porosity, increased bulk density and increased grain size. For the same area, shear wave data show much scatter down 
this zone, but show subtly higher velocities at the start and end of the line with a mean value of c. 40-45 m/s. Those 
highs correspond with anomalies in the boomer property predictions, as do general trends in shear wave velocity 
along the southern margin of the area (in an east - west direction). Interestingly, a simultaneous survey with a USP 
~ o x a n n  system did not discern these anomalous zones. 

5.3 Signiticance of the shear wave data 

As well as providing inherently useful information in themselves, the shear wave data in this case have been shown to 
be capable of discerning very subtle changes in sediment properties. Indeed they have also revealed that the apparent 
increased sensitivity of the processed (inverted) boomer reflection response over the Roxann data may well be real and 
not artificial. 
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Figure 5: Variation of shear wave velocity along southern transect 

6. Discussion and conclusions 

Because of the highly variable nature of marine sediments and the problems associated with physically sampling sea 
floor materials, geophysical remote sensing methodologies probably hold the greatest potential for sea floor sediment 
classification/characterisation for a range of environmental and engineering applications. Further, it has become clear 
in recent years that engineering estimates and geo-acoustic models rely upon reliable in situ parameter estimates to 
provide a representative description of the sediment body. 

Within this study it has been demonstrated that, with only limited ground truth information, it is possible to invert 
seismic reflection responses from sub-bottom profiler data to produce maps of the surficial distribution of sediment 
porosity, bulk density and mean grain size. Further, it has been shown that the seismic shear wave velocity is a 
sensitive indicator of sea floor sediment properties, and that the combined analysis of the sediment shear wave 
caharcter and seismic reflection response can be used to discriminate subtle variations in sea floor sediment 
properties. 
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Abstract 

Active sonar performance predictions (0.75 to 3 kHz) are examined in summer shallow-water environments to quantify the 
impact of variable seabed and watermass properties on detection. Scattering is computed with an environmentally 
sensitive mod$ed Lambert's Law. The results show a )  unmodified Lambert's Law yields optimistic pe?$ormance by a 
factor of up to 30 in coarse sand, and b )  with environmentally-sensitive scattering, performance is poor for sands (high, 
reverberation) and clays (high TL) and optimum for silty areas. 

1. Introduction 

Naval operations in the post cold-war era are moving away from traditional, deep-water, fairly stable environments and into 
littoral regions where the water is shallow, complex and dynamic. The littoral environment presents significant new 
challenges in both (a) direct functions like sensor performance and tactics, and (b) supporting functions like environmental 
and sensor predictions, and environmental data surveys. Two mission areas of undersea warfare which are heavily 
influenced by local environmental conditions are Anti-Submarine Warfare (ASW) and Mine Counter-Measures (MCM). 
Most of the capability to perform ASW and MCM is with acoustic sensors (sonar) and associated systems at frequencies 
below 10 kHz for ASW and above 30 kHz for minehunting. For the analysis here, environmental influences on acoustic 
signals at ASW frequencies are considered in two categories; first, water-mass, as defined by water depth and sound-speed 
profiles, and second, the seabed sediment, as defined primarily by grain size and density. Future work will be directed 
toward the higher frequencies associated with minehunting. 

In deep water, the effects of oceanography (e.g. internal waves, thermal fronts and eddies) on acoustic propagation and 
coherence can be significant but the physical processes and their impact on sonar performance are well understood and 
mostly predictable. However, in shallow water other processes, like tidal currents, fresh-water river outflows, solitons and 
surf waves may have significant influence on acoustic systems, by altering 4-D sound-speed structures. The space-time 
character of these water-mass processes is not well understood, nor easily predictable. 

In deep water the sea bottom may not be a dominant factor in determining acoustic signal properties because upward 
refraction in the water column can reduce acoustic interaction with the bottom. However, in shallow-water areas most 
ASW operations involve significant acoustic interactions with the seabed which can have significant impact on sensor 
performance. Some mechanisms affecting performance at the seabed are transmission and retlection at the boundary (often 
described by bottom reflection loss), refraction and attenuation in the sediment, shear wave conversion in the bottom, 
creation of interface waves, and scattering (both forward and backward) at the interface and in the sediment. These 
phenomena are understood to varying degrees and their impact on acoustic signal properties are now being incorporated 
into advanced (research) models. 

This analysis is focused on the ASW problem for tactical active sonars in shallow water. A fundamental question is 
addressed concerning the need to model low grazing angle energy with an adequate scattering kernel and the impact on 
reverberation over various sediment types as compared to using the environmentally insensitive Lambert's Law approach. 
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2. Scenario 

This paper reports a simulation assessment of environmental impacts on active sonar performance in shallow-water, 
characterized by conditions found in the Strait of Sicily during the summer, when thermal conditions cause downward 
refraction and significant bottom interaction. Although the work is based on archival environmental information from a 
specific region, the data span a large set of bottom and water conditions which could apply at many other areas. The 
assessment is based on the predicted impact of variable environmental conditions on system performance, in terms of 
detection area. 

The analysis has implication on actual tactical ASW operations because the sensor descriptions and scenarios are 
realistic (although generic). Specifically, the scenario involves notional sonars at 0.75 and 3 kHz operating at 50 m depth 
in 100 m water-depths against a zero-Doppler submarine with target strengths of 0 to 10 dB operating at 50 m depth. The 
source is modeled as a Hann-weighted 5-element vertical array, horizontally steered, with an intensity of 230 dB re pPa and 
a vertical beamwidth of 28 deg. The Hann weighting significantly reduces vertical sidelobes and undesirable reverberation. 
The receiver is modeled as a horizontal towed m a y  with a broadside beamwidth of 10 deg which yields a 3-D directivity 
against omnidirectional noise of 13.6 dB. The sonar signal is a 100 ms CW pulse and the processor assumes incoherent 
integration over 3 pulses. The signal processing assumes a signal differential of 1.8 dB against noise and 9.5 dB against 
reverberation and a probability of false alarm of 

2.1 Bottom Sediment Properties 

Figure 1 shows the distribution of sediment types for the Strait of Sicily [I]. There is significant spatial variability, as seen 
by the localized regions with coarser grains (sands, silts without clay, gravel, pebbles, shells, and rock fragments) and 
larger regions with finer-grain material (sands and silts with clay in the northwest and around Sicily and fine silty-clays in 
the southeast). 

SANDS AND SILTS (WKHOUT C U V )  

SAND. AND SILTS CU*) 

L SICILY a 
Fig. 1 Bottom properties in the Strait of Sicily. 

A set of geophysical and geoacoustic descriptions, based on the sediment types shown in Fig. I and consistent with 
Hamilton's analyses [2], were constructed for this study. The sediments, which are considered to be thick (50 m) and 
upward refracting, are referred to by their phi-values (inversely related to their grain sizes, 6, as 6 = [1/21°). The six 
sediment types used here are coarse sand ($=I), fine sand ($=3), silty sand ($=4.5), sand-silt-clay ($=6), clayey silt (41=7), 
and silty clay ($=8.5). Standard geoacoustic properties (sound speed, density and attenuation profiles) were determined. 
There is a discontinuity in sound speed at the water-sediment interface which determines critical angles for bottom 
reflection. These discontinuities (in per cent) are 20, 13, 9, 3, 0.6, and -I for coarse sand through silty clay, respectively, 
which give rise to critical angles (in deg) of 33.9, 27.9, 23.0, 13.6 and 6.3. Since the sound speed for silty clay is less than 
the water sound speed at the bottom, there is no critical angle, i.e.; there is penetration at all angles and there exists an angle 
of intromission at 9 deg where extremely high loss occurs. The sediment properties are listed in Table I. 



Sediment Grain 
Size (mm) 

Phi - 

Coarse sand 0.500 1 
Fine sand 0.125 3 
Silty sand 0.044 4.5 
Sand-silt-clay 0.0 16 6 
Clayey silt 0.008 7 
Silty clay 0.003 8.5 

Interface 
Discontinuity 

Critical 
Angle (deg) 

Table 1. Sediment properties used in the analysis. 

2 2  Water Sound Speed and Geoacoustic Profiles 

Archival water sound speed profiles (SSPs) were extracted from the Master Oceanographic Observation Data Set 
(h4OODS) during the summer season from the area shown in Fig. 1. Three profiles were constructed and smoothed for use 
in the simulations. One represents the mean water conditions and the other two represent extremes corresponding to +I- 2- 
standard deviations from the mean. 

The 3 water SSPs are shown in Fig. 2, along with the geoacoustic profiles for each sediment type. All 3 water SSPs are 
downward refracting for a source at 50-m depth. The warmest condition (SSP max) produces the greatest amount of 
downward refraction and therefore the most bottom interaction. 
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5 3 Fine Sand 
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P" 6 Sand-Silt-Clay 

7 Clayey Silt 
lW1.5 Sound Speed ( km I s ) -55 8.5 Silty Clay , ,s\dl , h,,r[ll , 18\ , Attenua/t , 

6 6 

8.5 8.5 
.4 2.0 1.6. 2.3 0.1 0.5 

Sound Speed ( krn 1  s )  Denslty (gr lcm ) Attn (dB I m l k H z  ) 

Fig. 2 Profiles of water sound speed (min, mean and max) for summer in the St. of Sicily and representative sediment 
geoacoustic properties from coarse-sand to silty-clay. 

2.3 Bottom Reflection Loss 

For each of the six bottom types, the corresponding geophysical I geoacoustic descriptions were converted into curves of 
bottom reflection loss (BRL) as a function of grazing angle. These are shown in Fig. 3 for the mean water SSP at 3 kHz. 
The water-sediment SSP discontinuity was assumed to be the same for each of the three water conditions; therefore the 
sediment geoacoustic profiles shown in Fig. 2 were adjusted slightly for each water condition to maintain the discontinuity. 
This gave rise to 18 BRL curves for each of the two frequencies, one for each combination of water condition and bottom 
type. The frequency dependence in BRL results from the frequency dependence of sediment attenuation. 
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Fig. 3 Bottom reflection loss curves computed from geoacoustic properties. 

2.4 Backscattering Strength and Reverberation 

As acoustic energy propagates in shallow water, there are at least three scattering components (sea surface, volume and 
bottom) which redistribute energy in all directions. The first order effect of scattering on sonar system performance is 
backscattering and reverse propagation to the receiver. This produces reverberation, against which targets are to be 
detected. The analysis reported here includes calculations of backscattered reverberant energy from all three mechanisms. 
The total reverberation level is calculated and used in determining detection performance. In all cases considered the 
bottom component dominates. 

2.4.1 Sea Sui+ace Scattering 

The amount of scattering at the pressure-release sea surface depends on the acoustic wavelength, the incident angle and on 
interface roughness, which is often characterized by sea state and waveheight. In low-wind conditions, the surface is nearly 
flat and the backscattered energy is usually negligible. For this study, surface reverberation is calculated using the 
Chapman-Harris empirical model [3]; however, the wind speed is assumed to be only I kt so that surface reverberation is 
small. 

2.4.2 Volume scattering 

The amount of scattering from volume inhomogeneities (primarily fish and fish schools) depends on frequency and the 
biologic distribution and density. These are so dependent on location, time of day, and season that a simple generic model 
which assumes a sparse marine-life population, is used. 

2.4.3 Bottom scattering 

The amount of scattering from the seabed depends primarily on the grazing angle and the type of material and secondarily 
on the frequency. The frequency dependence is not well understood, is probably insignificant in the band of interest (0.75 
to 3 kHz) and is therefore not considered in this analysis. For many years, a simple sine squared (Lambert's Law) approach 
to diffuse scattering at the bottom has been adopted, with the normal incidence coefficient empirically determined to be -27 
dB by Mackenzie [4] for deep-water sites. The formulation is simply 

BBSS = 10 log ( p  sin2 e ) ,  

where BBSS is bottom backscattering strength in dB, 0 is the grazing angle of the acoustic energy at the bottom and 10 log 
p is the Mackenzie coefficient. To simplify terminology this approach will be labeled LM, for Lambert-Mackenzie. One 
deficiency with this simple LM formulation is that BBSS is independent of the bottom characteristics. 



Another problem with the simple LM approach is that BBSS approaches negative infinity as the grazing angle 
approaches zero. Recent experimental evidence (e.g. from the Critical Sea Test (CST) Program [5] from 300 to 1500 Hz) 
is that BBSS does not become vanishingly small at low grazing angles. On the contrary, there exists a scattering-strength 
plateau caused by scattering inside the sediment rather than from the water-sediment interface which depends on the type of 
bottom material. This plateau and its dependence on the type of sediment has been analyzed [6]. One approach to deal 
with the low grazing angle scattering issue is to assume an "omnidirectional" scattering kernel proportional to the sine of 
the grazing angle and to adjust p. This often provides a better "fit" to data from 10 to 30 deg, but it fails to describe the 
plateau at very low angles. To be consistent with CST and other data a new model for BBSS is proposed and used in this 
analysis. It is formulated as 

BBSS = 10 log [a($) + p($) sin2 01, 

where a is the low grazing angle plateau and where both a and p are functions of the environment through the grain-size 
parameter, $. This modified Lambert's Law will be labeled ALM to indicate the a plateau at low angles. 

A graphical representation of the proposed ALM approach for BBSS is shown in Fig. 4 for all 6 environments along 
with the standard Lambert's Law with a -27 dB coefficient. For coarse sand and fine sand Lambert's Law underestimates 
scattering (reverberation levels) at all angles. For the other environments Lambert's Law overestimates scattering above 15 
deg and underestimates scattering below about 5 deg. From 5 to 15 deg (where one could expect the most interaction) the 
comparison depends on the exact sediment type. 

Fig. 4 Proposed ALM bottom backscattering strength curves (solid) with standard LM curve (dotted). 

3. Transmission Loss and Reverberation 

Transmission loss (TL) was calculated for all combinations of range-independent environments and frequencies. An 
example for a soft, $=7, clayey-silt environment is shown in Fig. 5 as acoustic intensity vs. depth and range in the summer 
for a 50-m source in 100-m water using the Extended Finite Element Parabolic Equation approach [7]. The left and right 
columns correspond to the minimum (-20) and maximum (+20) SSPs for the area and the upper and lower rows are for 750 
and 3000 Hz, respectively. In this case, the water conditions appear to have a major effect on propagation at both 
frequencies. In the maximum (max) SSP condition, the increased downward refraction causes significant penetration and 
attenuation in the sediment, compared to the minimum (min) SSP condition. The effect of warm water and sediment 
attenuation on transmission loss is much larger than the effect of changing the frequency. 

In order to assess the relative importance of water conditions to sediment type, curves of TL vs range at a 50-m receiver 
depth for min and max SSPs were overlaid in Fig. 6 for 4 = 1, 6, 7, and 8.5. The softer sediments ($=7 and 8.5) on the top 
row show a large transmission loss and a significant difference between min and max SSP conditions, compared to the 
harder sediments ($ = 1 and 6) in the bottom row. The TL is so large for the softer sediments that sonar performance may 
be expected to be poor. The TL is much lower in the harder sediments so that one may anticipate good sonar performance, 
however hard interfaces (especially $ = 1 to 3) have high scattering strengths which increase reverberation and decrease 
detection range. The relative amounts of TL and reverberation must be considered in order to understand sonar 
performance. 
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Fig. 5 Range-depth transmission loss contours for extreme water SSPs in the summer (min left and max right) for 750 Hz 
(upper) and 3000 Hz (lower). TL is computed with EFEPE using source depth = 50 m, water depth = 100 m and a soft, 
clayey-silt bottom sediment. Scale is defined by dark red at 53 dB and deep blue at 1 10 dB. 
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Fig. 6 TL at 3000 Hz for min and max water SSPs over 4 bottom sediment types. TL computed with EFEPE using source 
depth = 50 m, water depth = 100 m and receiver depth = 50 m. 

Another observation from Fig. 6 is that in hard sediments (especially + == I and 3) varying water conditions do not 
have a significant effect on TL. This is because hard sediments have high critical angles and little acoustic penetration. On 
the other hand, soft sediments have low critical angles and greater penetration. In this case the additional downward "ray 
bending" by the max SSP increases the acoustic angles at the sediment and this allows more penetration and attenuation 
and higher TL. Clearly, changes in either the water or bottom conditions can cause significant variation in TL, depending 
on thesituation. 



Reverberation levels also depend on water SSPs and sediment conditions through the scattering-strength curves shown 
in Fig. 4. The detailed results are not shown here because they have already been summarized; i.e. hard (soft) sediments 
produce high (low) reverberation. The important result is the balance between TL and reverberation through the sonar 
equation and the resulting detection performance in various environments, which is discussed in the next section. 

4. Detection Performance 

The ASW sonar scenario described in Section 2 is addressed here using a ray approach to computing TL and reverberation. 
Parallel EFEPE computations were performed to determine the efficacy of the ray-trace results. In some environments 
there were differences (e.g. the ray-based TLs were too high in soft sediments at 750 Hz) but the average differences were 
insignificant (less than 2 dB) out to maximum detection ranges. Most detections were against bottom reverberation even 
though realistic noise levels (from heavy shipping and low wind) were used. In a few cases corresponding to $ = 7 and 8.5 
the detections were noise limited at the maximum ranges. All calculations are for range-independent environments to 
simplify analysis and to allow generalization. 

Some representative results of performance are given in Fig. 7 for the mean water SSP in all bottom sediments for a 750 
Hz (top) and 3 kHz (bottom) notional sonar against a 0 dB (left) 10 dB (right) target strength. The circles result from 
assuming LM scattering and the triangles correspond to using the proposed ALM set of environmentally sensitive BBSS 
curves. The overall results for 0 dB target strength are about an order of magnitude worse than for the 10 dB' target 
strength. The detailed results for LM and ALM are about the same for the 2 softest sediments; i.e. either scattering kernel 
is adequate because TL (not reverberation) dominates detection in these sediments. From I$ = 6 to I there is a monotonic 
increase in the difference between the 2 results because bottom scattering (not TL) dominates. The greatest differences in 
detection area occur in the hardest sediments. In all 3 sand areas the LM approach underestimates reverberation and 
predicts normalized detection areas from 3 to 30 times higher than the ALM approach. Separate calculations were made to 
isolate the impact of the low grazing angle plateau compared to the rest of the scattering. It was determined that in almost 
all cases the a plateau rather than the p coefficient was the dominant parameter. This is consistent with the understanding 
that only low grazing angle energy propagates to long ranges since the steeper energy is absorbed by the sediment. 

TS=OdB TS= 10dB 

750 Hz 

3 kHz 

0 Phi 10 o Phi 10 

Fig. 7 Normalized detection area for 750 Hz (upper) and 3 kHz (lower) against a 0 dB (left) and I0 dB target in average 
water SSP conditions in all 6 bottom sediment types. The circles result from standard Lambert's Law / Mackenz~e's 
Coefficient scattering and the triangles result from the proposed environmentally sensitive scattering kernel. 
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In all cases, the ALM detection performance is poor in the silty clay soft sediment ($ = 8.5) because TL is high and also 
poor in the coarse to fine sand hard sediments (4 = 1 to 3) because predicted reverberation from low grazing angles is large 
when the a plateau is applied. The proposed ALM approach shows a natural peak for optimum performance centered at 
the sand-silt-clay sediment. 

Clearly, correct modeling of bottom scattering and bottom loss is essential to obtain accurate performance predictions. 
In addition, the water-mass properties must be carefully considered since they affect interface critical angles and ray 
trajectory angles, which has a significant impact on TL (see Figs. 5 and 6). An analysis was performed with these 
environmental-acoustic data to assess the relative impact of incorrect descriptions of water mass compared to bottom type 
in the regime of conditions considered in the St. of Sicily. Using detection area as a measure of effectiveness, it was found 
that correct bottom descriptions were about 5 times more important than correct water SSPs in this summer, downward 
refracting, shallow water situation. This result should be considered strategic rather than tactical. The implication is that 
for planning active acoustic ASW operations using archival environmental data, correct bottom descriptions are essential, 
whereas correct water SSPs are less important. However, during a tactical on-scene mission, the local details of the water 
mass can be extremely important due to dynamic changes in mixing layers and ducts which can affect choices to optimize 
sonar performance, like best source and receiver depth. 

5. Summary 

Based on a set of shallow-water geoacoustic descriptions and archival water sound speed information from the St. of Sicily, 
active sonar performance calculations were made for 750 Hz and 3 kHz in separate range-independent environments with 
water depth = 100 m. Performance against 0 to 10 dB targets at 50 m depth were compared in various possible 
environmental conditions using 2 approaches to modeling the scattering kernel; a) the standard Lambert's Law / Mackenzie 
Coefficient approach and b) Lambert's Law with the addition of environmentally sensitive Mackenzie's coefficient for 
moderate to high grazing angles and a low angle plateau. It was found that high transmission loss in soft sediments (with 
significant amounts of clay) caused poor detection performance. Further, high levels of bottom backscattering from hard 
sandy sediments limited detection areas when using the environmentally sensitive scattering function. Performance results 
were overly optimistic (by a factor of 3 to 30) when using the standard Lambert's Law I Mackenzie Coefficient. For 
intermediate sediments (grain sizes between sand and clay) detection performance was enhanced and optimized by a 
combination of only moderate TL and reverberation when the low angle plateau was employed. 
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Abstract 
The physical behavior of Meditermnean pow entering the Black Sea through the Stmit of Istanbul is described using 
a variety of high frequency acoustic systems. Because of the density difference between salty Meditermnean and 
fresh Black Sea water, a two layer exchange is formed which is confined within a canyon in the Black Sea exit region 
of the stmit. A 120 kHz high resolution echo sounder i s  used to visualize the two layer dynamics which has a strong 
acoustic scattering strength. A 600 kHz b m d  band acoustic Doppler current profiler shows that the Mediterranean 
flow exhibits tempoml variability associated with blockage. But during a time of maximum flow a balance offriction, 
Coriolis and pressure gradient forces give rise to Ekman current spimls and thus strong turbulence levels. A 307 
kHz acoustical scintillation system over a 300 m path describes the turbulent boundary layer characteristics of 
the Mediterranean pow. The dominant component of the observed acoustic scintillation is from turbulent velocity 
mther than tempemture variability. An assumption of isotropic and homogeneous turbulence leads to estimates of 
the turbulent kinetic energy dissipation rate, shear stress and bottom dmg coefficient. 

1. Introduction 
The Strait of Istanbul separates two relatively large inland seas of differing hydrological characteristics (see Figure 
1). Flow through the strait is a classic example of turbulent exchange flow. A high velocity surface current with 
relatively fresh Black sea water overlies a current running in the opposite direction, which transports the more 
saline water of the Mediterranean and Marmara Sea to the Black Sea. The higher salinity water, though warmer 
than the Black Sea surface layer, is more dense, and it flows through an underwater canyon which is an extension 
of the Bosporus canyon until it spreads on the shelf at some 80 m water depth (see Figure 1) and finally reaches the 
shelf break and sinks to  the depth at  which it finds a common density. This exchange through the strait entirely 
determines the hydrological properties of the Black Sea and is the only source of ventilation at  depth. The surplus 
of fresh water from rivers and precipitation against evaporation keeps the surface layer in the Black Sea relatively 
fresh and leads to higher outflow through the Bosporus than the average amount of saline Mediterranean water 
that advances into the Black Sea (see Unluata et.al. [6]). 

This paper describes oceanographic and acoustic measurements taken during a November/December 1995 sea 
trial to the Black Sea exit region. Collaboration with the Turkish Navy Department of Navigation, Hydrography 
and Oceanography (TN DNHO) made it possible to obtain a variety of data necessary to understand the physical 
oceanographic characteristics of this area during this time. 

2. Experimental Results 
A detailed hydrographic survey with SWATH mapping was obtained in order to determine the path of the Medi- 
terranean inflow into the Black Sea as available bathymetry was not sufficient. The results in Figure 1 show that 
there is a narrow canyon extending from the Strait of Istanbul. At first the canyon is parallel with the strait 
and then turns to the North-West where it eventually merges with the continental shelf. Mediterranean water is 
confined and retained within this canyon over a distance of several kilometers until it spreads out on the shelf. In 
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Figure 1: (left) The Strait of Istat~hul srl)arattss t l ~ r  I3l;1c.k S ~ ; I  ant1 \ lar~nara Sea basins. The enclosed area in the 
Black Sea exit region correspot~tls to I I I ( >  c*sl)rr i l~~r~~t; iI  sit(, tvl~rrc* ;~(.oustic sc.int.illation and ADCP moorings were 
deployed. (right) Detailed hotto111 I ~ a l l ~ y l ~ ~ r t r y  o l ) t :~ i~~i .~ l   fro^^^ S\\';\'I'11 ~ ~ ~ ~ ~ l t i l > r a m  soundings. 

order to obt.ain accural.e tl(>1)1.11 tllc~asllrc~lll(311ts S ~ ~ I I I I ~ ~ ; I I I I ~ O I I L  ("1'1) ~)rofil(\s, fr0111 ~ l ~ i c l i  sound speed is calculated, 
were obtained along t.he pat.11 of tltr ~lnt lrr \v;~~r,r  e.;\11yo11. 

The Metlit.erranran flow is ol)srrvc~tl wi t l~ i l~  1111- 1.;111y011 11si11g ;I Ilia11 r(~ol11tio11, liigl~ frequency (120 kHz) echo 
souncler (011 loan fro111 t.lir I ~ ~ s t i t ~ ~ t i ,  of 0c.ri111 S(.~(%III.I*. Sill~~t.!.. I % . (  '. ('.\\;\I):\) to\vcd along side NRV ALLIANCE. 
I'igure 2 sliows a cross srct i o ~ ~  oft  I I ~  c.:u~yol~ fro111 \Yc.51 t o  I.:;lst 1 ; t ! i r - ~ ~  i l l  t I I P  l o ~ ~ t t  ion of t.l~e moored instrumentation 
toget.her wit.11 a trmprrat.l~rr i111tl sali~lily profiles. .\ *c,~.l i o ~ ~  : I I O I I R  1111. ( . ; I I I~OII  fro111 So1lt.11 t,o North identifies a 60 m 
sill (local.ctl at. :l ~ I I I  i l l  I l l ( .  c ~ l ~ o  s o ~ ~ l ~ t l i l ~ g  ~ I I I : I ~ ~ . )  III:II I . I I I I I I . I I ~ ~  1 1 1 1 .  IIotv or \ l r( l i t rrr i i~~ran Sea water inlo the Black 
Sea. 'rl~t. int.crfac.r I)rt\vc.c*~~ I3Ia(.k Sra ;111tl \ I < * ~ l i l ( ~ r r ; ~ ~ ~ t ~ i ~ ~ ~  Sa.;\ \v:~Ic.r is ~ I I I  ;lr(*a of int.el~se t,rlrbulence associated 
with mixing of t.l~r t.wo tlilli,r(~111 svalrrs ;111tl I l ~ ~ l s  11;):. :.I roug ; I ~ . O I I ~ ~  it. I)i~(.li si.;tt.trr cl1arac1crist.i~~. Meas~rrements 
show t.liat t.he c.cl~o Irrcl fro111 t11i3 it~lrrf;\c.r i >  .10'% t11;tt r l l '  t l l i .  I ) O I I O I I I  ri>fI(.(.tion. M~lcli st.rt~cture is visible at. 
the int.erfacr w l ~ i ~ . l ~  s ~ ~ g g r s t s  st rong sl);~ti;ll v;~ri;ltio~~b ; ~ s r o ~ . i ; ~ l ~ ~ ( l  \ v i t l ~  I l ~ r l ) l l l c ~ l ~ t  111isi11g I)ot.ll across and along tile 
canyon. 

A high frrqucncy (:107.2 kllz) :tcollsti(. h(.i~~lill:ilio~~ riy*t(.111 (;iIso 0 1 1  I O ~ I I I  fro111 1 0 s )  was cleployrcl within t.he 
canyon cont.aining Rlrtlit.rrral~ral~ sea tva1c.r (stv, I:igl~ri' 2) .  'I'i~is illst rIIIIIi311t is srlf (.ontain~d and bat,tery operated. 
The transmit.t.cr array svns deployed on t l ~ c  \vrst(>rll sitlc* (at ;~l) l)rosi~~~;t t i , ly 700 In range) and t.he receiver array 
on the easterll side (at, al) l)rosi~~~atcly 980 111 r;rl~gt\) ;) I  ;I c l r 5 ~ ) t I 1  of f j2.5 111. I.:a(.l~ array c o ~ ~ s i s t . ~  of two transducers 
separated by 0.2 m.  In ortlcr t.0 keep t l ~ c  tra11~(111i.('r ilrFil!. i1lig11(~1 i l l  t11(' tlirr(.t.io~~ of flow, a vane ant1 swivel 
were attached to the nioorilrg. 'I'his a1loa.s IIIPasIIr(3111rtII of  (.11rr(>111 fIo\v ~) (~r l )c t~di~ular  to the acoustic axis and 
measurement of turbulent slrllctllres its t l~cy arc ;~tlvccte,tl I)ilst t l ~ r  nl.ollsti~. ~)a t . l~ .  Eacrl~ transducer is horizontal 
omni-dirert.io~~al wit.11 a 10  clegrrr vrrtical I ) ~ ; I I I ~  \vitltll. Sllort 1)1rlsi~s (:10 cyclrs) are t,ransmit.ted wit.11 a high 
repet,it,ion rate (16 Hz) ant1 !vitl~ ;I delay of 'LO 111s Iwt \v(~c~~ I I I ~  1\vo sl)atially separated transducers. The receiver 
unit coniplex demotlulatrs t11v sigl~als. tligitizcs atitl c;~lc.~ll;ltes thr a(.oustic: alnplitude, phase atid travel time for 
the direct. pat.11 using quatlr;ttic i~~tcrpol;ttiol~ of the rccrivrtl rnvrlol)rtl. ' r l ~ c  data are then recorded on fla5h 
EPROIvI recorder card?;. Table 1 summarizes t l ~ r  rsprriniclltal parar~~ctrrs .  

Two dcploy~ncnts wcrc mactr: 4 .5  (lays of cor~t i l~~ror~s  data were collected oil tlic first and 8 days of sub-sampled 
dat,a (20 rninut.es of data every hour) on thc second. The data covered a variety of oceanographic phenomena 
but. some of the scintillation data could not be analyzed. Figure 3 slio\vs ADCP current vectors (together with 
density contours whrn available) \vl~ich cover the ttvo deployment periods. Deploy~ilent 1 was during a time when 
the hlediberranean under currellt was strong. Contours of density over 36 hours show salt entrainment into the 
Biack Sea layer and salt depletion in the Mediterranean layer. Deployment 2 was during a time when there was 
blockage of Blediterranean water so that the interface passed through the acoustic path. The blockage by the 60 
111 sill is a result of increased barot.ropic pressure and strong Sortli-Easterly winds which cause an increase in sea 
level difference between the Black Sea and Jlarmara Sea basins. 

The acoustic log-amplitude. 1 = ln(.4/ < -4 >) (where A is the acoustic amplitude and <> denotes a 
time average), for the two parallel paths ( T l / R l  and T2/R2) are shown in Figure 4 during a time when the 
Mediterranean current was strong. Much variability exists b~cause  of the turbulent nature of the Mediterranean 
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Figure 2: (top) A cross section of the canyon fro111 \ \ ' V ~ I  to I.::~ht togct llrr w ~ t h  thc temperature and salinity profile. 
(bottom) A section along the canyon from Sol~th to Nortl~ 

Parameter quantity 
De~lovment 1 '1711 1/95 1100 to 01/12/95 1700 UTC . - 
Deployment 2 0.5/I'L/95 1000 to 13/12/95 1130 UTC , 
T r a n s n ~ ~ s s ~ o n  rate 16 [Iz 
- deployment 1 conttnuous 
- deployment 2 'LO mlnntes cont~nuous every hour 
Frequency 307 2 kHz 
Pulse width 0 1 111s 
Pulse delay 20 ms 
D i g ~ t ~ z a t ~ o t l  rate 153600 Hz ( I  sample/2 cycles) 
Path length 282 m 
Propagation d~rectton 124 deg T 
Transducer separat~on 0 2 m  
Depth 62 5 m 

Table 1: Acoustic scintillation instrument parameters 
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Deployment X I  

Figure 3: The ADCP current vectors as a function of Julian day, together with density contours ([1014, 1015, 
1017, 1019, 1021, 1023, 1025, 1026.751 k g .  m-3) when available, for each deployment. 

flow. Also shown is the travel time difference between the two parallel paths. The periodic nature of this time 
series is a result of mooring oscillation. Since the transmission rate was high (16 Hz) and the oscillations small 
the direct path signal was tracked. The mooring motion does not affect amplitude variations but  the phase and 
travel time could not be used as a measurement of medium properties. 

Figure 4: Acoustic scintillation during a time of strong current. 

The statistics for the log-amplitude allow measurement of oceanographic parameters as discussed by Di Iorio 
and Farmer [I]. For example, Figure 4 shows the time-lagged log-amplitude cross-covariance function. This 
function shows the translation of turbulent structures perpendicular to the two acoustic paths separated by 0.2m. 
By measuring the time lag, the current speed is calculated and shown in Figure 5 for each deployment together 
with the ADCP measurement for comparison. Discrepancies between the scintillation technique and the ADCP 
can arise for a number of reasons. For example, the scintillation measurement is a path average whereas the ADCP 
measurement is essentially a volume measurement at  a point location. Also because of mooring motion, there can 



be changes in the acoustic path separation of 0.2 m 

Figure 5: Current speed measured using acoustic scintillation and ADCP together with the log-amplitude variance 
for (left) deployment 1 and (right) deployment 2. 

The log-amplitude variance shows increased variability associated with the increasing current. The large vari- 
ance observed in deployment 2 may be the result of turbulent mixing between two very different water masses 
as the Mediterranean flow becomes unblocked. During blockage of the Mediterranean inflow the acoustic da ta  
for deployment 2 was not very good. This could be due to a number of reasons: misalignment of the transmit- 
terlreceiver arrays because of rotation, inability to track the direct path since the travel time of the acoustic signal 
changes by upto 3.9 ms and finally there may have been interference from multipaths so that path separation was 
not possible. Mediterranean water below the acoustic propagation axis creates strong upward refraction masking 
the effects of the bottom. 

The level of the effective refractive index fluctuations defined by, 

(see Di Iorio and Farmer (21) is expressed in terms of the refractive index fluctuations arising from temperature and 
salinity variability (scalars) and those arising from the current variability (vectors). The log-amplitude variance, 
a: allows measurement of C:eff through the equation, 

where k is the acoustic wavenumber and L is the acoustic path length. Note that  the acoustic amplitude variability 
cannot distinguish between fine scale variability from scalars and that from current. The dominant scale size which 
contributes to  the log-amplitude variance as discussed by Tatarskii [5] is the Fresnel radius V% = 1.2771. 

Independent measurements of the temperature and salinity structure was obtained by TRV CUBUKLU by 
lowering a conductivity, temperature and depth meter (CTD) to 62 m and collecting 10 minute time series a t  
an 8 Hz sampling rate. This sampling rate can resolve scales sizes within 0.1 m to a few meters in size for a 
current 0.8 m/s. Thus the acoustics and CTD measurements probe the same scale sizes. Assuming isotropic 
and homogeneous turbulence the one-dimensional frequency spectrum for the refractive index fluctuations from 
temperature and salinity (see Di Iorio and Farmer [I] is defined as, 

where U is the mean current speed resolved along the canyon which advects the small scale turbulence. Figure 6 
shows a sample sound speed time series together with the one dimensional frequency spectrum for the refractive 
index fluctuations (7, = -cl/c, where c, and c' are the mean and fluctuating parts of the sound speed). A -513 
slope is plotted to  show that  the variability can be modelled as described by (3) over the scales of most sensitivity. 
The level of the spectrum gives the stricture parameter C,, which is compared to the acoustic forward scatter 
results. 
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Freqwncy (Hz) 

Figure 6: A sample sound speed time series together with the frequency spectrum for the refractive index fluctu- 
ations. 

Figure 7 shows that the dominant acoustic scattering is fromcurrent velocity variability since Ci, is at  most 10% 
of C2ejj. Current velocity fluctuations arise because of hydrodynamic instability within the Mediterranean layer 
and also because flow over the bottom generates a turbulent boundary layer. The turbulence can be parameterized 
by the Reynolds number, 

U L  R e =  -, 
V (4) 

and the instability parameterized by the gradient Richardson number, 

The mean flow resolved along the canyon is U, the Mediterranean thickness is L and v is the kinematic viscosity. 
The Brunt-Vaisala frequency is N / ( 2 n ) ,  p, is the mean density as a function of depth, g is gravity, and V is the 
cross canyon flow component. 

If the stratification is unstable, Ri < 0 then density variations enhance the turbulence. If the gradient Richard- 
son number becomes large then turbulence is suppressed since the density gradient stabilizes the variations caused 
by the current shear. More specifically stratified shear flow is hydrodynamically stable if Ri > 114; if Ri < 114 
then turbulence is generated because of hydrodynamic instability (see Pond and Pickard [3]). Figure 8 shows an 
averaged profile of the Brunt-Vaisala frequency together with the current components U and V. From our time 
series measurements we find that throughout the Mediterranean layer the hchardson number was consistently 
0 5 Ri < 114 and the Reynolds number of order 2 x lo7. 

Since Mediterranean flow is confined between two boundaries (the bottom boundary below and Black Sea water 
above), a balance of friction, Coriolis and pressure gradient forces will result in a cross stream shear over the full 
thickness of the Mediterranean layer as seen by the profiles of U and V. Figure 8 also shows the current vectors 
as a function of depth. As the bottom boundary and interface are approached the current swings to the left. 

Since velocity fluctuations dominate the acoustic scattering, the turbulent kinetic energy dissipation rate is 
determined via, 

where c, is the mean sound speed at the depth of the acoustic path. Acoustic measurements of c range from 
1 x to 5 x 10-'Wlkg. This parameter is useful since it gives the production of turbulent energy caused by 
shear stresses. Production of energy from buoyancy forces are assumed negligible since the Mediterranean layer is 
very well mixed. Following Monin and Ozmidov [4] the balance of production and dissipation of energy is then, 
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Figure 7: The level of effective refractive index fluctuations compared with the level of the scalar contribution to  
the refractive index fluctuations. 
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Figure 8: Averaged profiles for the Brunt-Vaisala frequency, U (solid) and V (dotted) current components together 
with the current vectors. 



138 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

where the shear stresses are given by r,, =< u'w' > and r,, =< v'w' >. To make estimates of the bottom drag 
coefficient the flow close to the boundary is modelled as a log-layer since dV/d t  = 0. Therefore T , , / ~ ,  - CDu2. 
For a maximumdissipation rate of 5x  W/kg during the maximumoutflow an estimated bottom drag coefficient 
is CD = 3.5 x which is consistent for a mixed sand and shell bottom. 

3. Future Measurements 
Future measurements in the Strait of Istanbul will be carried out in collaboration with IOS and the TN DNHO. 
At present a 50kHz reciprocal acoustic scintillation system is under development. This system is capable of 
transmitting pseudo random noise (PRN) m-sequences in both directions at  a maximum rate of 5 Hz or at  a rate 
of 20 Hz in one direction. The incoming signals are complex demodulated and all multipaths will be recorded 
The use of PRN codes allows path separation within 1 8 0 ~ s .  

The use of reciprocal transmission allows measurement of the temperature and current variability along the 
acoustic path as described by Di Iorio and Farmer [2]. The scintillation technique gives measurement of the 
advection of turbulent structures perpendicular to the acoustic path so that combining the two techniques one can 
determine the current velocity field (see [2]). In the Strait of Istanbul where a two layer flow exists the acoustic 
system will be deployed at  two depths so as to measure turbulent temperature and velocity characteristics in 
each layer. Also since all mnltlpaths are stored there is an opportunity to study the effects of bubbles from ship 
wakes on the surface reflected signals. Bottom reflected signals can also be studied to see if the Mediterranean 
undercurrent causes sediment transport. 

In addition to the reciprocal acoustic scintillation system, a bottom mounted upward looking ADCP and echo 
sounder will be placed in the center of the strait so as to obtain temporal measurements of the interface structure. 

It is hoped that these systems will remain in the strait for one year so that temporal variations associated with 
seasonal changes can be documented. 

4. Conclusions 
The use of high frequency acoustics is a valuable tool for obtaining fine structure characteristics of turbulent 
flow. In this paper, three acoustic systems were used to study Mediterranean flow into the Black Sea. High 
resolution echo sounding gave two dimensional imaging of the interface where mixing between two different water 
masses takes place. A scintillation system deployed within the Mediterranean layer was used to obtain turbulent 
boundary layer characteristics It was shown that velocity variability dominated the acoustic ~cat~tering which 
leads to estimates of the turbulent kinetic energy dissipation rate and bottom drag coefficient. 
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Abstract 

Analysis of Roxann seabed classification data, at 24 kHz and 200 kHz, using co-located echosounders is 
presented. Timeseries backscater data gathered at the same time as the Roxann data has also been anal~sed  
using variations on the integration schemes used. Variation due to both the ,frequencj difference, depth 
dependancy and processing scheme are discussed 

1. Introduction 
During February 1995 a major international data gathering exercise was conducted off the Florida Keys in the 
region called Dry Tortugas. The overall experiment included contributions from 6 nations who all provided data 
gathering systems or ground truthing of the area where the acoustic experiments were being conducted. The 
Defence Research Agency provided two Roxann seabed classification systems and a Datasonics sub-bottom 
profiler. The Roxann systems were modified so that the band-shifted time-series data could be recorded and later 
used for a detailed analysis of how the first and second backscatter from the sea bed relates to sediment type. A 
description of the theory related to Roxann processing is given in [I]. In order to investigate the effect of 
penetration into the sea-bed each Roxann system was used to gather data at different frequencies. The time- 
series data has been analysed using schemes that are representative of the Roxann processing and additional 
analysis techniques have been applied in order to investigate their effect on sediment discrimination. A 24 kHz 
and 200 kHz echo sounder was used. The analysis described here is still in progress so conclusions are not 
drawn. 

2. Data Gathering 

2.1 The tr ials  a r e a  
The output from the Roxann was ava~lable for t h ~ s  project both as b~nary coded f ~ l e s  (contaln~ng navlgatlon, E l  
and E2 ~nformatlon, water depth, and tlme) and as t ~ m e  serles data. A plot ot the Roxann El and E2 output 
across the trlal area IS shown In figure I The area covered by the Roxann d u r ~ n g  the Key West survey Includes 
the Dry Tortugas area whlch 1s a reglon of geological Interest due to the presence o t  an anclent coral reef The 
tracks surveyed In thls area are shown In F~gure  2 Also shown are the polnts where some ground truth data IS 
available 

The ground truth data (collected by several organisations) is in the form of sediment core analysis, grain size 
histograms and percentage sand, silt, clay, etc. which show predon~inantly sand. Sidescan sonar, diver 
observations and sub-bottom profiles show the presence of a reef of highly reflective material across the south 
east corner of this area. This is clearly shown on the Roxann outputs given in figure I. 
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Long~tude (minules from 82"W) 
-51.50 4 1  .OO -50.50 .50.00 .48.50 -49.00 

RoxAnn Et  valuer (Vela) 

Longitude (minutss from 82'W) 

RoxAnn E2 v l l l e 8  (Yola) 

Figure 1. Plot of the El and E2 values taken from the Roxann system across the survey area 

Figure 2. Tracks in the Tortugas area where the Roxann was deployed. 
Solid squares show points where ground truth samples were taken. 

Unfilled squares show track portions where the time series signals were digitised. 



2.2 Digitisation and analysis of time series signals. 
The signals from the 2OOkHz and 24kHz sonars were taken from the head amplifier of the Roxann, bandshifted 
to 1SkHz and recorded onto VHS tapes, together with the transmit trigger pulse and the navigation. The output 
from this was in analogue form and was redigitised using a standard 12-bit AID board installed in a PC 
computer. The board was controlled by a 'C' program to give lOOkHz sampling, the samples being streamed to 
disk. 
The large amount of data available from the survey was reduced on the basis of the known ground truth data. 
Twenty positions on the ship's track, where sediment core results were available, were chosen for initial 
analysis, mostly in the Tortugas area. Signal sample lengths of one or two minutes were digitised. This was 
further reduced by discarding signals beyond the second echo. It was then digitally filtered about 1SkHz and 
rectified nsing a Hilbert transform. Typical filtered envelopes for the first echoes at both frequencies are shown 
in Figure 3, plotted against time(sec.). 

0.024 0.026 0.028 0.030 0.032 0.034 0.036 
A 24kHz signal first echo . unfiltered 

0.028 0.030 0.032 0.034 0.036 

Enwlopc of 24kHz signal 

0.024 0.026 0.028 0.030 0.032 0.034 0.036 
A 200kH~ signal first echo . unfiltered 

Figure 3. Digitised first echoes before and after being filtered and rectified . 

The data was further reduced by broadly windowing the envelopes, starting at the bottom detection point for the 
first echo and twice this arrival time for the second echo. The envelopes were averaged over several pings using 
a sliding boxcar approach. The start and finish of each echo was estimated using a background noise criterion. 
These points were then used in the definition of integrals to calculate the parameters E l  and E2 by the four 
methods described below. The integrals were normalised by the energy under the first echo. 

Integral 1: The first echo envelope from the peak to the end point(E1-1). 
Integral 2: The first echo envelope from the -3dB point past the peak to the end point(E1-2), i.e. the 'tail'. 
Integral 3: The whole of the first echo envelope(E1-3). 
Integral 4: The whole of the second echo envelope(E2). 
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Integral 2 is thought to be most like the Roxann integral for El ;  it is believed that the first return is saturated 
therefore the peak point cannot be determined. 

3. Results. 

The E l  and E2 integrals from two different survey areas are shown in Figures 4-7 for high and low frequency 
systems, for the Roxann output and that obtained from the above methods. The portions of output shown 
correspond to exactly the same seabed for both frequencies in each area. The 2OOkHz and 24kHz systems 
transmitted about 80 and 120 times per minute respectively. The values of method 2 may be compared with 
Roxann output. The Roxann method contains some threshold smoothing which has not been incorporated in this 
analysis as the details are not known. The threshold smoothing is applied to remove transmissions where the 
transducer is grossly off normal incidence due to boat motion. This technique is applied automatically using 
peak level of the backscatter and needs to be applied to the time-series before a direct comparison can be made. 

4. Conclusions 

The difference between the 24 kHz and 200 kHz requires further investigation to establish if the variation is due 
to sea-bed penetration or the difference in beamwidth (22' at 24 KHz and 7Oat 200kHz). A comparison of the 
data with the output from the sub-bottom profiler is not yet done and should give an indication of the variation in 
the sub-surface layers. 

It is clear from figure 1 that the Roxann system indicates the different backscatter from the coral reef and the 
sandy region of the trial site. The effect of sand wave region, where most of the ground truth data was gathered, 
can be seen in figures 1, 6 and 7. This variation may, of course, be due to the change in depth although there is 
evidence that the sediment at the peaks of the sand waves differs from the sediment in the troughs. A 
normalization for changes due to depth and ensonified area should be conducted. It is unfortunate that the 
experiment site did not contain a wider range of sediment types so that their effect could be observed. 
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Figure 4. An example of high and low frequency Roxann output from a flat sandy area in the Tortugas region, 
digitised sample 1,  track 7. 
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Figure 5a: E l  and E2 calculated from the integrals indicated, high frequency, at sample 1, track 7. 
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Figure 5b. El and E2 calculated from the integrals indicated, low frequency, at sample 1 ,  track 7. 
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Figure 6. An example of high and low frequency Roxann output from a sandwave region, sample 9b, track 78, 
to the east of the Tortugas region . 
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Figure 7a. El and E2 calculated from the integrals indicated, high frequency sample 9b, sandwave region, to 
the east of the Tortugas area. 

Figure 7b. El and E2 calculated from the integrals indicated, low frequency, sandwave region. 
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Abstract 
I n  this paper a plane-wave decomposition method is  used to compute the two-dimensional backscattering from a 
buried elastic cylinder as a function of frequency. The cases of a pat water/sediment interface and deteministically 
rough interfaces are considered. For rough interfaces, first-order perturbation theory is  utilized to  compute the 
interface reflection and transmission scatiering matrices. In particular, the situation where the grazing angle i n  
the water column is  sub-critical is considered. In this case, at suficiently high frequencies, t h e  energy scattered 
into the bottom by the rough interface is  dominant. The amplitude and spectral characteristics of the energy 
backscattered by the in.terface itself are also computed. Finally, the accuracy of using a sim,pler, single-scatter 
approximation is  examined. 

1. INTRODUCTION 
In this paper, the backscattering from an elastic-shelled cylinder buried in sediment is considered. In particular, 
the grazing angle of the incident beam is taken to be subcritical. In this case, most of the energy transmitted into 
the bottom is evanescent and for sufficiently high frequencies it would be expected that very little of thls energy 
would interact with the buried cylinder. However, some experiments [1],[2] have indicated that an anomalously 
large amount of energy does, in fact, penetrate into the bottom. Two possible explanations for thls high level of 
energy are: (1) the existence of a Biot slow wave in the bottom [2,3], (2) a rough water/sediment interface which 
causes energy to  be scattered into the bottom [4]. In this paper, the latter concept is ~nvestigated numerically. 
However, instead of simply considering the amount of energy which propagates in the bottom, the amplitude of 
the field backscattered from a buried steel-shelled cylinder is examined. The amplitude of this backscattered signal 
relative to  the noise generated by the rough interface itself is also considered. 

The plane-wave decomposition method for object and bathymetric scattering (see, for example [5],[6]) is used 
as the computational tool. We investigate burial below both flat and rough interfaces. For the case of a rough 
interface, first-order perturbation theory is used to compute the plane-wave scattering matrices for the interface. 
First-order perturbation theory has been shown by other authors [7] to be surpris~ngly accurate for the computation 
of the transmitted field. There has also been related work [a] for the case of an elastic sphere burled below a rough 
elastic interface. 

2. THEORY 
We consider a plane-wave incident upon an infinite elastic cylinder with an angle of incidence of O,, . The cylinder 
is taken to be surrounded by a fluid with sound speed c,, and density p,,. The compressional potential scattered 
by the cylinder has the form 

rn 
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where an are coefficients determined from the solution of a system of equa,tions. This syst.ern of equations is 
derived by assuming Fourier-Bessel series for compressional and shear potentials wit,hin t,he layers of the cylinder 
and then satisfying the appropriate continuity conditions across interfaces. 

The individual azimuthal terms of (1) have a plane-wave decomposition given by: 

where "C" is an appropriate contour in the complex-k, plane, P(k,) is the angle associated wit.11 t,he horizontal 
wavenumber k,, and y, is defined in general as 

Using (2) with (1) it is thus possible to express the scattered field in terms of plane-waves. We will discretize the 
integral of (2). In this case, the effect of the cylinder on incident plane-waves is characterized hy a finite matrix. 

For a buried cylinder, the water/sediment interface modifies the incident field and also res~att~ers the scattered 
field from the cylinder. By characterizing the interface and cylinder in terms of plane-wave scat.tering nlatrices (or 
for a continuous spectrum, operators) we can express the vector of plane-wave components, @ for the scattered 
field in the water column as, 

P'U = Tuu[I - C R ( J D ] - ~ ~ @ D T D D ~ ~ "  (4) 
where Pn is the vector of incident plane-wave components. In (4) Tuu and TDD denote t,ransmission matrices for 
downgoing and upgoing plane-waves across the interface. For a flat interface, these matrices are diagonal. For a 
non-flat interface, a single plane-wave will scatter into a continuum of other plane-waves and t.l~ese matrices will 
be full. The matrix OD is diagonal and advances the vertical phases of the downgoing waves bet,ween the interface 
and the cylinder centre. For propagating wtves these phase-factors have unity norm; for eva.nescent waves these 
factors are decaying exponentials. Finally, C  G OuC and RUD G ODRUD where C is the scatt,ering matrix for 
the cylinder (for the scattering of downward incident plane-waves into upgoing plane-waves) ,RriD is the interface 
reflection matrix for upgoing waves in the basement and Ou advances the phases of upgoing plane-waves. A 
schematic diagram of the scattering geometry with some of the operators indicated is shown in Fig. 1 

Incident 
Plane Wave 

Figure 1: A schematic of the seatierang geometry 

In the case of a non-flat interface, it is non-trivial to compute the elements of TDD,Tuu and RuD for general 
interfaces. We will assume that the interface is of the form 

where h(z)  is much smaller in amplitude than a wavelength and that first-order perturbation theory will suffice 
to compute the scattering coefficients. In order to derive the perturbation theory t,he compressional pot.entia1 in 



the water, 4, is taken to  have the form 
m 4 W -  - e:(k~z--r~t) + R ~ ~ < ~ O ~ + ~ W Z )  + n(~)C~IXr+rulXl- l d ~  Lm 

and in the sediment the compressional potential 4,, has the form 

where 7, and 7,, are the vertical wavenumbers In the water and sedinlent respect~vely The coefficients Ra and 
To are the plane-wave reflection and transmission coefficients for the unperturbed flat ~nterfacc The contnluity 
equations whlch need to be satisfied at  the water sediment interface are 

and 

Substituting (6) and (7) into (8) and (9) and expanding for h(x) and hl(x) small, the lrad~ng ordel expressloll 
for a(X) and b(X) are obtained. We will not carry out the straightforward cleta~ls here It 1s ~nlportant to note, 
howev-r, that the coefficients a(X) for the backscattered d~rection (negative values of the wavenumby k,) depend 
upon hilkol+lkxl) whereas the coefficients for the scattered field in the forward d ~ r e t t ~ o n  depend up011 h(lko1- Ik,l), 
where h denotes the Fourier Transform of h 

We now cons~der a particular set of rough interfaces. These interfaces have the form 

The parameter Lo allows us to control the wavelength of the perturbation and u its effect~ve lateral extent. The 
amplitude of the perturbation is controlled by 6. The Fourier Transform of bhe surface as defined in (10) is 

In the numerical computations the amplitude 6 will be decreased linearly as a functlon of frequency, In order that 
the height of the perturbation remain a fixed ratio of a wavelength. 

We can make a simple prediction of the frequency dependence of t!lese spectral curves Recall that the 
amplitude of the forward scattered field is approximately proportional to h ( b  - k, , , )  or 

We also recall that for k > k, = 2lrf/c,, the energy in the bottom is evanescent We first co~lsider the s ~ t u a t ~ o n  
where the acoustic wavelength is smaller than the wavelength of t,he interface roughness. Cons~der~ng the second 
exponential in (12) and writing k = k,q, k,, = 2n f co~($~) /c ,  and ko = e n ,  where By denotes grazing angle, we 
derive the relation 

in order that the exponential's argument be zero. The maximum possible of q 1s un~ ty  before the dominantly 
scattered energy in the bottom is evanescent (recall that k = k,q) and the value of the frequency for which this 
occurs is given by 

ffcz.5 
frnax = 

2[cz,/cw cos(@g) - 11 ' 
We do not expect s~gn~ficant energy to propagate In the bottom for acoustic frequencies much greater than thls 
value. 

On the other hand, if ko is very large then there will not be significant scattering In the bottom for frequencies 
which are too small. Followmg a similar analys~s as before, it can be estimated that there will only be s~gn~ficant 
enhanced propagation in the sediment for 

For small values of frequency, the evanescent energy which is present in t,he sediment, regardless of the interface 
roughness, may dominate. 

Another feature which can be derived from (12) is that for a frequency lying in t.he bounds of (15), the direction 
of the dominant energy in the sediment is in the -k, direction for the lower value of the frequency, increases to 
normal incidence with increasing frequency and then finally at  the maximum frequency is nearly Iiorizontal in the 
+k, direction. 
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3. NUMERICAL EXAMPLES 
We consider an air-filled steel-shelled cylinder (cp = 5950 m/s, c,h,,, = 3240 m/s and p = 7.7g/cm3) of 15 m m  
thickness and outer radius 0.25 m. We consider an incident field with a plane-wa,ve spectrum of t,he form 

where kz = w cos(20°)/c, and ub = 0.025w/cW will be used in the computat~ions. Thus a beam centred about 
the grazing angle of 0, = 20° is produced, directed towards the centre of the cylinder. For angles approximately 
f 3.85' on either side of 20°, the beam has e-' of its maximum amplitude. I11 Fig. 2 we show t.11e spect.rum of 
the backscattered field a t  a receiver located a t  x=-2.747 m and z=1 111 relative to the cylinder centre when the 
surrounding fluid has parameters cp = 1700 m/s and p = 1500 kg/m3. This receiver location corresponds to  a 
direction of -20° with respect to  the cylinder centre (measured from the horizont,al axis); thus we a,re considering 
a monostatic scattering geometry. We have computed the scattered field in t,wo ways: (1 )  we used the pla,ne-wave 
decomposition method (solid line) (2) we solved the scattering problem explicit,ly in t.erms of t.he Fourier-Bessel 
series for different incident plane-wave directions and then summed the result,s t,o produce t,he bean1 response 
(dashed line). As can be seen the two methods give essentially identical results 

0 C 
0 2 4 6 B 10 12 14 16 18 20 

Frequency (kHz) 

Figure 2: Specirum of backscattered field for surrounding fluid cp = 170011t/s,p = 1500kg/m3 as computed for an 
incident beam, using the plane-wave decomposition method(so1id line) and a Foarier-Ressel series npproach(dashed 
line) 

We now consider the incident beam to  be in the water column (cp = 1500m/s,p = 1000kg/in3) and the cylinder 
in the sediment (cp = 1700m/s, p = 1500kg/m3) buried 0.5 m (2 radii) below the interface. For t,his sediment the 
critical grming angle in the water column is equal to  28.1' and therefore the cent.re angle of t.he incident beam is 
8' below critical. In Fig. 3a we show the field that  is transmitted into the sediment for a frequency of 20 kHz. 
As can be seen, very little energy is transmitted into the sediment in this case. The fields that  a.re scattered (the 
incident field is not shown) by a cylinder buried in the same sediment, but for a rough interface (ko = 4n), are 
shown in Figs. 3b and 3c for frequencies of 10 kHz and 20 kHz are shown. As can be seen, there is now significantly 
more energy in the bottom than in Fig. 3a. The scattered field is in fact st,rongest behind the cylinder where the 
total field would be a shadow zone. I t  can also be observed that  directionality of t.he field is different for t.he two 
frequencies. This is in accordance with the predictions from (12). It can also be seen t,hat t,he most energy is, 
in fact, backscattered a t  angles close to 90' back into the water column and t11a.t t,he amount. of energy which 
reaches the receiver position is relatively small. In these and following computat,ions, the value of 6 is varied with 
frequency so as to  be A120 (A EE wavelength) and u in (10) is equal to 2. The rougl~ness pat,ch has it.s largest 
amplitude directly above the cylinder centre. 

In Fig. 4 we show a plot of the backscattered spectral amplitudes for various rough interfaces. I t  can be seen 
that  the Gaussian and flat bathymetries produce almost the same spectral response. The sinusoidal bathymetry 
with ko = 4~ produces a spectral curve which is significantly higher t.llan t,lle no-roughness curve for f 2 8kHz. 
The spectral curve for the sinusoidal bathymetry with ko = 0 . 7 5 ~  is initially higher t,llan t,he no-roughness curve 
but approaches it for increasing frequency, which is consistent with the behaviour as predicted I,y (15). The level 
of backscatter for the ko = 47r curve is approximately equal to 2% of the level for t,he freespace curve of Fig. 2. 
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Figure 3: Top figure 8s znczdent pressure field at 20 kHz; second figure zs the pressure field scattered by the cylznder 
at 10 kHz for a rough znterface (ko = 4n); thard figure zs the scattered pressure field ~t 20 kHz for the rough 
tnterface 
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Figure 4: Backscattered energy spectra for dzfferenl types of surface roughnesses: no roughness (solzd l zne ) ,  Gaus- 
szan profile (dashed), smusozdal (ko = 4s) (dash-dotted) and sznusozdal (ko = 0 7 . 5 ~ )  (doffed)  

We now consider a flat interface and an interface with ko = 4s, in the case that the sediment has an attenuation 
of 0 .5dBlA .  The spectral curves for this case are shown in Fig. 5 .  As would be expect,ed, the levels are less in this 
case and decrease with frequency. Also, note that most of the resonance structure of the curves has disappeared. 

Frgure 5: Backscattered energy spectra for no roughness (solzd lane) and sznusozdal (kn = 47r) (dash-dotted) znter- 
faces zn the case that there zs an attenuatzon of 0.5 dB/A zn the sedzment 

1.2- 

I - '  

We have seen that the presence of a rough interface increases the amount of energy in the sediment and leads 
to an increased amount of backscatter from the cylinder. However, there will also be increased hacltscatter from 
the ~nterface itself and this will interfere with the backscattered energy from the cylinder In Fig. 6 below we 
show the computed backscattered energy from the interface (ignoring the flat interface specular component) as a 
function of frequency (solid line) as well as the backscattered energy from the cyl~nder As can be seen the energy 
backscattered from the interface dominates until f=10 kHz. Of course, in the time domain ~t maybe possible 
to separate the two types of energy, even when the reverberant energy do~ninates, by using appropr~ate filtering 
techniques. 

Finally, we consider the modelling issue of when a single scatter approximation may be used That IS, instead 
of computing all the multiple interactions between the cylinder and the water/sediment interface above lt, we may 
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Figure 6: Backscattered field from the znterface (solzd Irne), and backscattered szgnnl from burzed cylander (dash- 
dotted) for sznusordal (ko = 4a) rnterface 

approximate the scattering process as an incident field upon the cylinder, accounting for transmission through 
the rough interface, a single, free-space scattering (using the parameters of the surrounding sediment), and then 
transmission back into the water column. For the retransmission back into the water column from the sediment we 
consider two subcases; (1) we use the transmission coefficient for the flat interface (2) we account for the roughness 
for this second transmission process. There are computational advantages if the single scatter approximation is 
accurate; a variety of propagation codes can be used to propagate the incident field up to the scatterer and to 
propagate the scattered field away from the object. The scattering from the object can be computed using a free- 
space code. This type of approach has been used previously by other authors for waveguide scattering problems 
(see, for example, [9],[10]). In Fig. 7 we show the backscattered spectral curves using the exact solution (solid h e ) ,  
using the single scatter approximation with the flat interface transmission coefficients for transmission back ~ n t o  
the water (dashed line), and the single scatter approximation with the rough interface transm~ssion coefficients for 
transmission back into the water. As can be seen all three curves are very close, except near the strong peaks at  

04  m , , , , , , , , C 
0 2 4 6 8 10 12 14 16 18 20 

Frequemy (kHz) 

Figure 7: Backscattered field from the cylznder for the rough znterface (ko = 4x) using the eruct solvtzon (solzd 
lane), the srngle scalter appmxzmatton wrth sample retransmzssron back znfo water (dashed lzne), and the szngle 
scatter approxzmatton wzth rough tnterface retransmzss:on back- znto the water (dotted h e ) .  
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approximately 2kHz where using the correct rough interface transmission coefficients for retransmission into the 
water has a noticeable effect. 

4. SUMMARY 
It has been showed that the plane-wave decomposition method can be combined in a straightforward fashion 
with perturbation theory to compute scattering from objects buried below a rough interface. It was found that, 
for the case where the energy would normally be evanescent in the bottom, a rough i~lt~erface can significantly 
increase the amount of object backscattered energy observed at  a receiver in t,he water colu~nn. In fact, at  
sufficiently high frequencies this energy is higher than the energy backscattered from the interface itself (ignoring 
the specular component from the flat interface). The amount of energy and the directionalit,y of the energy in 
the bottom depends upon the wavelength of the interface roughness. Finally, we have shown t,hat a simpler (a.nd 
computationally faster) single-scatter approximation can probably be used in many conlputations. 
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Abstract 
Acousttc znterface w a v ~ s  have been recorded lozth a bottom deployed atousttr alruy ut ~ t t f r u l  locattons Htgh 
resolutzon a r r a ~  processzng technzque (Prony) zs used to estrmate ~eloctty L F I  sltr frtyvenr y for the 7ntrrfacc waves. 
An znversron scheme based general lznearzzatzon zs used to obtazn sstimutcr of shertr ~elorzty us fttnrtron of depth 
The data collectzon mrth subsequent processzng and znterpretatzon 2s zntend~d for ol~trot~onol use rii conjunctton wrth 
normal ~efmctzon strnreyang ustng the same equzpment. Thzs paper dtscvss~s surtey dtsigri 711 ttr ms of ineastrmble 
shear uelocztzes, depth of tnvestzgatzon and resolutzon as functzon of frequency utid or-ruy configumtion Examples 
of processzng and znterpretatzon of field data are presented 

1. Introduction 
Marine refraction seismic surveys are usually done w ~ t h  a linear arra! of 11) clropl~ones and an ' e\plosi\-es" t> pe 
source for generation of the refracted waves In the sea floor Tlie refracted arrltalz are then plcked as the first 
break, and est imat~on of compressional wave velocit j~(z~~) and t1i1ckne.i~ together nit11 c11p 1.i determined for the 
different layers within the sediment [I] 

The refraction technique gives however no i i l for~llat~o~i of the shear u a l r  ~ e l o c l t j  4ructure ~n the bottom and 
for many applications shear ~nformation 1s very useful Tlie shear modulus of the I>ottom 1s ler! iillportant for 
underwater acoustic ~ r o ~ a g a t i o n  For geotechn~cal use ~t 1s important that acoustic *hear llrodulus of the hotton1 
mater~a l i s  related to  the strength, although the cli~ect relation IS generall\ not 1;nonn .4nothe1 a t t r a c t i ~ e  feature IS 

that  shear wave veloc~ty 1s often a better sed~~nei l t  ~dentifier than the rompies+~onal u ave ~ e l o r ~ t )  Several d~fferent 
sed~ment types may have q u ~ t e  s~mi la r  coinpress~onal wave \pelocity (e g (-la\ /silt/\and) but rcr\ diffeient values 
for the  shear velocity 

A well known terhn~que for measuring the &ear wave veloc~t\ stlurtnre of the .-?a Roo1 15 based on the 
measurement and analysis of the se~smo-acoust~c ~nterface waves In the crlrlent 1,ro)c.ct we ha\ c ~nod~f ied  the da ta  
gathering and analys~s of the refract~on Jurveys to allow for the recording and anal! 51s of acou\tlc interface waves 
without interference with the refract1011 su~vey  The mall1 mocl~ficat~on 1. e\tcncl~ng the rerorchng tlme, whlch 
allows recording of the late arrivals wrth In wave field hlocl~ficatioi~ of gain and filtrr s e t t ~ n g ~ .  a701ds saturation 
and provides the record~ng of the ~nterfarr  \va\ps In t h ~ s  paper the dez1g11 of 1 1 1 ~  nrrav and the proresslng to  
establ~sh shear wave parameters are rIe~cr~I~erl  together w ~ t h  results from three ficld .111\e>z 

2. Theoretical aspects 
The seismo-aroust~cal ~nterface waves h e l o ~ ~ g  to a class of  slo\~l!. prol)agaling ~vavc?; at 111t. intrrfac-r I~etwcen t.uro 
media, t,hey are thereforp oft,en c-allcrl I)onnrlary \~a\~c,s or jnst ii~trrfac.(% \vavrxs. ' fhc Sc.lloltc n-avc Iwlongs to  t,his 
class and pr0pagat.e~ at, t.he h o ~ ~ n d a r y  I ~ e t ~ v r e ~ ~  ;I solitl and l i ( l~~id  ( r . ~ .  \vat('r and serli~nc~nts). 'l'he r)roperties of 
the Scholte wave rail I)e sntnmarizrtl as ([2].[:1] ;lnrl [I] ) :  
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It has a rotational particle movement in the sagital plane 

If the shear wave velocity is varying with depth, the Scholte wave becomes d~spersive 

It is generated by a source close to, or at the sea floor 

The radiated pressure can be recorded by hydrophones close to or at the sea floor 

The velocity of the Scholte wave is approximately 0.9 times the shear velocity 

The frequency dependent velocity (dispersion) can be estimated from the recorded t,ime signals, and there exists 
algorithms for inverting the dispersion curves to shear wave velocity ( u s )  as funct,ion of tlept,h [5] and hence 
converting this to dynamic shear modulus ( p )  also as function of depth. Figure 1 shows the flow chart of the 
working process to establish such estimates in addition to ordinary refraction analysis. 

Figure 1: Flowchart of the processing refraction seismic data wit,li extended recording time. 

2.1. Survey design 
The recorded wave field can either be processed using single- or mu l t~  sensor processing techn~ques for est~niation 
of the dispersion curves. In the research community the multiple filter analysis [6] has been used extens~vely 
The method gives an estimate of group velocity as a function of frequency. Slnce the method is a smgle sensor 
technique it suffers from problems like lack of resolution (veloc~ty versus frequency) and ~t produces an average 
velocity estimate between source and receiver This problems can be avoided by the use of the multi-sensor, h ~ g h  
resolution estimators like the Prony method. The Prony method is based on wave number e s t~ma t~on  from the 
signal recorded within the array, and represent therefor local estimate of the dispersion beneath the array. There 
are no problem with lack of resolution in velocity estimates. However, to use such a method, the array must be 
design to ensure a proper sampling of the wave field 

In general the receiver spacing (Az) determ~nes the lower limit of shear wave veloc~ty which can be esti- 
mated. Since this parameter also are the target of the ~nvestigat~ons a nllnlrnunl veloc~ty (IJ, , ,~, ,)  11~s to be 
pred~cted/assumed. From this assumption one can derive the recelver spacing which must be equal or less then 
half a wavelength at the highest frequency of lnvestigat~on (f,,,): 

Assuming that v,,,,, 1s equal to 100 m/s, and that f,,, = 20 Hz, the receiver spaclng Ax < 2 5 meters. The 
distance from the source to the last recelver (R) is depending upon the attenuation of the waver, 1x1 the sed~~llents 



Here, it is assumed that the signal must be detected before the trans~nission loss (TL)  is less than 20 dB, and 
using the absorption factor a, = 0.002 dB/m per. Hz [7]. The distance is determn~ed by: 

At fmaX = 20 Hz, R = 500 meters. 
In many cases a certain distance between the source and the array is required, to separate the waterborne and 

interface arrivals to avoid aliasing in the (w - K-domain). Aliasing causes m ~ s  interpretat1011 ar~d occur when the 
surrounding environment is hard. The array length is given by L = (M - 1) .Ax ,  and it follows from eq. 2 and 1 
that the source datum distance (SRD) is: 

S R D S R - ( M - l ) A x = -  ( 2 % - ( M - l ) . , ,  
2 . fmo+ 

(3) 

Using M = 48 receivers and the other parameters a9 described earlier SRD 5 382 meters Bg use of the earlier 
assumptions, the minimum recording time becomes. 

Hence, t,,, 2 5.5 seconds. In general we have used 8 seconds in our experiments. 

2.2. Est imat ion of dispersion curves a n d  inversion 
The Prony method is a so called multi-sensor technique, that is a technique that makes use of an array of receivers 
to estimate the phase velocity as function of frequency. If N time samples has been recorded with M different 
receivers (receiver spacing Ax), the Prony method estimates the wave numbers K These can further be converted 
to phase velocity as function of frequency. The Prony method is determ~nistic, arid the bignal model for a certain 
frequency is [a]: 

P 

sm = C h, . np(mAx+xo) 

p= 1 
(5) 

Here, h, contains the magnitude and phase for the mode p, while K;, is the wave number carrying the velocity 
information for the same mode. The recorded signal s ( t ,  x) in time and space, may he seen as a two dimensional 
Fourier transform, where A(w, K) is the response of the formation. Mathematically thls 1s expressed as: 

Eq.6 is continuous both In frequency and wave number. In most cases, only a Im~~tecl number of modes are of 
interest. In addition, the frequency domain is hand limited. Therefore eq lj can be rewr~tten as 

Here, D represents the discrete and dom~nating modes. The bandwidth of inspection 1s set to The algorithm 
for determining the velocity starts w~th-a Fourier transform of each timeserlev correspondi~ig to the M recorded 
channels. The auto-covar~ance matrix (B), are calculated for each of the frequency-space vectors After establishing 
the auto-covar~ance ma t r~x  we have a set of linear equations: 

where 6 is the model error. The solution g is further processed to ie [a] The phase veloc~ty as funct~on of frequency 
(e.g. the dispersion turve) is then: 

2xf 
Vdrspers :on  = - rZ (9) 

The inversion process, as described in figure 1, is a typical minimization problem, where the object function is 
the the difference between the measured and a computed dispersion curves. The algorithm used for the inversion 
is the one presented by Caiti et. al [5]. The shear wave velocity and the shear modulus is related through. 

Here, p(z) IS the density profile. This is not always known, but we have usually some knowledge about the 
sediments to make an assumption. From the Ranheim experiment the density profile is known from the geotechnical 
investigations. 
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Table 1: Recording parameters of the different experiments. 

3. Result from three field surveys 
During the last three years we have performed three field surveys. Two have been carr~ed out 111 the Trondhelm 
fjord, at  Orkanger in August 1994 and at Ranheim In December 1994 [9] The thlrd experiment was performed at  
Sandvik on the island Bland in Sweden in October 1996. All the experiments were done in shallow water and close 
to land. In the Trondhe~m fJord, one array of 24 receivers was used, wh~le the Sandvik exper~inent was conducted 
with an array of 48 receivers. The receiver spacing was 2.5 meters, and "explosive" charges of slze 25-300 grams 
have been used as sources. The parameters of each of the presented shots are glven 111 table 1, and a s ~ d e  view of 
a typical recording IS shown In figure 2. 

- 

Ax [m] 
2.5 
2 5 
2.5 
2.5 

Experiment 
Orkanger 
Ranheim 

Sandvik 

Recording unit 

Charge size [g] 
200 
300 
200 
100 

Nick name 
Ork5 
Ran7 
Ran16 
p437 

Datum ( x 4 )  

SRD [m] 
145 
323 
165 
160 

Receivers 
24 
24 
24 
48 

- ShotpointO - Army of 48 receivers, Ax-2.5 meters 

f, kHz] 
2 
2 
2 
2 

Figure 2: Side view of a typical recording (from the Sandv~k experiment 1996). 

3.1. The Orkanger experiment 
The survey was performed in a natural river delta at  Ribygda. Geotechnical investigations made close to the 
actual site uncovered sediments containing sand and gravel. Deposits of silt and fine sands was found both on top 
of and as thin layers buried within the sea bed [9]. Figure 3(a) shows the dispersion curve obtained with the Prony 
method using p = 6 .  The first two modes are interpreted (d = 1 and d = 2). The fundamental mode (d = 1) 
has been used for the inversion. The result of the inversion is shown in figure 3(b), as shear wave velocity as  
function of depth (left) and as shear modulus (right). The shear modulus is obt,ained using a iso-density profile of 
1800kg/m3. The shear profile shows a 3 - 4 meter thick loose layer on top of harder sediments. This is consistent 
with a layer of silt above sand and gravel. 

3.2. The Ranheim experiment 
From the Ranheim experiment, results from two shots are shown (Ran 7 and Ran 16). The dispersion curve from 
shot Ran 7 is shown in figure 4(a). Two modes has been interpreted, only the fundainental nlode (d=l)  have 
been used in the inversion. (The same has been done for shot Ran 16). The obtained shear n~odulus profiles are 
shown in figure 4(b), together with the geotechnical measured shear modulus (G,,,) derived using the relations 
by Hardin and Black (0) and Hardin (x) [9]. The agreement between the two independent rneasure~llent techniques 
are quite good for Ran 7, while it has a deviating fit below 6 meters in case of Ran 16. Ran 16 is performed a.cross 
the direction of deposition. The shot was made with an angle between the shot point and the array. Even after 
compensation for this angle, it is not possible to correct for the fact that the hard sediments a,re shallower around 
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Figure 3: a) Interpreted dispersion curve using Prony. b) Left: Inverted shear wave velocity profile. Right: Shear 
modulus profile 
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Figure 4: Result form the Ranheim experiment;a) Interpreted dispersion curve using Prony on Ran7. b) Inverted- 
shear modulus profiles compared with geotechnical data Left: Ran 7,  Right: Ran 16 

the shot point than it is around the deployed array. This explains the disagreement between t.he modulus of Ran 
7 and Ran 16, and hence the difference between Ran 16 and the G,,, measurements. . 

3.3. The Sandvik experiment 
The Sandvik experiment was conducted to record both compressional and ~nterface waves Figure 5(a) shows a 
typical time recording after filtering with a 30 Hz FIR (low pass) filter. The interface waves are found between 
0.4 - 1.5 seconds. The corresponding dispersion curve is shown in figure 5(b) The dispers~on curve has been 
inverted from 10 - 20 Hz, and the resulting shear wave velocity and shear modulus profile 1s found in figure 6. 
The shear modulus profile is generated using a iso-density profile of 2000kg/m3 The cl~sperslon below 10 Hz was 
not taken into account since this part might be influenced by aliasing due to interaction between waterborne and 
interface waves. The result from the standard refraction seismic analysis is plotted In figure 6. The colnparison 
between shear wave and the compressional wave velocity shows that there is better resolutio~l in the shear wave 
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Time [s] Frequency [Hz] 

Figure 5: Result form the Sandvlk experiment; a) Time series of profile p437 b) D~sperslon curve using Prony 

velocity in the upper sediments. 
To increase the information about the area data acquired with a bottom penetratmg parametr~c sonar [lo], 

Topas, (Simrad Norge) was available. The data were recorded uslng a Rickert wavelet a9 source pulse w ~ t h  a center 
frequency of 5 kHz. The data were taken several hundred meters south-west of profile p437, but dose to the other 
three profiles. A stacked, ampldied and processed signal from this system IS shown 111 figure 7(a) Several reflectors 
have been interpreted, shown in 7(b). The reflector B defines the sea bottom. Tlie water depth 1s estunated to be 
in the range of 12.9 - 11.8 meters (using up = 1450 m/s). The bottom is quite hard In this area and only small 
amounts of energy has penetrated into the sediments. The reflector R1 determines the depth of the first layer , 
the depth is less than a meter uslng up = 1700 m/s, while R2 is the lower boundary of l ay~r  two, using up = 2200 
m/s, this layer is 3 meter thick. There are just small variations in layer th~ckness for l~oth  these layers Tlie MB 
reflector is just a multiple reflection of the sea bottom. The Topas has here been used as a bottom profiler, the 
result gains no further knowledge about the area than already achieved by the refraction measure~nents If the 
Topas had been used in a sweep modus, covering the area with angle dependent reflect~ons/l~acliscatter, such data 
could have been used for estimation of compressional wave velocity and layer thickness, but 111 this experiment 
this could be difficult due to the hard environment. 

Shear modulus 

Figure 6: Result from the Sandvik experiment Left: Shear wave velocity Center Shear modulus R ~ g h t  Com- 
pressional wave velocity. All as function of depth. 



Figure 7: Processed Topas data. a) un-interpreted b) interpreted ( ~ n  color on PC-wreen) 

4. Discussion 
The high resolution spectral estimators like the Prony method reduces the problem of averagnlg \.elocity est~mates 
between source and receiver. The of resolution is increased, but with the result of increased compntat~onal cost. 
If one uses statlstlcal methods the energy content can be estimated for the d~fferent modes, and the attenuat~on 
factors can be estimated as function of frequency. With an inversion techn~que for this parameter one could galn 
further knowledge about the upper sediments. 

In the Ranheim experiment we have shown that the described technique fits q u ~ t e  well w ~ t h  geotechnical data 
The shot must be set off in the in-line direction of the array. Further more. if the env~ronment 1s laterally changing 
the size of the array must be small compared to these changes, since the forward   nod el is based on plane layering 
Therefor, if the environment is not piece-wise lateral plane layered, erroneous estimates will appear as results. 
To ensure good qual~ty information the method should be combined with cor~ng, but the nurnber of cores can be 
reduced. The result will be a continuous profile of shear wave velocity and co~n~ress~onal  wave velocity that can 
be correlated with the coring, resulting in a high quality identification of the different sed~meilt layers. 

As seen from the Sandvik experiment the method glves h~gher resolution In the upper seclm~ents than what 
could have been achieved w ~ t h  only ordinary refraction seismic methods Therefor t h ~ s  method can be used for 
better classificat~on of the sea floor content in the top 10-20 meters. If the sed~lnents are hard (hke at  Sandv~k) 
the distance between the source and the array must be ~ncreased to separate the different arrlbals In t ~ m e  to avo~d 
aliasing effects. However, this problem have only appeared in the Sandvlk ~ x p e ~ ~ m e n t ,  ~t 15 no problems In the 
loose areas in the Trondheim fiord. The problem has trigged the ~ d e a  of build~ng an equ~prn~llt  with adjustable 
recelver spacing and source-array spacing. Such an array could be optinlized to the actual env~ronment, and 
combined with a source who generates less waterborne arrivals, like a v~hrator The source mergy w~l l  then be 
coupled ~ n t o  the sed~ments and reduce the waterborne part of the wave field 

The Prony method is also able to reveal more than the fundamental ~nterface wave mode In figure 3 (a) and 
4 (a) two modes are ~nterpreted. Attempts to include such modes In the lilverslon [Ill ,  shows that the esttlnates 
for the deeper sed~ments becomes more rehable. The resolution of the upper sed~~nents depends on the h~ghest 
frequency in the analys~s and thereby the receiver spaclng (eq.1). By des~gn~ng a tool w ~ t h  the appropr~ate settings, 
a new flexible equipment would provide velocity estimates lower than 100m/s (eq 1) 

In future we will contmue the work on development of processing techn~ques for analysis of hydrophone data as 
well as data recorded on three component geophones. A study of how the method funct~ons 111 laterally changing 
environment is also necessary. This can be done with scaled models In laboratory or by nu~ner~cal model~ng. We 
have also started work wh~ch will investigated the the performance of the method 111 transversally ~ ~ n s o t r o p ~ c  
materials. 

The method is well suited for investigations of cables and pipe-line routes as well as for evaluat~ou of areas for 
placing sub-sea ~nstallations. 
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5. Conclusions 
In this paper we have presented results from three field surveys. The data has been gathered with a linear 
hydrophone array deployed on the sea floor and with "explosives" as source. The recording time has been increased 
compared with standard refraction seismic survey to capture seismo-acoustical interface waves. 

The data has been analyzed using standard refraction seismic methods, as well as we have applied more 
advanced processing algorithm to extract dispersion curves from the interface waves. The dispersion curves has 
been used as input to general linearization inversion. 

The results of the inversion shows that there are more variations in shear wave velocity as function of depth, 
than it is for compressional waves. This result is important and shear wave velocity should be taken into account in 
sea floor classification and characterization. In the case of the Ranheim experiment the results has been compared 
with data from standard geotechnical investigations. The agreement between the different measurement techniques 
is good. We believe that there are potential in this technique to improve the classification and t,he characterization 
of the upper sea floor. 
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Abstract 

A major task in shallow water acoustics is to provide pertinent geoacoustical data. The purpose of the work 
is to evaluate the state of the art in this field, connecting in situ sedimentological measurement and acoustical 
modeling aspects. According to sonar systems frequency ranges and to the kind of needs, the measurement in 
terms of sedimentological data is different. Parametrisation requirements are investigated for both propagation 
and reverberation models. We propose to translate differently the survey knowledge, of a cal[brate zone, versus 
frequency to provide different parameter bottom sets to the users. We dtscuss the lack of avarlability of some of 
this parameters. 

1. Introduction 
We focus in that present work on the sea bed environment aspects and on the sonar acoushcs aspects. For numerous 
maritime achvities like fishing, resource development, mine burial and securlty of navigat~on, sed~mentology IS more 
specifically approached in terms of sea floor mapping; subbottom profiling 1s used tor cables and plpellne laylng, marine 
engineering, security research, ... . So, most of the sedimentary applications have dual utility - military and civilian. 
Geoacoustical modelling, for ASW operation, takes into account most of the previous input It also contnbutes to 
understand acoustics in sediments to the analysis of geophysical systems and concerns all the sea bed characterlsation or 
classification systems 
Sedimentology and acoustrc are closely Ilnked, the acoustical data obtained durlng surveys IS transformed In 
sedimentologlcal parameters, then the process is Inverted to glve products sulted to the beam angle and frequency of all 
kinds of sonar Between all of the geological parameters: scaling of horizontal and vertlcal var~abll~ty, heterogeneousness of 
sediments, sea bed roughness, influence of gas or bioclastes, wide range of rocks, whlch are the most Important for 
acoustical modelllng7 What effect do they have on lmages or selsmic systems data? And whlch roughness of sea bed 
interfaces is needed? 
First chapter concerns mostly sedimentological survey, measurement techn~ques and storage from large to very small 
regional scales. Sonar equatlon involves transmiss~on loss and reverberation level. That terms contents reflection, scattering 
mechanisms, which are themselves strongly dependent of the bottom characteristics. We will develop that acoustical part In 
part two. Third part IS devoted to an application. A recent calibrated area has been surveyed In Bay of Blscay We propose 
to translate differently the survey knowledge versus frequency to provide different parameter bottom sets to the users and 
investigate their impact on sonar prediction. 

2. Sedimentology 
Sedimentological surveys are done with acoustical (imagery and seismic) and graded systems (samples, photographs). 
Since the sixties shallow water side scan sonar lmages are used in hydrography for seeking wrecks and dangerous 
obstructions. For sedimentological purposes, these data enable to differentiate rocky areas, limits of coarse and fine 
sediment, and sediment features. Many numerrcal processing were studied, they give nearly good results for textural 
characterisation (roughness) but not for grain size classification due to its unadapted high frequency (100 kHz or higher). 
With 10 to 20 kHz frequency, deep water multibeam echo sounder data are well done for sea bed characterisation [I] .  In 
shallow water these multibeam systems have 100 kHz or more frequency, so they probably present the same limlts as side 
scan sonar images with a less precision. All of these systems give morpho-sediments charts, but on the continental shelf, at 
100 kHz or higher, side scan sonar received are modified by turbidity layers above the sea bonom, organic activ~ties, 
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bioclastic proportion, sea bed roughness and sorting of sediments of surface. Multispectral satellite images and 
photogrammetric plotting carried out rapid assessment of clear water coastal field. In French Polynesia, radiometric data 
;how variability up to 20  meters. On European continental shelf, these remote sensing systems provide sea bed information 
just from the beach to the slightly immerged zone (3 - 5 meter depth). 
For subbottom knowledge, numerous systems could be used from some hertz for intra-crustal studies to some kHz for 
accurate description of the first tenth of meters. Numerical processing of the 3.5 kHz received signal, obtained with DELPH 
system on the hydrographic French vessels, could be used to calculate sediment type and geoacoustical parameters. The 
development of these studies complete the sediment thickness measure usually done with subbottom profiler. Questions on 
the necessary depth in sediment and accuracy needed are asked, so does the 3.5 kHz subbottom profiler give parameters 
needed for acoustical modelling? 
Accurate topographic representation of sea floor contributes to the understanding of sediment distribution. The echo 
sounder used for bathymetric surveys could also be a source of data when the backscattering signal is processed. This signal 
processing, with systems like RoxAnn, characterise the sea bed and give parameters such as hardness and roughness 
(RoxAnn) or classified the sediment type, .... These methods offer several advantages : the real time results could be rapidly 
used for a broad spectrum of needs, the frequency could be chosen in accordance with the application. With a 33 kHz echo- 
sounder data are not modified by superficial turbidity, but it has the disadvantage of furnishing, in muddy and silty 
sediments, parameters which are the mean of the first decimetres of sediments. 
All of the acoustic, photographic and radiometric data must be calibrated with samples. This bottom truth gives the name of 
the sediment. The quantification of various fractions, by dry sifting or laser diffraction particle sizing, enables the 
processing of sedimentological parameters as median, mean grain size, sorting and skewness. Carbonate determination 
completes these analysis. Spot samplings on cores are necessary to calibrate seismic profiles, the same parameters are 
obtained to construct a log of subbottom structures. These unequivocally reflect the deposition processes which laid down 
the sediment. 
Density and celerity could be in-situ measured to have sedimentary and physical accurate data. In general, when cores aren't 
disturbed these parameters are measured in laboratory; in the other cases and for grab samples they are calculated with 
Hamilton and Bachman formulas. The comparison between these results proved that experiments and comparison must be 
done to improve the calculation method. The mean grain size don't give the real representation of the collection of particles 
which compose a sediment. The using of more sedimentological parameters (mean + sorting + skewness) depth and 
chemical parameters (carbonate and gas contents) would be better to improve density and celerity values. For roughness 
classification, RoxAnn, side scan sonar or echo sounder data must be calibrated with underwater video or photography. 
Some of these sedimentary systems could not be used for every surveys. The aim of video and in-situ acquiring of acoustic 
parameters is to study the sedimentary-acoustic relationship and to obtain more accurate formulas. 

2.1 From region to sediment 

With the tectonic subsidence (when the sediment causes isostatic depression of the crust) sedimentary basins with some 
kilometres thick sedimentary sequences were built. The lack of subsidence since the Palaeogene. or earlier in some parts, 
have transformed the Channel and Bay of Biscay sedimentary basins in platform with soft sediment overlying different 
kinds of rocks. So, in view of the question set down, these zones are interesting to test acoustical modelling. Various kinds 
of sediments covered this continental shelf of the west of France, these bioclastic material mostly Holocene in age 
progressively contaminates ante Holocene lithoclastic relict deposits . The coarse lithoclastic material mainly result from 
frost shattering and solifluction during the Quaternary regressive stages. The distribution of the material is controlled by 
tidal currents in the open sea and swell close to the coast. From high energy areas to the minimum energy level - the wave 
base is from 6 m in the east Channel to 70 m in Celtic sea and in the Bay of Biscay - a sedimentary succession of 
decreasing grain size are thus observed. So as Larsonneur demonstrated [2] a sedimentary model which describe 
equilibrium between sediment distribution and hydrodynamic conditions can be mapped on a basin scale. 
At sea, observations are different, they show higher precision offered by acoustic systems. Seaweeds, wrecks or local rock 
outcrops change environmental conditions, sand ribbons and other sand structures could be created downstream. In some 
muddy zones, sixty meters large pock marks, shown on side scan sonar sonographs, comin'g from gas. Thickness varying 
locally with sand structures and palaeo-rivers where 50 m of alluvium formations could be observed. With photographs or 
video images we see that roughness coming from small sand ridges, boulders and biological activity, is too small for side 
scan sonar and too large for samplings. The finer accurate data base obtained represent the primary source of information 
needed to support all of the different applications. The data processing of acoustic and samples are used to realise, with 
each kind of systems, maps at the scale of the survey (mosaics, isopach map, ...). The third product is a 3D sedimentary 
representation that we will develop during the next few years. 
During the last 30 years, more than 20 000 samples were taken on the west of France continental platform. The whole 
granulometric range is represented from boulders and shingles to colloidal muddy particles. Well sorted sediments are the 
less represented. The mixing of ante-Holocene material, redistributed during the last transgression, with organogenic 
material give all kind of very poorly sorted. The sedimentary model is less accurate than surveyed data, but it could be 
sufficient for acoustical modelling, in the other case acquisition and data banking must be increased. 



3. Acoustics 
In this chapter, we suggest to split main mechanisms involved in four steps. Each step IS a filter lncludlng modelisation, our 
misknowledge, and is designed to be compatible w~th  the others filters. 

1. Sedimentological survey. This point has been treated yet in the prevlous chapter. Sonar involve usually 
lower frequencies and lower grazing angles than sedimentological survey. So, a good knowledge of the whole 
problem is actually necessary to deal with seabed characterizat~on and to design new instruments devoted to 
purely acoustical problems if necessary. 

2. Parameters. Which geoacoustical parameters are necessary to describe the bottom and how calculate their 
values. Special attention is required to estimate thickness and accuracy of geoacoustical parameters given 
sonar constraints. 

3.  Local models. These models describe the physical interaction of acoustical waves with the bottom. They are 
the main part of the transfer function because they fix the parameters needing and limit the future acoustical 
impact study. 

4. Global models. They are propagation and reverberation models. They are used to predict sonar 
performances. They have to manage with all kinds of constraints like water speed profile, sea surface 
state ... In that context, shallow water and bottom's effect in shallow water are one of the numerous constraints 
to handle with and it is therefore ur;ually necessary to simplify that problem. Such a simplification adds 
limitations to impact studies. 

3.1 Parametrisation 
Geoacoustic parameters depend on the local modelisation that will be used for the global modelisation. Usually we 

distinguish between reflection and scattering parameters. Reflection mainly depends on impedance. Impedance depends on 
speed, attenuation, and density of the medium. A reflection medium parametrisation is then oftenly given by 5 parameters : 
Compressional speed Cp, Shear speed Cs, Compressional attenuation Atp, Shear attenuation Cs and density p. Because it is 
hard to measure these parameters in laboratory (core needed, real in-situ conditions...), they are often calculated by 
empirical geoacoustical Hamilton relations. Actually, we often miss in situ calibration to be sure of our values. These 
values depend strongly on the in situ configuration as compaction for shear waves velocity for example. Parameters 
calculation depend on the frequency as well, dependence which is often discussed. Finally, as we will see later, substratum 
values are very important to estimate the reflection at low frequency (100Hz) and we seldom get in situ information about 
this. Reflection parameters usually used are: 

Scattering parameters depends as well on the local modelisation [3]. They generally split the problem on an interfacial 
rugosity and subfacial inhomogeneities but neglect the sediment stratification.They need parameters like micro-scale slopes 
or correlation length of inhomogeneities which are highly variables. They are related with frequency, and grazing angles 
and so very hard to estimate. In situ lack of data is a problem not only for sonar prediction but to calibrate sedimentological 
instruments as well. We present below an example of that kind of parameters [4]. To avoid such a complexity, scattering is 
sometimes described by the Lambert law characterized by one parameter only: R(0,0') = w.sin(0). sin(0') where 0 and 0' 
are respectively incident and reflected grazing angles and 

1 silt I sand 1 rock 
Lambert's law others come from Pouliquen [4]. 6 is the rms sediment 
slope. hli the rms height of the rugosity and ~i the volume 

!J (dB) 
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, h~i (cm) 
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3.2 Local models 
Local models treat of physical mechanisms of interaction between bottom and acoustical wave. Because they imply 
different mechanisms, it is easier to distinguish between reflection and scattering models. 
Reflection coefficient 
It is the ratio of the bottom reflected intensity by the incident intensity. Sea bed is ~nodelised by a homogeneously stratified 
medium. R(B) is then calculated applying the boundary conditions between different mediums.When the bottom is an 
infinite medium, it is characterized by a critical angle proportional to the ratio of the both mediums compressional speed 
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Cp2JCpl below which R =l. Actually, shear speed and attenuation generate reflect~on loss even below critical angle. When 
the modelisation of the stratification is more complicated, new phenomena appear such as frequency dependence, surface 
waves or shear waves resonance. It is important to notice that we focus on the low grazing angles. Those concern the 
propagation at long ranges because others are too attenuated. As we can see on the below figures, behawor at low and high 
grazing angle are very different . 
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values are from Pouliquen 141. We see that mgosity watering is 
predominant for rock and near normal incidence. inhomogeneities effect 
is stronger at high incidence angles. 

Reflexion coefficient versus frequency and grazing angle. The 
configuration is H =Im of solid silt over a granit substrat. An 
important loss at low w i n g  angle is due to shear resonance 
and to surface waves. Cp is sediment compressional speed. I - -- 

Scattering 
The scattering coefficient is defined by R(0,O') like the reflection coefficient but involving non specular reflections. 
Various theories are possible to calculate R(0.0'). Because of the high number of parameters needed, they often suffer from 
a lack of in situ validation and calibration. It is the reason why we won't say a lot about ~t on the forward application. 
Helmoltz Kirchhoff or Rayleigh Fourier theories applies for a smooth n roughness. Both of them are generally used for 
deterministic or measured interfaces. Unfortunately, it is seldom the case in practice. Some recent developments [5] modify 
Lambert's law near specular direction. That kind of scattering lobes calculation is used in transmission loss global models. 
Modelling mixing interfacial rugosity and inhomogeneities are often found in literature [3]. They are useful for multibeam 
echosounder measurements for example. 

3.3 Global models 

Transmission problems 
Shallow water bottom propagation problem is involved with reflection, scattering and bathymetric aspects. But it main 
characteristic is that it is a low grazing angles problem. So, local models must be especially accurate at this angles. Most of 
waves models can handle with reflection phenomena but not with scattering ones. This is mainly due to the complicated 
boundary condition that scattering generates. An other point to focus on is that few of them can handle with a varying 
medium. Unfortunately, it is often the ground truth. It is what we will partially answer in the next chapter investigating a 
varying calibrated zone. 
Reverberation problems 
It involves same constraints as for propagation modeling but it is now imperative to add the bistatic scattering effect. To 
simplify our explanation, we follow a geometrical approach as usually done. We proceed as for a classical ray models and 
each bottom reflected ray is directly backscattered to the receptor and time ray path stored. Reverberation level at a given 
time is the contribution of all simultaneously receptor arriving backscattered rays. The scattering law used in the below 
figure is a Lambert's law. 



Bottom param&eIs involved in some propagation models 
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Transmission problem 

....................................................... 
Reverberation problem 

:Reverberation level versus time. Calculated by 
. . .  rays theory with an isovelocity water of 100m.F = 

SkHz. Zr=Zr = 50m. hmhert  values for rock and 
sand are respectively 18dB and 31dB. Specular 
reflexion coefficients are laspect~vely those of 
limestone and sand. We see the strong effect of 
2kms of surficial rock on a sandy sea bed radiale. 

........................................................ 

4. Application 
A calibrated zone was determined for testing acoustical modelling on real sedimentological data. So, we chose a deep near 
homogeneous flat zone on the sedimentological map of the Bay of Biscay. The depth of the 60 km long and 15 krn wide 
area surveyed are from 130 to 144 meters. Sedimentological mapping at scale 1/40 000 was done with all of the systems 
previously 
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The side scan sonar morpho-sediment map reveal: - flat rock spots of several hectometres, we see on the bottom of one core 
that it is an eroded shelly Ilmestone, - patchy llght shade (fine sed~ment) coverlng the bottom hor~zon, - the maln part of the 
zone IS covered by dark grey shade, the cores show that ~t IS b~o-lithoclast~c medlum sands 
With the subbottom profiler different strata were define and an isopach map was done. The substratum 1s undoubtedly rock 
In the southern part of the zone, but In the north w~thout any bottom truth the deeper reflector could be a coarse sedlment or 
rock. 
A synthetic 48 km long cross sectlon was done with all data as shown In the following figure It reveals a regressive 
succession - a coastal unlt, probably beach bars of shelly gravel, were progressively covered by medlum sand when the 
shoreline moved, wlth the Increasing depth finer sand were deposited. The th~n  top layer of fine sand patches could be 
affected by storm waves 
Each point of the radlal 1s described by a complete stratlficatlon lncludlng thickness ot each sedlment class We make an 
Impact study of such a variablllty on acoustical propagation We follow the same methodology as In the precedent chapter 
We focus on the different approximations to do versus frequency. We chose 3 frequenc~es IOOHz, lkHz and IOkHz whtch 
scan the whole sonar ranglng 

4.1 Parameters 

The fifteen cores analysed contain different sediments, from bioclastic gravel to silty muddy sands. The folloa ling results of 
mean values ar 

Density was measured In laboratory, compressional celerity was estimated with Hamilton formulas which take into account 
density (measures must be done during the next months with a core logger). Attenuation has been estimated from tab1 and 
shear sediment waves been ignored because we don't have any information on their actual values and because they are of 
few interest for that present study. We remark a quite high value of Cp for sediment classes. Because we don't have any 
measured scattering parameters, we choose to simplify them using a Lambert law fitting with values found in literature for 
such sediment at IOkHz only. 

...................................................................... 
!Backscattering index for 4 sediment classes at IOkHz. As we 
jdon't have any in situ indication on the scattering parameter 
Iclass, we choose to fit a lambert law with that data. We then 
:find = 21.5,21,20 and 19 dB. Angular dependency doen't 
;follow a lambert law but we impose the fit in the 20-40" 
:grazing angles. We will make the reverberation impact study 
fwith this values. 



100 Hz 
Final representation of the .;tratificatlon for 100Hz and IOkHz Because of their local reflexion 10s.; piopeltlr.;, they are quite different 
and will he used for wntlng the Input envlronemental data file for global propagation loss 

4.2 Local modelisation 

Reflection 
With such a radial, we calculate every reflection coefficient with SAFARI [6]. As expected, we observe a strong rock 
impact for the 3 frequencies. 

At 100Hz, the variability is quite important. R(8)  is rather sensible with sediment thickness but few with it 
Cp value. The main phenomenon is surface waves conditioned by sediment thickness and Cs substratum 
value. We modeled the stratification at l00Hz as a sand of thickness H over a limestone substratum. 
Calculations gave exactly the same result as for the complete original stratification. We focus on the lack of 
information we have about Cs substratum value. It could vary between 1500 and 1700 m/s and even probably 
more. This is a very important point to check in order to predict transmission loss . 
At lkHz,  variability is less important. R(0) is few sensitive to the substratum except when sediment 
thickness is very little. Then, a similar phenomenon as before, generates a reflection loss. R(0) is involved 
with the whole sediment stratification. Here, it is mainly dealt with the critical angle due to the superficial 
sediment because of the quite low contrasted sediment stratification. It is better to modelise the stratification 
by a simple superficial sediment than by a depth-averaged one. 

At IOOkHz, penetration at such low grazing angles is very few, and it appeared very convenient to modelise stratification by 
an infinite sediment corresponding to the superficial one as shown in the following figure. 
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4.3 Global impact 
It is then possible to give an input environmental data file to deal with propagation models.Few of usual wave propagation 
models allows us to handle with such a variable stratified bottom.We made simulations at respectively l00Hz and I kHz. 

At IkHz, W e  made simulations with FEPE [7], parabolic equations, with the l0kHz environmental data file, 
except the under laying rock which is changed by a superficial limestone. It is then possible to avoid 
stratification problems due to parabolic equation modeling. We made 3 simulations. One with the whole data 
set, one with the bottom's data set but with a flat bottom, and one with a homogeneously stratified flat 

sediment I 

sediment 2 

sediment N 

subswr 

real stratification I I I 100 Hz 10 kHz 
Uiferenl sunplltlcation ot the stratit~cation versus the used trequency. l WHz 
mainly depends on the sediment thickness over a well defined substrat. 
IOkHz only depends on the surticial sediment 

above left :reflexion loss variations with sediment thickness of 0 and 5 meters, Cs shear speed of limestone at 1500 mls or 1600 mls. below 
leftreflexion loss for core Nro5's stratification. IOOHz's one is drived by substrat shear speed (l60Omls). Ikhz's one by sand's critical angle and 
IOkHz's one by the very thin silt superficial sediment. 

K05hc 
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bottom. For the last one, geoacoustic parameters are those of an averaged sediment over all the radial. 
At IOOHz, we can't deal w ~ t h  parabol~c equations because of the strat~fied bottom's constraint So, we must reduce the 
complex~ty and focus on what 1s the most ~rnportant, accord~ng to us As we s a d  betore, a very ~mportant variation of 
reflect~on loss 1s due to Cs, shear speed of the Ilmestone. So we make two slmulat~ons, one wlth an homogeneous flat 
bottom wth  an averaged th~ckness of sand (3m) overlay~ng a substratum w~th Cs=1500m/s, and 1700m/s We calculated 
transmlsslon loss w ~ t h  the normal modes code KRAKENC [8] - . - -- - 

& s 
- - 

I -  - -- 
1100 Hz * -  

At IkHz, we make coherent loss calculations. We use a low filter to diminish interference effects and show 
difference in dB between the real and the simplified medium. There is no difference between a flat bottom 
and the true bathymetry. The difference increases slowly versus distance. Nevertheless, it is quite a low 
difference considering all ours environmental misknowledge. 

At 100Hz, the difference is stronger even at quite small distance. It tends to prove that sediment thickness 
and substratum shear speed can't be neglected even at small regional scales. It is necessary to map more 
accurately this parameters in order to improve passive sonar prediction. 

5. Summary 
Mixing sedimentological survey and acoustical modelling is a necessity to provide a performant acoustical survey and to 
predict sonar performances. Working on such a calibrated area is very useful to show the complexity of that problem and to 
enlight some important points. In all cases, multicriteria approach with imagery, seismic systems, in situ measurement, must 
be coupled with data bases to characterize the bottom truth and discussed the validity of geoacoustical relations. 
Survey major problem is the lack of in-situ measurements to get a ground truth. Rugosity is then a recurrent problem which 

could be diminished by photography. Parameters quantification is mainly done by Hamilton's relations. But some of them 
remain still badly known ( shear speed or attenuation ) and others totally unknown like substratum shear speed. Some 
attempts to classify rugosity sediment parameters remain incertain according to us. Complexity of local scattering modeling 
add further to the difficulty of calculating scattering lobes. Wave propagation models show their limitations when they have 
to handle with a complex varying ground truth. Nevertheless, it seems that usual approximations as considering a 
homogeneous bottom on such a small regional scale and homogeneous medium may be quite enough accurate (at medium 
frequency). It's not the same at lower frequencies where strong bottom interactions can occurs. 
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Abstract - 
The main bottom scattering theories are described in their bistatic formulation: composite-roughness, and 

volume scattering. Several applications are proposed. One of the main concerns is to check the mono- and bi- 
sfaf ic  Lambert rule: it  is shown to  which extent the models can bring some improvement. Another concern is the 
use of the expressions of the complex scattered pressure for statistical simulation and analysis purposes. 

1. Introduction 
Empirical models g o  on being used currently in underwater acoustics to calculate the reverberation. The 
classical Mackenzie (or Lambert) formula still holds, and propagation softwares have included it, combined with 
a correction for high grazing angles that is derived from the specular reflection theory [I] .  Concurrently to the 
empirical approach, the theoretical one has given rise to some formulations that are now well-known; they have 
been applied since some years for comparison to experimental backscattering strengths measurements. The two 
most known of them will retain our attention: the composite-roughness theory for bottom topography scattering, 
and the first order scattering theory to treat the effect of the upper sediment volume. They are presented here, in 
their general bistatic form. The expressions of the scattered complex pressure, and then the scattering strength 
are given. The definition of their validity domains is important but is only summarised here. Some various 
applications are proposed. As a test, fittings with backscattering measurements are shown. Some aspects of the 
bistatic behaviour are studied to check the Lambert rule. Finally some simulations of temporal scattered signals 
show that not only the scattering strength, but also the complex pressure itself, can be an interesting. 

2. Theory 
Let an acoustic harmonic plane wave impinge on the sea floor, with frequency f, grazing angle e l ,  and azimut cp. 
The water has a density p,  and a sound speed c l ,  the sediment is supposed fluid, with mean density p2. mean 
sound speed c,, and mean attenuation a. Let p = p z / p l ,  no = cl  /cZ, and r~ = no + ip (complex refraction index). 
The attenuation a is usually given in dB per wave length, and one has: P = a In I 0  /40rr. 

This wave splits in two parts. One part is reflected by the sea-bottom interface, the other is transmitted into 
the sediment. If the interface is perfectly plane and the sub-bottom perfectly homogeneous, reflected and 
transmitted waves are plane waves; their reflection and transmission coefficients are r.espectively: 

2p sin 0 v ( e ,  j = w ( e ,  ) - I  ; w ( e ) =  
p s i n ~ + . I X Z G  

If the interface exhibits some roughness or ondulations, scattering appears, which affect the reflected wave. If 
the sediment floor is not homogeneous, the transmitted wave scatters and part of it is returned into water. The 
first scattering will be named " interface scattering ", the second, " (sediment) - volume scattering ". 

The geometry of the problem (figure 1) involves the following notations: 
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Incident and scattered unit vectors: iil and E2 ; incident wave vector: k ,  its horizontal component c1 = k cose l .  

Bistatic wave vector: If = k ( Z l  -ii2 ) ; its horizontal and vertical component: wand j ; bistatic angle yr. 
Hereafter, expressions of the complex scattered pressure p, are derrved for the rnterface and volume effects, 

and expressions of the scattering coefficient m, therefrom. The near-vert~cal grazing angles are not considered 
here. The frequency domaln of val~dity should be about 1 to 100 kHz. 

The scattering coefficient m, is defined per bottom unit surface, even for the volume effect, and the classical 
bottom scattering strength is: BSS = 10 log(m,). 

4'z 

Receiver 

Source 
7 

Figure 1. Geometry 

2.1 Interface scattering. 

2.1. I Scattered pressure 
The small-perturbation method is applied. Instead of using Kuo's developments [ 2 ] ,  it is more straightforward to 
follow those of Brekhovskikh-Lysanov 131. They have solved the problem for the sea-surface scattering, but the 
method is extensible to the bottom scattering, by taking in account the boundary condition of pressure and sound 
speed continuity at the interface: 

The pressures and their normal derivatives are developed up to the first order of the surface height < and ~ t s  
spatial derivatives. It is assumed that the total pressure is: pl = P O , ,  +pF,,  , where j = I in water, 2 in sediment. 
po,, is the plane wave pressure obtained w ~ t h  the mean plane interface; p , ,  is the scattered wave pressure. 
Equations (2) become: 

where 9 ,  is the horizontal gradient. Let z = < ( F )  be the interface topography equation, and A(K) it's spatial 
Fourier transform: 

~ i ) = j j ~ ( i ) e r ~ ( i i . i ) d i  

The scattered pressures in the water is sought as a plane waves integral: 

p , T , j ( R ) = ~ ~ ~ ( i ) ~ j ( i ) e ~ P [ i ( ~ o + ~ ) . i + i c j  r ] d i  , j = 1. 2 

with: 

Reporting (4) in (3) yields for j=l [3]: 

with: 



2.1.2 Scattering strength 
To obtain the scattering coefficient, a random topography is supposed, whose spatial spectrum G is defined by: 

6 ( i i - ? ) C ( i i ) = ( ~ ( c )  ~ * ( c ' ) )  

Following again Brekhovskikh-Lysanov method, the scattering coefficient is found to be: 

r n ,  = k 2  sin2 0 f l ( K )  ~ ; ( K ) G ( K )  

(*: complex conjugate). 
As particular cases, (6) leads easily to the sea-surface bistatic scattering strength [5]: 

rn, = 4 k 4  sin2 0 sin2 e l  G ( c )  

or the sea-bottom back-scatter~ng strength [2] [6] which is (6) with 0 = 0 ,  and K = 2k cost? and: 

( p - ~ ) 2  cos2 o + ~ ~  - n 2  
FI = 2 sin 8 

2.2 Volume scattering 
The volume inhomogeneities are spatial variations Ap and Ac of the mean density pz and sound speed cz 

2.2.1 Scattered pressure 
With a plane incident wave, the total pressure obeys the equation [ 7 ] :  

Provided that Ap << p2 and Ac << cz, the simple scattering or Born approximation holds. and one may 
replace p by the incident pressure p, in (8). Since one expect that volume scattering should be important only for 
grazing angles greater than the critical angle of the sediment, the evanescent wave 181 may not be taken in 
account. 

'JM 

Figure 2. Geometry for volume scattering. 

The scattered pressure is therefore: 

where 

is the Green function between the current scattering point M and the receiver R (figure 2). Qlk is the complex 
travel between M and R. Here it is assumed that the interface is in the farfield of the scattering point M; this 
may be somewhat coarse, but useful to carry on easy calculations. It is supposed moreover that the volume may 
be splitted into volumes of dimensions bigger than the wavelength but smaller that the attenuation length (which 
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is a little bit coarse too). 

and so on for Gpy and Gpr. The coefficients are: 

Thls expresslon IS Interesting for slrnulat~on, because G, and Gp are the Fourler transforms of the volume 
fluctuatlons, so  one may s~mulate samples of volume fluctuat~ons and calculate the FFT to obtaln dlrectly the 
complex pressure More stra~ghtforward, ~f one knows the mean spatlal power spectrum. the sampl~ng may be 
made d~rectly on the Fourier transform values, avoldlng the FFT, and so the s ~ m u l a t ~ o n  1s made wlth an 
analytical formula 

2.2.2 Scattering strength 
From (9) one finds the bottom scattering coefficient [4] (per unit of surface): 

where m, is the sediment volumic scattering coefficient (that is, per unit of volume): 

m, = 2 n k 4  p 2  ~ ( 2 )  

p is the volume fluctuation: 

and it will be supposed that o, = 30, [9]. Here, G is a normalised spectrum. 

2.3 Highlight points. 
In (9), some deterministic functions may be used. The following: 

N ( x - x i  j2 ( Y - y i  )2 ( z - z ~  j2 Ac(x, y , z ) =  zaci exp 2 
i=l YOi 

may simulate an ensemble of N highlight points centered at (x,, y,, z,) if the characteristic d~menslons xo, , yo, 
and zo, are small compared with the signal duration. It lead to a relatively simple analytical expresslon of the 
complex scattered pressure (for one point): 

with: 

and a, b, c ,  6 given in (13). 

2.4 Spatial spectra 
The following formula is proposed: 

containing a "characteristic " wavelength A. = 2 x /  KO , and a " spectral slope" h. This formula is often 

reduced to: C ( K ) =  A K - ~ .  The volume inhomogeneity spectrum is G ( Z ) =  G ~ ( ? ) G ~ ( Y ) .  where GH and Gv 



are the horizontal and vertical components, having the same expression as (17), so, with a horizontal and a 
vertical characteristic wavelength (resp. A. and 5,). and a horizontal and a vertical spectral slope (resp. h and 
v). As an example, the experimental vertical spectrum of the figure 1 in [9] is best fitted with 20 = 15 cm. 

3. Applications 

3.1 Fitting to experiments 
We intended to show some comparisons between the above scattering strength formulae and a panel of 

published experimental results, but the data bas~s  IS not yet available; only very few are dlg~tlzed, and only from 
deep sea bottoms (but one may hope that the physics of the phenomena do not depend on the water depth). 
However, some trials may be attempted and are interesting to comment. A particularly drastlc example 1s given 
in figure 3, extracted from Hines and Barry [lo],  frequencies 2 and 2.3 kHz; ~t exhlbits a strong peak at a 
grazing angle of about 15 degrees. Such peaks appear sometimes [ I  11 [12], but not so hard The Lambert rule 
fits these data with a standard deviation of about 6 dB. Use of (6) or (14) should be much better Anyway, this 
kind of peak is the signature of an interface effect. The sound speed and density are fixed In the model to 1600 
mls and 1.64, as proposed by the authors. The best fit is obtained by the Interface effect, wlth h = 4 and Ao = 0.4 
m (which leads to a RMS roughness of 0.14 cm); for 9 < 15 degrees, the compos~te-roughness model IS used, 
and the best fit is obtained with a RMS long-wave slope of 5 degrees. The deviation between the model and the 
data is 1.2 dB. The attenuation has been fixed to 0.3 dB per wavelength; fittlng would have been stdl better with 
lower values. 

These measurements have been done at 5 frequencies. Retaining four of them (0.9, 1.2, 2, 2.3 kHz) leads to 
the following fit: no characteristic wavelength, h = 5 (slight decrease with frequency), deviation 2.2 dB. 

In the same paper, there is another case which now could be characteristic of a dominating volume effect. In 
figure 4, the particular behaviour around the critlcal angle is correctly fitted by a volume scattering with spectral 
slopes h = 3 and v = 2, a wavelength & = 1.5 m, and a mean fluctuation cr, = 16 mls; mean velocity and density 
are fixed to 1700 mls and 1.9, as suggested by the authors; the deviation is 1.3 dB. Obviously, the best fit of the 
interface effect do not follow at all the behaviour of the experimental values, and its deviation is 3.8 dB, worse 
than the Lambert rule fit (2.6 dB). A better interface fit can be obtained, with a deviation of 1.8 dB, but with a 
mean velocity of near 1900 m/s, which is too far from the announced value to be retained. Curiously, in this 
case, the volume effect seems to dominate I)  even at subcritical angles, 2) even without taking the evanescent 
wave in account, and 3) even with a plane wave formula which is quite approximative for near- and sub-critical 
angles (see [a]). So one must not be too affirmative about the interpretation of this case. 

grazing angk, degree* grazing angk, degrees 

Figure 3. Points: experimental values [ I0  A]. Solid line: best fit of (8) on angles > I I deg.. Dashed: best fit 
of composite-roughness on angles < 15 deg. 

Figure 4. Points: experimental values [ l o  B]. Solid lines: best fits of (8) and (14) on angles > 10 deg. 

3.2 Bistatic behavior: Does Lambert rule work well? 
Since one is far from being ready to feed the theoretical models with the good parameters values in every 
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world's sea, empirical rules such as Lambert's one, even well-corrected near the vertical [I], may stay useful for 
a while. The bistatic Lambert rule is: 

BSS = pO + 10log(sineI s ine)  (20) 

We have just seen some cases, and especially in figure 3, which are far from a sin2 e l  behaviour; these are 
rather uncommon, and on other hand, many authors have pointed out the relative validity of this rule (less 
authors tend towards the " Lommel-Zeeliger " rule). 
It is easy to compare the rule to the above models, by dividing (6) or (14) by the product sinel s i n e ,  leading 
directly to the value of the " Lambert parameter" p+ Since (20) imply no azlmut varlatlon, ~t IS lnterestlng to 
look for example at a grazing-azimut representation. Figures 5 and 6 show the Lambert parameter for the 
following typical case: 81 = 40 degrees; ct = I dBIwavelength; p = 1.8; A of (19) = 0.004; f = 1 kHz. For figure 
5 (~nterface effect): h = 3.5. For figure 6 (volume effect): Zo = 0.3 wavelength, A. = I0 Zo, mean Ac = 30 mls; 
h = 3, v = 2. These cases have a rather strong critical angle effect. Nevertheless, there ex~sts large angular 
domains where the parameter does not diverge too much from a constant; ~t does d~verge, partlculariy in very 
forward scattering, or at very low grazing angles. But note that at low grazlng angles, generally an lntegratlon of 
either (6) or (14) with respect to the local slopes distribution has for effect to Increase the scatter~ng coefflcrent 
and bring it near a Lambert one (as in figure 3). 

The mean Lambert parameter and ~ t s  standard deviation have been computed for azlmuts between 90 and 180 
degree (whole " backward direction "), and grazing angles between 5 and 60 degrees (apart from the very low 
angles, and the specular effect). They are reported in Table 1 for some varlous cases. The Interface spectral 
slope is 4, its amplitude 0.004. The volume parameters are the same as above. 

azrmut, d e g .  

Figure 5. Contour lines of Lambert param, for (6) 

azimut, deg. 

Figure 6. Id, for (14) 



case mean it,, (dB> clcvirttion 
(ti 13 ) 

p = 1.5; B = 40 deg; [e. cpl graph; interface effect -30.5 0.61 

p = 1.8; id. -23.6 1.18 

p = 1.5; 0 = 10 deg; [B, cpl graph; interface effect -29.2 0.75 

p = 1.8: id. -20.8 1.56 
- -- - 

p = 1.8; cp = 180 deg; [BI, 01 graph; interface effect 

cp = 90 deg; id. -2 1.4 1.26 

p = 1.5; 81 = 40 deg; [B, cp] graph; volume effect -26.3 0.77 

p = 1.8; id. -27.8 1.87 

p = 1.5; cp = 180 deg; [el. 01 graph; volume effect -26.7 0.58 

p = 1.8; id. -28.7 1.82 

Table 1. Lambert parameter fit for typical cases. 90  < cp <I80  deg. 5 < 0 and 01 < 60 deg. 

It appears that the deviation is never strong for most practical cases. It is clear that for soft sediments (no or 
very small critical angle) the Lambert rule works better than for sediments exhibiting a critical angle behaviour, 
and this, for both interface and volume effects. 

As a conclusion for $8 3.1 and 3.2, Lambert rule has some validity for soft sediments, preferably with no 
critical angle - which is not so  uncommon. On the contrary, one should be cautious in using it on hard 
sediments, and prefer to apply the theoretical formulae, even with common typical values fo the parameters if 
the real ones are not known. 

3.3 Simulation of temporal signals 
The expressions of the scattered complex pressure (4) and (10) or (18) can be used to simulate temporal 

signals, by sampling the formulae in a given bandwidth, and inverse Fourier transform. To show this capability, 
an example is presented. Signals can be simulated with various statistical distributions. Some volume 
backscattered signals are computed in a typical high-frequency case [13]: linear modulated frequency 10-25 
kHz, pulse duration 1 ms; range 1 I m; insonified area 3 m long; refraction index 1; since we have not still 
analysed the density derivative statistics, only the velocity spectrum G, is sampled in (10). with the hypothesis 
of gaussian or exponential correlation. Due to computer memory limitations, the volume is divided in sub- 
volumes of 12g3 points. 

Adding some highlight points to this volume, one expects to obtain for example a log-normal signal 
distribution.These points are simulated with (18) using x,, = yo = zo = 1.5 cm, Ac with a gaussian distribution, 

N ratio o, of (18) to o, of (12) = rc, filling rate rf =x, noiyoizoi / V  (V: insonified sediment volume). The I=] 
capability of simulation with only a combination of highlight points is also tested, by varying the filling rate, the 
statistical distribution of the points dimensions (2"). and the distribution of Ac. Table 1 shows some statistical 
results. The temporal signals are matched-filtered, square-detected and integrated with constant 1115 ms. Some 
statistical tests (Kolmogorov-Smirnov and XZ) are performed to check exponential and log-normal distributions, 
as  in [13]. The value of the best-fitted log-normal parameter is indicated. The tests are applied to series of 8 
recurrences of 4 ms, that is, about 480 independant samples. 

Gaussian or exponential volumes do not really lead to gaussian signals (exponential after integration). but the 
difference between exponential and log-normal fits are not so strong as it seems, since the xZ test is very severe. 
As expected, one can simulate really log-normal behaviours by adding some highlight points. This behaviour 
increases by diminishing the filling rate (the number of echoes), or by increasing the mean echo level (rc). By 
this way one can obtain signals which looks like real ones [13], and moreover, with good values of the 
parameter (6 comprised between 0.8 and 0.9). 

But another interesting conclusion is that one can obtain about the same results only with highlight points, 
without simulating the whole volume: the table shows one example where the highlight points lead to a signal 
gaussian even for the x2 test, and another example following a log-normal distribution with a correct value of 6 
(and, alas, a poor probability of the XZ test - but sometimes real signals are not best). And this is interesting for 
by this way there is no need of huge computer memory. 
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Kollno. c h - 1  Kolmn clil-2 Iiarcttn. 6 
prob. proh ~ircih.  rob. 

Gaus r~an  corrrlat~on volume 028 OO00 11 0 I I 0 k) 

Exponentla1 corrcl Volume 021 I1 O ~ I O  (1 50 0 Oh 0 04 

G a u s l a n  corr \.olunlc + hlghllght polnl* 0 000 I 1  1 1 0 0  11 '1 I 1  I l l l h  I 1  S I  

rl= 001. rc=l. / , , = I  5 ~ I I I .  AC ~ : I ~ I \ \ I ; I I ~  

H lghl lgh t  pr* only. II=O 2. / ( I = ?  cln. :~nd LC= I0 (1 l ( r  0 01 2 (1 4 3  0 0 I 7 I .(I3 
nl / \  l c , )n \ l an t \ l  

Table 2. S t a t ~ s t ~ c ; ~ l  tc\ts lor \onle tc1111>or;11 \~gn;tl\  \~t i~~~l: t t tot is  
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Abstract 
Seismic imaging techrriques together I&-it11 sorrre rrorr-lirrecrr /1c,trrr!fi1r7rrirr,q 1 r r . c .  rr.scvl to rc,.sr~l~v, ol?joc.t.s rrrrcl strrrcrrrre.~ irr the 
shallow subsurface ( t o  -3 m depth) r~sitrg 15-33 kH: hcr~rcl .si,~rrcrl.s. 771rj irr.srrrr~i~c~rrr l l . S e , c / / r ~ l -  r11i.s .strrc/y is prr~l>ortiorrcd a8er  
conventional multichrrnrrel sei.smic s?:stc~rri.s, hrrr i.v trhortr 3 o,rlcr:v 111' rrrtr,qrritrrclc, .sr~rrrller. This ,qrorrretrS crrrcl very-high 
frequency source al1ow.s us to iincr~e str-rrc~trrrc,s orr cr sc.trlc of'  -0. I rrr. rrrrcl 111 c1~rcc.t c ~ . r ~ r  sr~rtrllcr-.sc.trle o1~jec.t.~. While 
imaging theory is ir~deperrderrt o f  .sctrlr. 11rtrc.ric.tr1 crl~l~lic~trtiorr of'hi,qlr~frc~qrrc~rrc.y irrrrr,qi~r,q rrclrrirc,s c.orrtirrctet1 irriproivement 
in our ability to djrirrmicoll~ loc.trtc, rlr~, s/~trtitrl />osiriorr c~/'l>otlr sorrrc.cs crrrcl rc,c.c~i~~c~,:r. 

Introduction 
The theory used for se~s~nic  Imilglng of the earth's suhsurfncc I I I IS 111iIependcnt oI' sci~lc. Therefore. s~noll scale (<lm) 
acoustic anomalies theoretically may be ~mageil \vitli the h~noll-sci~ls eil~~iv;~lent (11 a conventional ~nultichnnnel seismic 
system. In shallow-water env~ronlnents these i ~ n o ~ n ; ~ l ~ e s  rnay be relatcil to n;~tur;~l ~eologic iictivity. (small vents or frlults) 
or to indigenous biologic activity. (~nounds. boroughs. or large shells). or e\.cri to Ilutiian i~ctivi~y (shipwrecks. plane 
wrecks, explosive mines, waste mounds. etc.). I~n;~ging of surf;icc ant1 suhrurl;lcc ~~npetlance ~nis~nntches with sub-meter 
resolution allows detection :tnd more nccurilte dcter~ninntion of the nat~11.c ( 1 1 '  \111all iinonialies. The ~iiultiple offset data 
obtained with multichannel seismic (MCS) systenis ~iiokes i t  possible to Ineasure the cornpl-e\~ional and shear velocities 
within the sediments. These data ~ n ~ t k e  i t  possible to estimates the physical properties of the sediments und, therefore, 
provide a critical constraint to Interpretation of the seis~nic imagery. 

Instrumentation and Data 
The data (acoustic targets) used for this study were located In a test range in Puget Sound. The targets were 0.0251~1 
diameter armored coaxial cables. some positioned on and some beneath the seafloor. The system used to take these data is 
scaled directly from the Deep Towed AcousticsIGeophysics System (DTAGS) that was developed at the Naval research 
laboratory (NRL) several years ago 121. DTAGS has been used successfully to study subbottom structures on the scale of 
-4 m; the new system was designed to resolve features -0.1 m scale. The I6 receivers used with the very-high frequency 
system are 0.2 m apart and are attached to the same rigid frame as the source (Fi~ure I J .  The nearest offset hydrophone is 
3.441 m from the source while the furthest offset sensor is 6.441 m from the source. The source has a 40" beam width and 
is directed back toward the array at an angle of 30" from vertical. The receiving hydrophones have omni-directional 
rasponse within the lower halfspace. Each shot trace (i.e.. the data recorded by an individual hydrophone for a given source 
pulse) in this survey consists of 10000 samples with a sample interval of 1.0 xl0-5 s. For each survey line. the source was 
tired 100 times. once every 0.2 s: the shot spacing ranged from 0.06 m to 0.09 m making the lines 6 to 9 m in length. The 
effective penetration in the soft sediments sampled was up to -10 m. Data were acqu~red using both single frequency (25 
kHz) tone bursts of 4 cycles with wider frequency-band FM sweeps. Figure 2 shows the amplitude spectra of signals from 
the two lines discussed in this study. Each spectra computed from an average of 1500 independent "shots". 
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Figure 1. Geometry of UHF-MCS system. Note tlie ~ l ~ r c c r ~ o ~ l a l ~ t y  of the \ourcc 

Note the significant Increase tn b;~ndwirlth for the chirp L I ; I ~ ; I  ( w e  1:igurc 2 )  allo\v~n: ti)r s~gnific;~ntly enhanced time 
resolution. The spectral chlrp data were decon\.olve~l using ;in estlli1;ite ofthe \r;l\elet ~naclc hy stack~ng. in phase, all water 
bottom arrivals on channel 2 (the nearest-offset cii;~tinel) ot'th;it line. Note th;~i therc \\.;I\ n o  tac~lity o n  the MCS system to 
obtain the source function directly so we used the tlil.ect \r:itrr hotto111 ~.cflectic>~i. Hel-c \\.e ;~ssutllc tli;~t the uppermost 
subbottom structure is laterally uncorrelatrd i~nd \ \ i l l  intel-l'erc ~lc\tructivcly. \\.Iie~-e;l\ thc Ji~-cctIy rellccted source signature 
will add constructively. 

UHF Spectra 

Figure 2. Amplitude spectra of 4-cycle pulse (dark line) and 15-35 ~ H L  chirp (I~ght line) source signals 

Practical Aspects of Imaging 
The objective of t h ~ s  study was to use seismic imaging theory and methods adapted from conventional hydrocarbon 
exploration which. usually. makes use of signals in the 10-80 Hz band. to image .;mall scale acoustic ;~no~nalies on and just 
below the sea floor. Previously. we have used these techniques to study features to -4 m wale to more than 7.50 In depth 
using a multichannel seismic system with a 250 Hz - 650 Hz source. Our experience with that system indicated that 
although the imaging theory is certa~nly Independent of scale. practical aspects of position~ng. (towing) the system, and 
therefore significant portions of the processing are not [3]. These aspects become even more critical when using the very- 
high frequency (UHF) signals in the 10-40 kHz band where wavelengths are on the order of centimeters. 

In particular, uncertalntles from GPS posltlonlng of several m are of v~rtually no consequence for convent~onal 
explorat~on seismlc wavelengths of 20 m, but for wavelengths of 0.06 m uncertalnttes of thls magn~tude substantially 



degrade the ability to correlate events from different survey lines. Fortunately. uncertainties in relative position (shot to 
shot spacing) can be constrained to be much smaller. Although steady towing at speeds less than I kt is extremely difficult, 
low sea state, careful operation, and the relatively short time over which the experiment is performed allow for a reasonably 
consistent (-0.005 m) shot spacing over the course of a short. 8 rn survey line. To further constrain shot spacing system 
accelerations in the vertical and the two horizontal planes also were recorded. The integrals of the these ilccelerations 
provide significant improvement in determination of relative shot spacing and shot-receiver depths. As we will show. 
further engineering efforts in terms of system stability will be required to reach tlie full potential of tlie resolution available 
with a 10-40 kHz source frequency. 

In contrast to these inter-shot limitations. some aspects of this scale of exploration are significantly simpler than in 
conventional MCS work. For example, because the source and receivers are ~nounted on a rigid frame. the uncertainty in 
the relative positions of the source and receivers is essentially zero. There is no strealner feathering (i.e.. curvature of the 
receive array), and no problems with portions of the streamer sinking or floating. (changes in the orientation, or pitch are 
small relative to the resolution of the system). Also. because of the frequencies used. one need not be concerned with 
maintaining a quarter wavelength source depth to reduce ghosting. In fact the system is towed at depth to maintain good 
angular coverage over the target. Multiples and ghosts from the air water interfice tend to be significantly scattered due to 
the roughness of this interface at the scale of -0.01 111. ;lnd generally ;~rrive too Inte to interfere with subsurface reflections. 

Another fortuitous aspect of processing these UHF data IS the rel;rtively small \,ariation in colnpressional velocity both 
vertically and laterally in the sediments penetrated. As P-wnve velocity increases, penerratlon is reduced, so the velocity in 
the penetrated sediments ranges from 1474 m/s in tlie water colu~nn to t.:lrely more than - 1550 m/s, or n change of -5%. 
Contrast this with the more than 100% cha,tge for convention;ll seis~nic work. As shcrwn later these relatively mild velocity 
changes greatly slmplify the velocity analyses and ~nigrations, two i~nportont and usually time consuming parts of 
conventional imaging. 

In light of the above observations the first prlorlty 111 Ilnoglng these dat;~ \\.;I\ to determine the actual shot spacing for 
each line. This can be accomplished in several way\. one of which is to iter;rti\.ely r i ~ r ~ r ; ~ t r  the near trace gather with the 
known water velocity and trial shot spacings. The w:iter veloc~ty was deter~nineil to he I471 f 3 ~nlsec. calculated from the 
slope of the direct-wave arrival across the array. PI-eli~ninary velocity nnolyse\ confir~ned this value and also confirmed that 
the receiver array was flying level (with respect to the resolution of the systc~n). Proper shot spacings were determined by 
varying shot separations used for migration until the diffraction hyperbolae li.om rough water bottom features or in one case 
a buoy floating 2 m above the bottom (see Figure 3) were opti~nolly collnlrscd. 111 w ~ n c  cases the optilnal collapse was not 
quite complete due to slight changes in shot spacing over tlie course of the line. The sliot spacing corresponding to optimal 
near-trace migration was determined to be reasonably consistent within ;I l~nc  (+ 0.005 m). but v;~rietl among lines between 
0.06 and 0. I m. Another way to determine shot sp~lcing is to identify the hame \~n;tll hotton) feature on hoth the near and filr 
channel records. Half of the distance between the two channels tlivltled by the ncinlher ot. shots hetween the features' 
appearance on the two records yields another esti~nnte of the shot spnclnp. Tlic\c two ~netliods y~elded consistent estimates. 
Because the shot spacing remaned reasonably constant over the line\ used here. and becnuse irregular shot spacing 
complicates the processing, the acceleration values were not used and the shot \p;lc~tlg wah arsulned to be constant. 

Imaging the Data Field 
The primary goal of imaging is the notion of focusing; this is done by ;tpply~~ig oper;lt~lr\ that concentrate the scattered 
wave energy back to a reflection "point". Although in some cases n traditional imaging approach of common midpoint 
gathering followed by move out correction, stacking, migration may produce a hat~\f;ictory Image with UHF data, we wish 
to address the problem more comprehensively. 

When used as an ~maging tool, beamforming IS equivalent to prestack ~nigration. Conslder an image point P(xi.zi) 
located in the vertical plane defined by our linear array. This polnt will be ensonified by several shots as the system passes 
by. When each source pulse arrives we assume based on Huygens' principal that t h ~ s  image point behaves as a secondary 
point source. The spher~cal wave (we assume for now a constant veloc~ty medium) enranatlng from this secondary source 
strikes each recelver located at (x,,z,) in the array at a tllne glven by: 

where V IS the veloclty of the medlum. and (x,,z,) 1s the source locat~on The tmt term I\  \11nply the tlme to the \econdary 
source, and the second term 8s the tlme from the secondary source to the recelver Summ~ng along t h ~ s  trajectory (I~nearly 
lnterpolat~ng as necessary tor dlglt~zed data) IS the mathematical equivalent ot phys~cally bend~ng the array ~n a c~rcular arc 
whose center IS occup~ed by the polnt P T h ~ s  summation IS performed for each Image polnt P(x,,z,) ~n the vert~cal plane to 
produce the final Image. Sample ampl~tudes are multipl~ed by thew arrlval tlme to compensate for spherical d~vergence. 
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Beamforming, or migrating in this ray-based manner also allows for a simple way of incorporating the directivity of the 
source. Recall that the source transducer used in this study is directed 30" froni tlie vertical. and lias ;I beam width of 40". 
(suggested by the asymmetric nature of the large diffraction hyperbola in Figure 3. top. Ieft). For the ray from the source to 
each image point (first term of Equation I) the angle with the vertical is easily cotnputed. G a ~ n  is applied to the sample 
amplitudes along the trajectory corresponding to this image point to compensate f~xr the source directivity. When the irnage 
point is too far outside the beam (where source levels fall belo\\, the noise level) it cannot be imaged so no trt~jectory is 
computed and the image value is set to zero. 

This operation was applied to every shot of line plOOl (Figure 3 top. left) \v~tll the result slio\vn In Figure 3 center. Ieft. 
As with any prestack migration the diffraction from the buoy is nently collop\etl. \\bile the very tl;~!. somewll~t dipping 
seafloor is not significantly altered. Careful inspection directly belou the hut>! reveal2 tlie c:thle. \vhich lias apparently sunk 
several cm into the mud. 

Note the difference in frequency content between Figures 3 top. left and center Ieft. The he;~mfortning was applied as 
described above to one shot at a time. The contributions to the Iln;lge sp;~cc from netghboring shots will overlap and 
because of the uncertainties In the shot position tlie 1111crge contrihut~on.; tl.o~n tllese sep:~~-ate shots may interfere 
destructively, when we would like them to interfere constructivel!,. Oris \\a! to ~liir~gate this problem is to slightly blur the 
images by reduce the effective frequency range through cotllputing the in\tatit:~neous a~nplitude ;lnd h:undpi~ss filtering. This 
reduces the frequency range from 15-35 ~ H L  to 1-15 kHL. ~nnking the uncert:~intie In shot position stnnller relative to the 
dominant wavelength, and aiding constructive intert'erence. Resolution ;)nil litll;lr~t!. inti)rtti;~tion ;Ire sacrificed to obtain a 
clearer image. 

Beamforming with Robust Norms 
The nature of the beamfortn~ng algorithm nllo\w fix the easy i~nplctt~cntatic,n 0 1  ;I IIIIII-e sopliist~c;~tecl tlieast~re of coherency 
along the trajectory of Equation I than ;I siniple su1lllli;ltlon. Sonv of the t1;1(;1 prc\cnteil in I:igure 3 \\,ere computed using a 
family of norms which are computed using tlie gencrali/.cd meon (41 \\hiell i\ 1lclinr.J by: 

where the function sgn() (the slgn of the \,ari;thle) 15 rcqu~red to ~ l l ; l i t l t i ~ i t ~  lhc 111tcg1-11y 111' the pol;rrily infortiintion. i.e. on 
which side of the origin the norm lies. It has heen sl~o\vn 15 1 t11;1t li)r \ I I I ; I I I  \ign;~l-tu-noi\e I. ;I~~(Is with ~ t~ ix~d-G; tu~s i i~n  noise 
distributions, 0.33 < a < 0.5 produces a s~gnificontly hetter e\tltil;rtc ol the \ I ~ I I : I ~  tl1;111 (Ioe\ 1111. c~~ive~i t ion ;~I  su~iitni~tion ( a  
= I). Note that when a = 0,  the generalized Incan 1s cquiv;~lent to " I I ; I I - ~  I I I I I I I I I I~" .  ;I t ec l~n iq~~e  tIi;rt works well when tlie 
noise field is uniformly distributed (reference). 

We incorporated the La norti1 operator into the hei~tlili~rt~ler hy IICCLIII ILI~; I I I I IF  at C;ICII 1111ilyc po1111 the tern1 under the 
radical in Equation 2 regardless of which shot tlie samples cnrnc t'ron~. :\lrcr ;111 \hot\ h;~d contrihutctl to tlie itnnge the a 
root and rest of Equation 2 was computed. The olgorithni \vah then applieil to linc pIOOI \vith the rc\ults shown in Figure 3, 
(bottom, left). Note the significant enhnncetnent of the signal coti~lx~reil to 1:igurc 3 Iccntcl.. left). ;~ltliough the cable near 
the water bottom is still difficult to distinguish from tlie water botto~n reflection. 

Because one important application of this kind of processing is the detection of \m:~ll ohlect\ olten we Inny wish to 
emphasize point diffractors, and de-emphns~~e layered geology, essentially tile ol>po\~tc (11 uonvenr~onal imaging strategy. 
One way to accomplish this is to use the apparent clip of diffmct~on hyperhola\ 10 c l i~c.~.~~n~n:~te azalnst layered horizons. 
Horizontal events are easily removed from un~ii~grnted comlnon offset gather\ hy l ' req~~c~iey-u.;~venu~~iher. (F-K) filtering 
(Yilmaz 1988). Channel 2 of line PI001 before F-K filtering. (Figure 3 top. I~.l't) i \  clomin;ltetl hy the water bottom event. 
After F-K filtering to remove horizontal events. (Figure 3 top. right) the diffraction hypcrholas fn)m the c:tble and the 
attached buoy are quite evident. The F-K filtering is applied to each common ofhet gather independently. 



We incorporated the La norm operator into the beamformer by accumulatmg at each image point the term under the 
radical in Equation 2 regardless of which shot the samples came from. After all shots had contributed to the image the 
root and rest of Equation 2 was computed. The algorithm was then applied to line p1001 with the results shown in Figure 3, 
(bottom, left). Note the significant enhancement of the signal compared to Figure 3 (center, left), although the cable near 
the water bottom is still difficult to distinguish from the water bottom reflection. 

Because one important application of this kind of processing is the detection of these small objects we may wish to 
emphasize point difttactors, and de-emphasize layered geology, essentially the opposite of conventional imaging strategy. 
One way to accomplish this is to use fhe apparent dip of diffraction hyperbolas to discriminate against layered horizons. 
Horizontal events are easily removed from unmigrated common offset gathers by frequency-wavenumber, (PK) filtering 
161. Channel 2 of line PlOOl before F-K filtering, (Figure 3 top, left) is dominated by the water bottom event. After F-K 
filtering to remove horizontal events, (Figure 3 top, right) the diffraction hyperbolas from the cable and the attached buoy 
are quite evident. The F-K filtering is applied to each common offset gather independently. 

To further enhance these coherent events a coherency filter can be applied. Much of the noise in these data IS 
incoherent from trace to trace within a shot gather or from shot to shot in a common offset gather. At each sample of each 
trace in the common offset gather semblance is measured over a suite of trajectories within user specified dips. In these 
examples this range was -6 to +8 samples per trace and each trajectory extended 3 traces on either side of the current trace. 
A time window of 10 samples was used for the semblance calculation. Semblance values range from 0 for completely 
uncorrelated events to 1 for identical events along the specified trajectory. The semblance value from the most coherent 
direction was multiplied to the original amplitude of the sample. The same procedure is applied to each sample of the 
common offset gather, resulting in a significant reduction in the incoherent noise (Figure 3 center, right). In this Figure the 
point diffractors dominate the image. 
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Once the F-K and coherency filters were applied to each common offset gather the data were reordered into shot 
gathers and the beamforming algorithm was applied as before, again with a=0.4, (Figure 3 bottom, right). Note the 
spectacular enhancement of the point diffractors, particularly the cable near the surface whlch was previously barely 
detectable. Both the buoy and the cable can be easily located to within -0. I m. 

Geophysical Parameters 
The multiple offset data taken with MCS systems allows one to obtain estimates of the compressional velocities within the 
sediments. This is done by inverting the reflection hyperbola for a given shot (common shot point or CSP) or at a given 
point (common mid point of CMP). This technique works very well even though reflection times do not actually hyperbola 
for multi-layer case [I]. Compressional velocity estimates for data taken with the ultra-high frequency MCS system are 
presented in Figure 4. These data suggest that there is significant lateral variability in the uppermost sediment column 
although the absolute change in velocities is -5%. much smaller than we encounter with deeper probing systems. 

Figure 4. 

Another advantage of the multiple-offset data 1s that ~t IS poss~ble to place constraints on shear veloc~tles In the 
sedlments. Thls can be done uslng amplitude versus offset (AVO) analysls [7] or Ypectrum versus offset (SVO) [8] Both 
techniques were trled with these data, but to resolve the low shear veloc~t~es associated wlth these sedlments requlres a 
greater range of wavenumbers than 1s ava~lable wlth these data. 

Conclusions 
Modern digital seismic data processing techniques can be successfully applied to ultra-high frequency data (10's of kHz) 
when certain caveats are observed. Objects as small as 2.5 cm dia. were located to within -0.1 m relative to the system, 
and bathymetric features on the order of several cm were clearly imaged. This is despite the fact that the data were 
"blurred" somewhat by uncertainties in shot spacing. The data generally require rather sophisticated prestack imaging 
(migration or equivalently bearnforming) which is capable of incorporating strong source directivity. The use of robust 
estimators used in concert with the imaging algorithm provide significantly improved results. ' 

Relatively small variations in P-wave velocity, very precise knowledge of the recelver array relative to the source, and 
lack of surface multiples make these data generally easier to process (image) than conventional (10-80 Hz) data. To fully 
exploit the potential of ultra-high frequency MCS, improvements in the absolute positioning of the system and the relative 
shot to shot positioning are required. However, even with current limitations on positioning, our data show that significant 
improvements in sediment classification (physical properties) and identification of small objects on or beneath the seafloor 
can be had using MCS technology. 
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Abstract 

It is shown that the generalised K-distribution provides a good fir to the amplrtude statisttcs of sonar 
imagery from several different types of seabed sediment. A number of possible explanations for the Ricean 
nature of the speckle component have been put forward. A method of refining the estimated positron of a 
sediment boundary using maximum likelihood is also presented. 

1. Introduction 
In the analysis of high-resolution sonar imagery of the seabed, it is important to properly model the image 

texture in order to be able to detect objects that do not conform to this model. The K-distribution can be used to 
model the amplitude statistics of a coherent imaging process, and has been applied in the past to high-resolution 
maritime radar clutter and SAR imagery of land scenes. Oliver [ I ]  demonstrated that a single sonar image of 
sand ripples followed the K-distribution, but it does not appear to have been applied to a full range of seabed 
sediment types. Sonar images from several different types of sediment are described in section 2, and the single 
point statistics of this data is investigated in section 3.  A model-based segmentation of a sonar image will be 
unpredictable where the sample window crosses a sediment boundary, so a method of refining the estimate of the 
boundary position using maximum likelihood is presented in section 4. The work is summarised in section 5. 

2. Sidescan sonar data 
Data from two sidescan sonar systems over a wide range of sediments are considered. Both data sets contain 

amplitude returns quantised to 8-bits, but no phase information was recorded. 
Five sonar images from homogeneous regions of stones, gravel, sand, clay and mud from the ground-truthed 

data set of Pace and Gao [2] are used. These were acquired with a 48kHz centre frequency, 2kHz bandwidth 
system with a resolution cell of approximately 38cm12.2m in the acrosslalong track directions. Each of the 
images was normalised to fill the quantisation range and some contain DC offsets. 

The second data set is a IOOkHz image from the work in [3] which contains regions of sand, gravel and 
gravel ripples that were identified from camera footage and grab-sampling. The resolution cell was 
approximately 20cm in both directions. The change of grazing angle within each image did not appear to alter 
the local image statistics, so  a histogram of the whole sediment region was used for distribution fitting. 

3. Statistical scattering models 
The physical processes involved in radar backscatter are well understood and statistical models incorporating 

these processes have been widely used in radar signal processing. 

3.1 Rayleigh distribution 
The echo of a radar or sonar pulse can be considered to be the sum of contributions from N discrete 

scattering centres existing within the resolution cell. 
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where a, and $, represent the amplitude and phase shift of the nth contribution. The randomly phased 
returns may interfere constructively or destructively, so the amplitude IS1 will fluctuate from cell to cell. It is 
usually assumed that: (i) a, and 4, are statistically independent random variables; (ii) the positions of the 
scatterers are sufficiently random to introduce path differences greater than the incident wavelength, so the 
distribution of 4, can be considered uniform over 2a; (iii) all the contributions are at the same frequency; and 
(iv) N is large, so  the Central Limit Theorem can be applied. Re(S) and Im(S) are then both zero-mean 
Gaussian, which leads to Rayleigh distributed amplitude I q=x  

where 7 is the mean-square of step-lengths a,. 

3.2 K-distribution 
At high resolution, spatial structure on the seafloor such as sediment ripples is resolved and N varies from 

cell to cell. This bunching of scatterers is represented by a spatially varying mean level that modulates the 
Rayleigh 'speckle' component. The underlying component was found to be an empirical, but good fit to the 
gamma distribution in maritime radar clutter and SAR images. Combining these two components results in the 
K-distribution for overall amplitude [4]. This converges to the Rayleigh as v + m 

v is the shape parameter that characterises scatterer bunching, K,-, is a modified Bessel function of order v - 1 .  
The particular value of this model is that it can also model all the spatial correlation properties of the texture [ I ] .  
A numerical search was used to obtain the least-squares fit of the distribution to the eight sediment histograms 
and the results are shown in figure 1. A DC offset was included as a search parameter for the 48kHz data. 
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Figure 1 :  Least-squares fits of K-distribution to data 



The K-distribution provided a good fit to sonar data from large particles such as stones and gravel, but the 
probability density function (PDF) of a very fine sediment like mud resembled a Gaussian distribution with a 
non-zero mean, and the K-distribution provided a poor fit Other sediments had PDFs between these extremes. 
The gravel ripples had a very low value of v indicating large variations in the underlying model. 

3.3 Generalised K-distribution 
The R~cean  distribution [ 5 ]  results from the envelope detect~on of a steady s ~ n u s o ~ d a l  s~gnal  plus zero-mean 

Gausslan nolse, and reduces to the Rayleigh and non-zero-mean Gauss~an d ~ s t r ~ b u t ~ o n s  In l ~ m ~ t ~ n g  cases The 
PDFs of the fine sediments suggest that the R~cean  may be a more su~table model for the speckle s t a t ~ s t ~ c s  than 
the Rayle~gh. 

If Ricean speckle 1s modulated by an underlying gamma dlstr~but~on,  the recelved s~gnal  w ~ l l  follow the 
general~sed K-distribution [6]. 

2b (4")" ( f)  4v 462 
p(x)=- - I,, = K,_, (bx) (5) where bZ ==+- 

T(v) ba2 a 2  (z)~ (6) 

6 is the amplitude of the non-random contribution, and I,, is a modified Bessel function of zero order. 
Figure 2 shows the generalised K-distribution fitted to the data. 
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Figure 2: Least-squares fits of generalised K - d ~ s t r ~ b u t ~ o n  to data 

The generalised K-distribution is an excellent fit to all of the wide range of sediments tested. There is 
generally more structure visible in the data of sediments with large part~cle size like stones than fine sediments 
like mud, subsequently v tends to decrease with particle size. 

A small tail at low amplitudes is visible in the 48kHz data of stones and gravel that is not modelled by the 
generalised K-distribution. The return signal envelope was recorded in analogue form on magnetic tape [2] 
which could add zero-mean Gaussian noise to the data. A signal-to-noise ratio of 20dB provides a tail of the 
magnitude observed in the gravel data and may be a plausible explanation. The tail was ignored in the fitting of 
distributions, but its existence precluded the use of Kolmogorov-Smirnov or X Z  statistics, so the mean-square fit 
was used instead. 

There are a number of possible causes of the Ricean speckle:. 
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(i) Acoustic energy penetrates the sediment and a single specular echo is received from a gas-rich sub- 
bottom sediment layer [7] or the underlying rock layer. 

(ii) The sonar equipment adds a small, constant amplitude signal such as transmitter breakthrough to the 
received signal before envelope detection. Ricean statistics may be observed from other sidescan sonar systems 
[8], so  this effect is not due to a single piece of faulty equipment. The amplitude of the contribution 6 would be 
constant for all sediments but as  the 48kHz data was normalised the parameter 6 would tend to zero for strongly 
backscattering sediments such as stones and gravel, as observed in the data. 

(iii) The resolution cell contains a fine sediment with a single stone that gives a strong contribution. Any 
cells containing 2 or 3 specular reflectors would give non-Ricean returns [9] and an even greater number would 
produce approximately Rayleigh statistics. 

(iv) Small ripples within the resolution cell of equal wavelength to the sonar generate a Bragg resonant 
effect. This phenomenon is unlikely to occur in all of the images tested 

(v) Reverberation from the sonar-bottom-surface-bottom-sonar path with the same delay as the main 
backscatter. The reverberation would be a random variable and the variance may preclude its simplification to a 
constant. 

(vi) Re(S) and Im(S) were Gaussian with non-zero mean, due to a non-uniform distribution of $, . The 
48kHz sonar had A-3cm and range resolution-38cm which gives 12 cycles within the resolution cell at grazing 
incidence. This should provide sufficient phase run out to ensure a fairly uniform phase distribution. 

(vii) The fractional bandwidth of sidescan sonar is much greater than radar, so the assumption of 
monochromatic speckle in section 3.1 may not hold. The intensity distribution arising from polychromatic laser 
light or light of finite bandwidth becomes the sum of correlated monochromatic speckle patterns. As the 
correlation increases there is a transition from Rayleigh distributed amplitude towards a delta function centred at 
the 1.m.s. amplitude [ lo] .  The complexity of the exact PDF makes it computationally unattractive, but the 
Ricean distribution exhibits very similar behaviour. 

3.4 Comparison of distributions 
The Weibull and lognormal distributions are empirical distributions that are often used to model radar clutter 

and have previously been applied to sonar data [ I  I]. These were tested against the Rayleigh, K-distribution, 
Ricean and generalised K-distributions to determine which modelled the data most accurately. The mean-square 
difference between the PDFs of the sediment and the candidate distribution are shown in table 1. 

Table 1: Mean-square difference between model and sediment PDFs ( ~ 1 0 . ~ ) .  The best fit in each col. is shaded. 

The generalised K-distribution offers the best fit to the data and the lognormal also fits well despite having 
one less parameter. The advantage of the generalised K-distribut~on 1s that ~t will .also model all the spatial 
correlation properties of the texture. 

A statistical model can be used to segment sonar imagery into regions of different sediments. A small sample 
window is passed across the image and the parameters of the statistical model are estimated. The central pixel 
of the window is then classified on the basis of these estimated parameters. The even order moments of the 
generalised K-distribution are given in [6] which could be used for parameter estimation, but with three 
parameters the 2nd, 4th and 6th moments of the data would be required. The 6th moment would not be a robust 
estimator unless a very large sample window was used. It is not possible to derive a maximum likelihood 
estimate analytically for the K-distribution, but Oliver derived a good approximation in [12]. It may be possible 
to do the same with the generalised K-distribution. 



4. Maximum likelihood boundary estimator 
As the sample window crosses a sediment boundary the samples will follow a mixture distribution and 

classification errors will result as shown in figures 3 and 4. The estimate of the boundary position could then be 
refined if twn adiacant samnle windnws were nn~sed  across the boundary. 

Figure 3: Section of 48kHz image Figure 4: Classification map of figure 3 

Suppose that the probability distributions of the amplitude x in the areas L and R are PL and PR respectively. 

Figure 5: Sediment boundary Figure 6: Sample windows 

By scanning along the line AB shown in figure 5, it is required to determine the position P of the intersection 
of the boundary with the line. Consider two contiguous windows WL and WR as shown in figure 6, each 
comprising u adjacent pixels lying along the line AB and abutting at the point C. 

The likelihood L that the contents of the u pixels, w L ,  in WL all coming from the LH distribution is 

When WL is fully immersed in the LH area, the expected value of L will be c, and when fully immersed in - - 
the RH area it will be z. Clearly, LL > L, . Similarly, for WR, 

- - 
with R, > RL . Their relationships are shown in figure 7. 

Figure 7: Likelihood as windows cross boundary P Figure 8: Joint likelihood as windows cross boundary P 

It is evident that Z=LR will have an expected maximum when C lies on P as shown in figure 8. 
An alternative arrangement would also take into account the degree of 'mismatch' between PL and PR, giving 
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r# = p!& R'= n,,(x2 
,, P R O )  (9) U R  PL(X) (10) 

These techniques were applied to the sonar image In figure 3 The K-distr~but~on flts from section 3 2 were 
used for PL and PRY and u was arbitrarily chosen as 40 p~xels  The l~kelihood L' and R' are shown In flgures 9 
and 10 with hlgh Intensity indlcatlng high likel~hood These gave better performance than L and R whlch are not 
shown 

Figure 9: log L' Figure 10: log R' 

Figure 11 shows the combined likelihood Z'. A light strip indicating the most likely posltlon of the sediment 
boundary is visible, but there is a lot of noise within the rippled region that would prevent accurate detection of 
the boundary. 

Figure 11: log Z'=log L'+log R' 

It is known a prlorl that a part~cular row of L' should resemble the profile In figure 7. For every polnt c, - .  
was calculated from the mean of (u<L7<c) and from the mean of (c+u<L'<max(c)-u). This profile was then 
tested against L' and the mean-square difference between the two was found. The value of c that minimised this 
difference should coincide with P. The optimum profile from row 83 of L' 1s shown in figure 12, and similarly 
for R' in figure 13. c=200 in both figures, which agrees with the visually estimated boundary in this row.. 

c (pixels) 

Figure 12: Row 83  of L' with optimum profile 
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Figure 13: Row 83 of R' with optimum profile 



Fitting these profiles on a row-by-row basis has the effect of filtering the likelihoods L' and R'. The filtered 
likelihoods are shown in figures 14 and 15. 

Figure 14: Filtered log L' Figure 15: Filtered log R' 

Comparison of figures 16 and 11 shows that filtering 2' improves the estimate of the boundary position. 

Figure 16: Filtered log L'+Filtered log R' with mm~,,,ra Figure 17: Maxima overlaid onto image 

These results were achieved with WL and WR having a width of only one pixel. By orienting the search line 
AB perpendicular to the local boundary, WL and WR can have a greater width without sampling both 
d l s t r~but~ons  when posltloned on the boundary (when C=P). It 1s proposed that the boundary estlmate be 
represented as a number of linked nodes N Each node N, would then search along the no~mal def~ned by ~ t s  
nelghbours N,., & N,,, w ~ t h  chevron shaped WL and WR as shown In f~gure  18 These adaptations should allow 
the boundary estimator to iteratively converge onto a sediment boundary of any shape. 

Figure 18: Chevron shaped windows searching perpendicular to local boundary estimate 

5. Summary: 
The K-distribution has been applied to sidescan sonar data, but poor agreement was found with sand and finer 

sediments. Modelling the speckle component with a Ricean distribution leads to the generalised K-distribution 
which provides a good fit to sonar imagery from several different types of seabed sediment. A number of 
possible explanations for the Ricean nature of the speckle component have been put forward. The lognormal 
also fits the data well but, unlike the generalised K-distribution, the lognormal will not model the spatial 
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correlation properties of the data. 
A model-based segmentation of a sonar image will be unpredictable where the sample window crosses a 

sediment boundary. The statistics of the sediment on either side of the boundary are known, so two adjacent 
windows are passed across the boundary and maximum likelihood used to improve the estimated boundary 
position. 
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Abstract 
An approach to acquire geophysical information of seabed sediments as derrved from acoustic attenuation rs described. 
Using thefrequencies corresponding to the signal power spectrum maximum and a point 3 dB below, signal loss in the 
sediment is calculated. These results are compared to reference data for attenuatzon in sediments published by several 
authors. Data collected on the Grand Banks of Newfoundland during a controlled trawling experiment was processed 
using this technique, with results illustrating cbse agreement with the underpinning theory. Calculations offractal 
dimensions were performed to evaluate levels of roughness in the inner structure of the sediments. Since lower levels of 
the fractal dimensions represent less of a microfaunal presence [ I ]  only the lower fractal valued data were used in the 
dynamic attenuation extractions. Hence, the correlations were found to be more rellable and reflectrve of homogeneous 
sediment structures. 

1. Introduction 

Quantitative and reliable measurements of acoustic attenuation enable correlations between the acoustic responses and the 
properties of sediment to be forged. Geotechnical information such as consolidation characteristics and bulk density in 
marine sediments can be estimated through the acoustic attenuation assoc~ated w~th sound waves propagating into the 
subseabed sediments [2]. It is recognized in the literature that attenuation is linked to the physical aspects of the sediment 
such as porosity, particle shape and grain size. 

This paper exhibits an approach for rapid and objective computation of attenuation as perturbed by the properties of near 
surface sedrments. The application of the technique was performed on very high resolution acoustlc data using a new class 
of sonar called Benthic-DRUMSTM during a controlled set of trawling expenments conducted on the Grand Banks of 
Newfoundland [I]. Benthic-DRUMSM is a very high resolution 40-element non-linear acoustic array developed by 
Guigne International Ltd. to measure the small scale chaotic changes in a benthic habrtat caused by otter trawling. 
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2. Description of Model and Analysis Approach 

2.1 Model 

The approach is based on a dynamic (adaptive) model of attenuation first introduced by GuignC [2,3]. This model 
assumes non-linear dependence of signal loss on frequency as 

where k is the attenuation coefficient in d ~ / m / k ~ z ~  at an associated frequency f, and N is the exponent of frequency. 
Equation ( I )  expresses the compositive effects of intergranular and viscous losses; N values reflecting the combined 
effects of both. In the literature, a very wide range of both measured N values and models for the prediction of N have 
been exhibited and debated, starting from Urick, [4], Biot, [5.6], Shurnway, [7, 81, Nolle, 191, Hampton,[ 101, McCann and 
McCann, [ l l ,  121, Shirmer, [13], Stoll and Bryan, [14], Hamilton, [15], and GuignC, [2. 31. 

Since the B ~ ~ ~ ~ ~ c - D R u M s ~ ~  sonar is an application of non-linear acoustics, it relies on a matrix of terminated parametric 
arrays. A useful mode of operation of the parametric array is when the parametric source volume is terminated abruptly 
by, for example, the waterheabed interface, to give a truncated parametric array. Research performed by GuignB [16], 
Wingham [17], Pace and Ceen [18], and Muir [I91 on this mode of operation of the array has given insight on its 
characteristics and performance. The equation below represents a base approximation which accounts for the received 
spectral character of the terminated parametric array in the presence of attenuation losses: 

where: B, is a constant 
f squared is by the parametric generation 
p is equal to kR18.6859; whilst R is the penetration range 

The frequency at maximum pressure can be found by: 

Substituting: 

f max = ( 2  I ( N P ) )  ' I k  

We can express a normalized spectrum by: 

exp(2 1 N - x) 
P r n a x ( ~ )  

Setting the bandwidth of the received pressure at -3dB we receive: 

and 
I I N  

where x ,  is left as a root 



Combining expressions for the frequencies, we realize: 

2.2 Time Window Selection 

The signal processing logic as used to implement the dynamic loss model is introduced in Figure I. This adaptive 
attenuation model can be reliably applied to signal portions that compare to an ideal impulse shape. A Butterworth filter 
of the order of 6 with a cut off frequency of 280 kHz is used to prevent possible interference from residual parametric 
array carrier frequencies. A Hilbert transform is also applied to acquire an envelope shape. Figure 2 illustrates a typical 
signal as collected by the sonar with Figure 3 exhibiting the envelope. Figure 4 presents the filtered signal with envelope. 

Selected parts of the signal are chosen (using MATLAB) for processing, based on three criteria: i) shape similar to ideal 
impulse, ii) length of about 50 points, which represents about I cm of depth, iii) belonging to one portion of the 
envelope signal. 

Signal Processing Logic for the 
Dynamic Attenuation Model 

Figure 1: Signal processing flowchart leading to signal loss values 
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Original signal 

Figure 2: Signal as used in analysis 
(Vertical axis in dB; horizontal axis represents collected data points) 

Envelope 

Figure 3: Hilbert Transform envelope of signal 
(Vertical axis in dB; horizontal axis represents collected data points) 

Filtered signal and envelope, Fc(MHz) = 0.28 

Figure 4: Filtered signal (cut off frequency 280 kHz) and its envelope 
(Vertical axis in dB; horizontal axis represents collected data points) 



Figures 5 and 6 present portions of the signal selected to conform to these criteria which meet the theoretical requirements 
for inputting into our dynamic signal loss model. 

The data collected was held to the first 15 cm of the seabed, with fractal analysis conducted on the initial near surface 
zones (approx. 4 - 5 cm) conforming to the active zones of a benthic habitat. 

Filtered signal and envelope, Fc(MHz) = 0.28 

Figure 5: Upper Curve represents chosen time window of envelope superimposed on lower curve, which 
represents signal, real part. 
Shape of envelope suitable for inputting into the Signal Loss Model 
(Vertical axis in dB; horizontal axis represents collected data points) 

Filtered signal and envelope, Fc(MHz) = 0.28 

Upper curve represents chosen time window of envelope superimposed on lower curve 
which represents signal, real part. 
Shape of envelope suitable for inputting into the Signal Loss Model 
(Vertical axis in dB; horizontal axis represents collected data points) 

2.3 Fractal Analysis 

The B ~ ~ ~ ~ ~ c - D R u M s ~ ~  data can be analysed in terms of fractal dimensions associated with the signal's "roughness" [I] .  
From the past research by Schwinghamer and Guignd [I] ,  the Hilbert-uansformed acoustic signals occupy I-dimensional 
topological space; however, they are more complex than a simple straight line, and they fill 2-dimensional space to a 
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degree that depends on the frequencies and amplitudes of peaks and undulations which make them complex. The extent to 
which they fill 2-dimensional space is measured by a non-integer dimension between 1 and 2, called a fractal. By 
analysing the time series data as fractal curves, the complexity of the acoustic s~gnals In response to structural complexity 
in the sediment can be quantified. 

A modified box counting method by Malinverno [20] was used to determ~ne the tractal d~mens~on for the H~lbert tlme 
series from each depth stratum k of each acoustic element M,, of the acoustlc array In t h ~ s  method, the data M,,, were first 
fully enclosed in a square; thus 1 box contamed the whole line. Then the box was d ~ v ~ d e d  Into quarters and the number of 
these smaller boxes that contalned parts of the l ~ n e  was counted. Each of these smaller boxes was then s~m~larly d ~ v ~ d e d  
and the number contaming parts of the l ~ n e  counted and so on unt~l an arb~trar~ly small box sue  was reached 

The number of boxes, M, containing the line is a function, I, of the size, t, of the boxes: 

The function, Iij,k is the fractal dimension for each depth stratum of each element. It can be calculated as: 

log III(M) 
Ii, 1 ,  k = - 

log lll(t) 

3. Experimental Setting and Application of the Dynamic Loss Model 

3.1 Data Collection 

An in situ experiment to determine the impacts of otter trawls on the sandy seabed, which covers large areas of the Grand 
Banks and Scotia Shelf, has been underway since 1993. It was initiated as part of the Northern Cod Science and Atlantic 
Fisheries Adjustment Programs in response to debate regarding the role of fishing technology in the collapse of the 
northern cod stock [I]. The experiment allowed for B ~ ~ ~ ~ ~ c - D R u M s ~ ~  data to be collected in 1994 and 1995. The 40- 
element array (10 x 4) was reduced to 28 elements (7 x 4) due to structural blockage of the acoustics by the sampling 
frame. The average water depth in the area was reported to be approximately 135 metres. The bottom sediment was 
mostly sand with typical grain sizes of approximately 200Qm and registering a water content of 20 V 3%. The overall 
experimental equipment and field operation 1 setting are described in detail along with sampling procedures in 
Schwinghamer and Guignes work [I] .  

The data collected was held to the first 15 cm of the seabed, with fractal analysis conducted on the initial near surface 
zones (approximately 4 - 5 cm) conforming to the active zones of a benthic h a b'  tat. 

3.2 Calculations 

Power spectra of chosen intervals were calculated using a zero-padded Fast Fourier Transform (FFT). Figures 7 and 8 
illustrate shapes of the power spectra used, while Figures 9 and 10 depict values for the frequencies associated with peak 
pressure levels (A,,,) and with the lower frequencies (3 dB less (f,)),)). 
Altogether, more than 2500 calculations were performed using the collected data. Distribution ofj,,,,, is shown in Figure 
11. 

The calculations of fractal dimensions were used to establish an acceptance level for the data to,be considered valid before 
making the attenuation loss calculations (refer to Figure I). Signals of low values (below 1.5) were allowed to be analysed 
for their attenuation; higher values were removed as these indicate strong benthic fauna activity in the sediment. 



Spectrum of filtered signal, points 64 
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Figure 7: Response in the Frequency Domain 
(Vertical axis in dB) 

Spectrum of filtered signal, points 64 
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Figure 8: Spectrum of the Second Impulse 
(Vertical axis in dB) 

Spectrum of filtered signal, points 64 
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Figure 9: Frequencies at Maximum and -3 dB Pressure 
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Spectrum of filtered signal, points 64 

Figure 10: Frequencies at  Maximum and -3dB Pressure 

Figure 11: Distribution of Maximum Response Frequency (percentage) 

4. Results 

The results of the adaptive model's signal loss calculations were assessed by comparing them with published attenuation 
data. As it is clear from Figure 12, mean values of signal loss for associated frequencies in this research are in agreement 
with published attenuation data. 

Water content data from samples collected on the Grand Banks in 1993 were used and found to be representative of 
seabed conditions for the Grand Banks (provided by Schwinghamer). Mean values for water content were 21.6% with a 
standard deviation of 1.8%. Assuming a density of dry soil (mostly sand) as 2.65 g/cm3, this translates into a porosity of 
around 43%. Figure 13 represents a relative position of mean value of a calculated signal loss against published data. The 
results of the dynamic attenuation model losses seem to concur with porosity values. 



Figure 12: Signal loss values against frequency using the Dynamic Attenuation Model for the Grand Banks 
data (signal loss*) and against published data 

Figure 13: Signal loss values against porosity using the Dynamic Attenuation Model for the Grand Banks 
data (signal loss*) and against published data 
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5. Conclusions 

A dynamic approach to acquire attenuation In sediment was demonstrated w~th good agreement between the results of the 
model as used on Grand Banks data wlth that seen for published data (related to sands). Thls analysls approach ~ntroduces 
a potentially rapid and rel~able technique to extract attenuatlon from the wave shape of parametric arrays used as 
subbottom profilers. The introduction of fractal dimensions as a filter cut off, allowed for the chaot~c effects of a benthlc 
habitat to be excluded from the computations, thereby removmg a potentlal source of error in the resultant s~gnal loss 
values. 
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Abstract 

This paper describes the main properties of the sytithetic aperture sidescan so~7n1- and highlights performances and 
limitations related to sonar features for mine counter measures. 

Attention is focused on the theoretical performances : azimuthal resolution, signal-to-noise ratio and mainly 
shadow-to- reverberation ratio. 

This theoretical analysis isfinally compared with experimental sonar images. These images have been obtained 
with transducers moving along a rail and insonlfiing a sea bottom where some spherical and cylirulrical targets are laid. 
Some of these targets are partly buried. Several signal waveforms, such as monochroniatic or Frequency Modulated. have 
been used within the full 25 - 80 kHz band and different pulse durations have her11 trartsrnitted as well. These experimental 
results can be considered as the first in the World under real conditions and with cr good shadow-to-reverberation ratio. 

1. Introduction 

Synthet~c aperture techn~ques In radar IS well known [I]  Such techn~que appl~ed to qonar concept IS now w ~ t h ~ n  reach The 
need of uslng t h ~ s  technique IS obv~ous From a m~l~tary polnt of vlew, In the Mlne Warfare, threat obl~ges mlne 
countermeasures spectal~sts to deslgn systems able to ach~eve h~gh resolut~on at long range and able to detect and class~tied 
burled objects These objectives can be reached In uslng synthet~c aperture techn~ques Today, very tew experiments have 
been real~sed In the World w~th  such techniques [2], [3] Thus detect~on and class~t~cat~on perfo~mances that could be 
achieved by such systems are not well known and not val~dated Thls paper beglns by descr~blng the p ~ ~ n c ~ p l e  and the maln 
character~stlcs of t h ~ s  techn~que Follow~ng these well known general~t~es, concept5 of detect~on and class~f~cat~on are 
studled and translated Into some analytical expressions Then a real exper~ment uslng 'I 15 meters long r a ~ l  IS descr~bed 
The goal of t h ~ s  experiment 1s to study the Influence of s~gnal character~st~cs on sonar pertormances In terms ot detect~on 
and class~ficat~on of objects Results are then compared w~th  theory 

2. Synthetic Aperture technique : Principle and Characteristics 

The synthetic aperture principle consists in generating a virtual antenna from the successwe positions of a much smaller 
physical antenna. Signals received by transducers are stored through the period T during which a considered area of the sea 
bottom is illuminated and then coherently added. Let us consider the following simplified configuration : 
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target 

figure1 : Synthetic aperture formation 

Let Ro be the minimum distance between the sonar and the target, eldB be the 3 dB aperture of the real antenna. 
The length of the synthetic aperture depends on the range of the current pixel, ~t 1s glven by 

h 
Lsynt(Ro) = Ro83dB = Ro- (Le is the physical transmission antenna and h is the signal wavelength) 

Le 

2.1 Synthetic aperture advantages 
By considering the above geometry, the phase of signal received during the displacement of the physical antenna follows 
an parabolic variation and by the same way the frequency associated with an echo varies linearly. We can notice an analogy 
with the behavior of a linearly frequency modulated signal with a pulse length of T and a bandwidth of B. These signals are 
in current use in sonar or radar applications to permit the use of high power. A good range resolution is then achieved by a 
compressed pulse technique It uses a matched filtering by the cross correlation of the received signal with the inverse 
replica of the transmit pulse. 

By the same way the synthetic aperture technique can be made by a compressed pulse based on the cross 
correlation of data in the along track direction within the period T and the equivalent law phase history [4]. In this case, T 
is the target illumination period and B is the doppler frequency bandwidth resulting of the relative sonar-target motion - 

Rh 2V 
( T  = - , B = - with R = range, V = sonar speed, Le = transmit antenna length) 

VLe Le 
Results of this processing generate very fine resolution t, independent of both range and frequency. The azimuthal 

resolution can indeed be estimated as the value of the 3dB width of the correlation peak that is to say: 

This result explains the interest in this technique. In fact, for synthetic aperture sonar, the smaller the size of the 
transducers is, the better the azimuth resolution is, which is just the opposite behavior of a classical beamforming. 

What follows will highlight the other advantages of this technique and especially the improvement reached in the 
Signal-to-Noise ratio. 

2 2  Synthetic aperture limitations 

Some particularities of this technique which can involve limitations and need at least more investigations have to be taken 
into account. 

Firstly, the synthetic aperture sonar is characterized by the occurence of ambiguities in the range direction and 
grating lobes in the azimuth direction. In the range direction, ambiguities are avoided with a condition on the recurrence 
period Trec. In the along track direction grating lobes resulting from the spatial lacunarity effect of the synthetic aperture 
technique which generates a synthetic beam repetition. One of the best way to cancel the grating lobes is to adapt the zero 
of the receiver antenna diagram with the position of the grating lobes. These two conditions are expressed in the following 
inequalities: 

2Rmax Lr 
< Trec < - 

C 2v 
Lr : receiver antenna length 

Secondly, the synthetic aperture technique requires a great accuracy in the phase measurements, otherwise 
imagery defects appear (false echo, contrast degradation,...). Techniques of autofocalisation based on the use of the high 
signal correlations between successive sonar pings, in the case of a convenient spatial oversampling, authorize us to go 
beyond the theoretical phase accuracy limits [S ] .  



High computation power needed by synthetic aperture processing should find solutions In the next future with some new 
studies and algorithms coming from radar [3], [6] .  

3. Detection and Classification concepts 

Synthetic Aperture Sonar performances can be evaluated or approached by computing and analysing theoretical 
contrasts between Signal and Noise (for detection scenario) and Reverberation and Noise contrasts (for a classification 
scenario, if shadow analysing is used for target classification). Some differences appear between synthetic aperture sonar 
ratios and those relative to a classical sonar and are underlined later on. 

3.1 Detection concept 

Detection is the ability for an operator to isolate a signal from noise. Noises may have different origins (ambiant noise, 
electric noise, reverberation from sea bottom, sea surface or volume inhomogeneities ,... ). 
- Signal-to-Noise ratio : SNR (or contrast) is given by the following expression : 

with : - SL : Source Level, NL: Noise Level, DI: Directivity Index, TS : Target strength 
- TL : Transmission losses (geometrical spreading and absorption losses) 
- IF : Improvement factor = IFpc (pulse compression) + IFs,s (SAS gain) 

- Signal-to-Electrical Noise ratio :SER (at the intput of the preamplifier) : 

SER = SL + TS - 2TL + Sh - 178 + IOlogloB + 20  l o g l a  - 10 log,& + IF (in dB) 

with : Sh : Sensitivity of the receiver, B : Signal bandwidth, N : Number of transducers 

In the case of our experiment, the ambiant noise can be regarded as negligible. Thus, the main sources of noise are bottom 
and sea surface reverberation. 
At short ranges, in any case, detection is limited by bottom reverberation. This contrast is given by : 

SRR = TS - RL - 10 logl0S + IFsAs (in dB) 

with : RL: Reverberation Level, S: resolution area cell 
If the sonar operates in shallow water conditions, the influence of surface reverberation has also to be taken into account. 

3.2 Synthetic aperture and real antenna sonars differences 

By comparing classical sonar and synthetic aperture sonar performances in the above expressions, some differences appear. 
The main one is relative to the improvement factor (IF) which differs by considering a classical processing and a synthetic 
aperture processing. For a classical sonar, if a pulse compression is made, the theoretical improvement is limited to the gain 
of 10 IogloBT (B : signal bandwidth and T : pulse duration) 

In the case of a synthetic aperture processing a supplementary gain appears due to the effect of the coherent 
integration (or azimuthal filtering). This term depends on the number of effective summation or in other terms, is connected 
to the length of synthetic antenna. 

Rh 
IF = 10 loglo BT + 10 loglo - 

2LeSaz 
(6)  

Another difference can be noted by considering the sonar resolution cells which are given respectively for a classical sonar 
and a synthetic aperture sonar by : 

2 h l  
Sc~us.= C-xR- -  

2 Le cossci 

A roughly analysis of expressions ( 5 ) ,  (6) and (7) as the case of a synthetic aperture techn~que or a classical 
beamforming IS used, shows that the Influence of frequency IS exactly inverse In term.; of detect~on ability 
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Signal-to-Reverberation ratio Increases when frequency becomes higher In the case of a class~cal beamform~ng and 
decreases wlth a synthet~c aperture processing 

3.3 Classification concept 

The concept of classification based on a shadow analysis needs to take Into account two ratios, first the 
Reverberation-to-Shadow ratio and secondly the Reverberation-to-Electrical Noise ratio (expression of it can easily found 
from (4) and (5)). The first ratio expresses the possibility of creating a shadow by the relative geometry of the different 
sonar beam (transmit sonar beam, receiver beam and synthetic sonar beam) and target geometry (size and orientation). The 
second ratio expresses the possibility for the shadow to be visible. 

Let us consider, Lr as the Reverberation Level and Ls the Shadow Level. 
Lr = k l  Gt(r, 0). Gr(r, 0) .  Gsynt(r, B)dB (8) 
Ls = k l  Gt(r, 0 ) .  Gr(r, 8). Gsynt(r, 0)F(r, 0)d0 (9) 

Ltarg Ltarg 
F(r, 0 )  : binary function = 1 if -arctg(-.) < 0 < arctg(-.) 

2R 2R 
= 0 elsewhere 

Gt(r,€l),Gr(r,€l)andGsynt(r,€l) : transmission, reception and synthetic diagrams. 
Let us assume that the other noise components (ambiant noise, electrical noise) and surface reverberation are negligible 
(not satisfactory in a shallow water environment with wide vertical beam used), shadow depth can be estimated by the 
following Reverberation-to-Shadow ratio : 

RShR = I0 loglo Lr - 10 log,, Ls 
This above expression has been used for theoretical computation (figure 5) 

4. Synthetic Aperture Sonars : experiments 

4.1 Facility and  equipment set u p  for experiment 

In GESMA, a facility have been designed three years ago and refited last year to test transducers and especially in a 
synthetic aperture running. This facility consists of a linear rail, 15 meters long that includes a platform moving by a motor. 
This platform can carry transducers for transmission and reception signals. Moreover, the rail can be displaced along a 
vertical axis by a chain system and be fixed at seven different positions. By using these possibilities, the effect of surface 
reverberation on sonar performances can be studied. 
This rail is located in a shallow water environment. The maximum water depth is 17 meters and tidal range may be 
important (7 meters for spring tide). The lowest rail fixation is 6 meters above sea bottom. This is the position used for 
experiments described in this paper. 
The sea bottom in front of the rail is composed with a mixture of sand and fragments of shells caracterized by a high 
reveberation. Moreover, a little slant of the bottom is perceptible at short ranges and also some ripples. 

A target field has been disposed for this experiment and spreads from 15 meters to 50 meters respect to the rail. 
Six targets are laid on the sea bottom. Four of them are spherical objects of I meter diameter and the others are cylinders 
(0.55 meter diameter and 2.8 meters long). Spheres located at 15 meters and 39 meters from the rail were laid two years 
ago and a partial burial is effective. This natural burial is resulting from some important currents which generate a scouring 
effect. To sum up, these two targets are one third buried and a mound of sand is just against them. The first cylinder (at 22 
meters) is laid on a little dune that involves a little slant of the cylinder and a modification of the shape of the shadow in the 
processed image. 

4.2 Objectives 

The goal of experiments is to analyse the influence of signal characteristics (frequency, bandwidth, pulse 
compression, ... ) on detection and classification operations and to validate, by calibrate trials, the main properties of 
Synthetic Aperture technique applied to sonar. very few experiments currently exist In a sea context in the purpose of small 
targets detection and classification. So these objectives and associated results may be considered as the first in the World 
obtained in a sea environment. 

4.3 Transducers and signal characteristics 

Transducers used for the experiment had been designed in the 25 to 80 kHz frequency range and have a uniform 
frequency response. Several transducers were used, one for the transmission and three for the reception. 



Several data have been stored for each acquisit~on, one channel for the transmit signal, one for the motor coding 
data and six other channels for two superposed antennas (three transducers for each). 
Transducers have a rectangular shape of 0.195 m X 0.07 m dimensions. They were fixed at 6.8 meters above the sea 
bottom with a grazing angle a of 15 degrees. Some acquisitions have been made in CW (Chirp Wave) and others in LFM 
(Linearly Frequency Modulation). 
To sum up : 
- CW signals used are : 32,48,64, 80 kHz with a pulse length of 150 ps (and someone with pulse lengths of 62 ps and 75 
PLs) 
- LFM signals used are : 32 - 64 kHz, 48 - 80 kHz and 27 - 80 kHz with a pulse length of 10 ms, that IS to say a BT product 
of 320 and 530. 

4.4 Data processing and results 

Processing had been made in post processing time with two dimensional process, firstly the pulse range compression when 
a LFM signal is transmitted and secondly the synthetic aperture processing. This focusing is made in the frequency domain, 
the hyperbolic echo migration is compensated with a dephasing term. 

- Azimuthal resolution results : 
Results show that theoretical along track resolution is achieved in any case and it is really both of range and frequency 
independent. 

Image testh-b aat 1ma.q~ t e s thb  dat 
' ' " ' ' r " ' ~ ' ' ' l  
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Dzstance X=15 5800 Dzstance X=Z7 3864 
figure 2 Along track cuts at 15 m and 27 m (spheres), (CW pulse at 80 kHz, T = 75 ps) 

Figure 2 illustrates the azimuthal echo compression with two examples : two spheres at 15 meters and 26 meters from the 
sonar. The real along track resolution is really equal to 10 cm (Lel2). 

- Frequencv influence : 
Figure 3 shows a cut in range centered on a sphere target echo with two different CW pulses, 80 kHz (left) and 32 kHz 
(right) w t h  respective pulse lengths of 75  ps and 62 ps. Some remarks may be noted First the shadow is in both case very 
convenient for a classification but a sensible degradat~on appears at the lowest frequency The w~der aperture antenna at 
low frequency and the effect of surface reverberat~on may explain a 
No AGC (Automatic Gain Control) 1s applied on s~gnal so the range propagation ettects (losses) are qulte vis~ble on data 
Moreover, the left s ~ d e  of figure 3 reveals the narrow beam effect at 80 kHz The tlrst target is outs~de the man lobe 
transmiss~on antenna. A last remark on these two s~gnals deals with the Signal-to-Reverberation ratio whlch IS greater at 32 
kHz than at 80 kHz, that is In good agreement with theory and equations (S), ( 6 )  and (7) 
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figure 3 : Across track cuts (echo and shadow of a sphere at 26 meters) 
(CW pulse - left side fO= 80 kHz, T = 75 p - right side : fO=32 kHz, T=62 ps) 

Signals characteristics have influence on the shadow depth, the computation of equation (10) give the following results 
(figure 4 : two different target sizes have been used for computation L = Im equivalent to the spheres laid and Lz2.8 m 
which corresponds to the cylinders). 

Reverberat~on to Shadow Rotlo (tarqet L= 1 rn) Reverberation to  Shadow Rotlo (tnrqei L= 2 8 rn) 
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figure 4 : Theoretical value of the Reverberation-to-Shadow ratio : Influence of frequency 
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These shadow depth values are overestimated in a shallow water environment with wide beam sonar. Nevertheless 
experimental results show a good agreement with regards to the influence of frequency which figure 4 reveals. Higher 
frequency is, deeper shadow is and as shown on these diagrams this difference decreases with range to become not sensible 
on the last targets. 

- Pulse length and bandwidth influence 
One more influent parameter is the pulse length of signal or the effect of wide bandw~dth (and pulse compression) That is 
to say signal parameters used to give a better range or azimuthal resolution lead to the Improvement of the shadow depth 
(reverberation-to-shadow ratio) and especially towards the range limit 
Figure 5 illustrates one example of numerous processed data. This sonar image shows a good shadow target quality. Every 
target laid on the field is strictly classified by its shadow. In the center of this target field, two spheres (~$=lm) are laid 0.5 
meter from the other. They are discriminated. Their specular echoes are separated by 1.5 meters and shadows are also 
separated. Data are represented as a projection on the sea bottom and a normalization has been applied on them to 
compensate the effect of the dynamic variation. This image has a resolution cell of 0.1 m X 0.056 m. (azimuth x range). 
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figure 5 :SAS processing results on target field (CW signal fO = 80 kHz, T = 75ps) 

Figure 6 shows the same area insonified with a FM signal of 32 kHz of bandwidth . The azimuth a zero D reference is not 
the same as the above figure 6.In this case, azimuthal rsolution is also 10 cm and range resolution is equal to 1.4 cm. The 
shape of shadow are in this last case more outlined. Concerning the two spherical proud targets, located at 26 meters, two 
echoes are visible, the first one is the direct path from the target and the second one is the first target to bottom path. 
These two signal acquisitions have been made within a time interval of two months and the last target have been a little bit 
displaced. 

4 0 
R a n g e  (m) + 

figure 6 :SAS processing results on target field (FM signal f =27 - 80 kHz, T = 10 ms) 

- Window weinhtinn effect : 
Window weighting functions are currently used in classical sonar devoted to classification. In the case of synthetic aperture 
sonar a weighting function may be applied on each ping of the synthetic antenna. 
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figure 7 : CW signal f0 = 32 kHz, T = 150 ~s (on the rigth : HAMMING window) 

A Hamming weighting window has been used on data and results compared with those obtained without 
apodization. A gain of about 3 or 4 dB has been obtained in the case of a CW pulse at 32 kHz and same results in the case 
of a LFM signals (48 - 80 kHz). Figure 7 and 8 illustrate 

Range (m) r Range (m) t 

testfm25.b d d  m=.,$O 00 (I= 0 UdD 1411Jm20~b dal 

figure 8 a) LFM signal 48 - 80 kHz, T = 10 ms b)HAMMING weighting on synth. antenna 

5. Conclusion 

This paper provides the main theoretical characteristics of synthetic aperture sonar in terms of detection and 
classification of objects. The influence of signal characteristics have been studied on synthetic aperture sonar performances 
and especially on shadow depth. 

Many results have been shown such as the interest in using higher frequency for having deeper shadow but this 
advantage tends to become less sensible when sonar range increases. The use of CW with shorter pulse length or wide 
bandwidth FM signals also give the best shadows. 

A last result shows the reverberation-to-shadow ratio improvement that we can reached by using a weighting 
function on synthetic antenna (Hamming has been used). 

All results obtained with this first experiment have to be confirmed with higher frequency at longer range. 
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Abstract 
The use of focused acoustic fields for the mechanical destruction of fluid-borne targets is applied zn. the medical field 
for the comminution of kidney stones by lithotripsy. Inhomogeneities in the propagation medzum are of practical 
concern to both the medical and the ocean acoustics communities. The use of phase conjugation to compensate 
for medium inhomogeneities and multipath efjects has been demonstrated for linear acoustics in both medical and 
~nderwater contexts. The feasibility of focusing an intense acoustic field onto ~aterborne targets has implications 
for mine countermeasures because of the possibilitu of remotely neutralizing mines. The demonstration of the 
concept in actual mine countermeasure applications has yet to be realized. We present the results of a numerical 
study which investigates the performance of linear arrays using time .reversal as a means of focusing acoustic fields 
onto targets i n  an arbitrary medium modeled after a shallow water channel. The simulation investigates the cases 
where jitter exists in the initial phase of the time signals. The existence of tight focal wzdths, narrower than the 
free-space diffraction limit prediction, sometimes called "super-focusing", was observed for simulations containing 
small-scale inhomogeneitaes. 

1. Introduction 
Time reversal acoustics has a range o f  medical and underwater applications [I,  21. The concept o f  time reversal 
is an extension o f  phase conjllgation theory, which is known to hold for linear fields in reciprocal media [3, 41. 
Remarkable focusing capabilities can be achieved using phase-conjugate arrays in almost arbitrary media by using 
a time reversal system 151. However, a number o f  common phenomena can degrade the performance o f  a phase 
conjugate array, including: 

Nonstationary medium 

Limited signal capture resolution or dynamic range 

Nonlinear medium 

Nonlinear acoustical or electrical transfer functions 

I t  is unlikely that perfect time reversal can be practically implemented in a system where the difference between 
transmitted and received signal levels can exceed 60 dB due to the resolution and dynamic range limitations o f  
current systems. Uncertainties in amplitude, time-domain waveform, and phase will result in a general degradation 
o f  the performance o f  the phased array. The  present study shows the results o f  computer simulations which 
illustrate the effects o f  uncertainties introduced into a signal in the receive-transmit operation o f  an otherwise 
ideal retrodirective system. The  study o f  the performance and feasibility o f  an actual retrodirective system can 
be initially approached using such modeling t o  get, an estimate o f  the most detrimental factors that might reduce 
an array's focusing ability. 

The  problem o f  building a phase conjugation device capable o f  operating in the ocean at the intensities required 
for mine neutralization is far more complex than a simple model problem. Foremost perhaps is the fact that the 
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modeled system is a linear time-invariant system. An actual usable mine countermeasure (MCM) system will 
certainly require going to such high intensities that nonlinear properties of the transduction devices and the 
propagation medium will become important. However, the current model is a good first step towards quantifying 
some of the permissible uncertainties for effective operation of such systems. The present study presents the 
results of simulations that compare unfavorable test cases to an idealized reference focusing case The unfavorable 
test scenario introduces stochastic jitter into the time-domain signals captured by each of the array transducers. 
Also, a comparison of focal zone width is done with the free-space d~ffract~on limit, showing the "super-focusing" 
discussed in [6]. 

2. Signal Phase Error 
Random stochastie jitter is introduced into the tirne-domain signals that the array elements record during the 
receive mode. The jitter is meant to model an initial phase error, which can result from limited-resolut~on data 
acquisition electronics in the receive and/or transmit modes. The jltter IS calculated for each array element 
individually as a time delay in the znzttal phase of each signal. Because the present study seeks to define a starting 
point for evaluating the relative effects of the more important parameters descr~bed that reduce the effectiveness of 
the time reversal array, only the simplest cases are studied. For example, one could have Introduced jitter into each 
cycle of the wavetrains, or into each t ~ m e  step. In addition, amplitude j~tter could be Included The simulations 
in this study only introduce jitter into the initial phase information of the pulses because the latter effects should 
be investigated in the category of pulse shape uncertainties, or nonhnear behav~or, which is not addressed here. 
Ultimately, one would combine several of the above effects together to try and deduce what the performance of 
such a system might look like in the presence of several debilitating factors, but that would make the analysis of 
the results more comphcated. 

The jitter is given in terms of a fraction of the narrow-band signal's period For a t~me-domain signal a t  array 
element k of the form ~)r( t ) ,  we introduce a time delay, 6t, so that 

The base source waveform is a sinusoidal envelope. The uncertainty is introduced for each of the elements inde- 
pendently, padding the leading (jitter) time, 6t, with zeros. The jitter's duration is computed randomly for the 
kth element from the narrow-band period, TO, the maximum error, A, as a fraction of 2n of the base wavelength 
for a run, and a random multiplier, o r ,  

6tk = U ~ A T ~  (2) 

The random variable, uk, can range from zero to unity, and is different for each element, but the maximum possible 
jitter for any array element is A for a given simulation. Of course, the jitter can be defined in other ways, and 
could be thought of as being due to two processes: one during to the receive mode, and the other during to the 
transmit mode of the array. 

3. Description of Problem and Solution 
A vertical, 64-harmonic-element, equally-spaced linear array with an aperture of 25 6m is located in the center of 
a shallow water channel. A 2 k H z  narrow-band point source is located 51 2m away from the array as shown in 
figure 1. 

3.1. The Solution M e t h o d  
The linear inhomogeneous acoustic wave equation is the governing equation for d l  simulations presented here, 

with the primary variable being the acoustic pressure, p(r, t ) .  
The wave equation is solved in the time domain using a two-dimensional second-order accurate (in space and 

time) finite-difference time-domain (FDTD) code. The calculations are carried out on a rectangular grid space of 
dimensions 1024 horizontal by 512 vertical mesh points. Absorbing boundary conditions were used a t  the extreme 
upper and lower edges of the computational domain to simulate an extended spatial region for visual clarity, 
although this is not necessary, as the time reversal method is especially useful for situations where multiple paths 
and scattering exist. 
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Figure 1: The sound speed profile used in the simulations. The extreme values for sediment and air are truncated 
to better illustrate the profile in water. 

3.2. The Propagat ion M e d i u m  
The wave equation (3) is solved in an inhomogeneous medium modeled as air above a water channel approximately 
50m deep with a (fast) fluid sediment below it. The sound speed profile (SSP) is fashioned after data given in [7] and 
[8]. A graphical representation of the SSP is shown in figure 1. Although the basic SSP profile is similar to that used 
in many studies, it serves to illustrate the physical concepts only, and is not meant to be an accurate oceanographic 
representation of the SSP of any actual body of water. The properties used for 20°C air were a homogeneous 
sound speed of 343mlsec and a density of 1.2kg/m3. The sound speed in the water channel was a function of 
depth below the surface, with inhomogeneities added to that profile. The sediment also had inhomogeneities built 
on top of a DC sound speed of 1650m/sec, and a DC density of 1860kg/m3. Spectral statistics were not considered 
for the present study. The density field was obtained in a similar manner to complement the SSP. Inhomogeneities 
in the water and sediment are in the form of fluctuating regions of excess sound speed and density. Furthermore, 
a fine random component is added to the sound speed and density to give some fine structure. 

The shapes of the air-water and water-sediment interfaces are composed of combinations of sinusoids with 
small, local, random fluctuations. Again, the intention is to provide simulations in a non-uniform medium with 
rough interfaces and not to model any oceanographic spectra at  this time. 

4. Results 
The results of the simulations indicate that the time reversal method is in fact a good choice for focusing linear 
acoustic waves onto a target in an inhomogeneous medium with multipath effects and rough boundaries. Two 
snapshots are shown for the reference (ideal) case run. Figure 2 shows the pressure field during t,he receive mode 
of the array in the top panel, and the instant of maximum focus onto the source during the transmit mode of the 
array in the lower panel. 
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Figure 2: The acoustic pressure field. The top frame shows the pressure after some time from leaving the source 
during the array's receive mode operation. The lower frame shows the pressure after the array's transmit mode, 
when the maximum pressure occurs a t  the source location. 

4.1. P h a s e  J i t t e r  
Random time-domain jitter is introduced in the form of zero padding leading the initial phase signal from each 
array element. Figure 3 shows the pressure field in dB around the location of the source at  the instant of maximum 
focusing. The values are referenced to the maximum pressure (at the source's location usually) It was found that 
the location of the focus maximum remained near the original location of the source The reason is that for many- 
element arrays the focal shlft would tend to average out to its original value because the error has a zero mean. 
On the other hand, significant degradation in focus quality was observed for jitter exceeding about one-tenth of 
a wave period. As expected, the initial phase of the waveforms was shown to be very important to the focusing 
ability of the array. Simulations were conducted with jitter than ranged from 0.1(27r) up to a full 2n of a period. 
The -3dB points did not show any appreciable spreading from case to case, but the magnitude of the acoustic 
pressure for the cases with large jitter was far reduced and spread over a large region of the channel, resulting in 
significant focusing degradation for jitters greater than 0.1 to 0.2 of one period (figure 3) 

4.2. Super-focusing 
The inhomogeneities in the propagation medium can act to enlarge the effective aperture of t'he array. This is 
because the small differences in the index of refraction act as localized sources which are distributed throughout 
the medium. Since the focal zone's FWHM spot size in free-space is given by the diffraction limit as 

the width is inversely proportional to the aperture. In our case the predicted width at  -3dB should be approx- 
imately 1.8m in free-space. In fact we observe that the -3dB points occur at  f 0.3m from the source location. 
Simulations in homogeneous media using the same code have shown that the code does follow the predicted focal 
width in the absence of inhomogeneities [12]. 
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Figure 3: Slices through the source position at  the time of maximum focusing for various jitter conditions. The 
dashed lines denote the vertical slices (parallel to the array), while the solid lines denote the horizontal slices 
(perpendicular to the array). Panels are for (a) No jitter (reference case), (b) Max. jitter = 0.1(27r), (c) Max. 
jitter = 0.2(27r), (d) Max, jitter = 27r. 

Experiments by Derode, et al. [51, have also demonstrated this effect in the laboratory for high-order multiple 
scattering. 

5. Conclusions 
The premise of using phase conjugate arrays for the focusing of intense acoustic fields onto a remote waterborne 
target has implications for MCM system design. The possibility of remote neutralization of pressure-sensitive 
mines would be an asset to the MCM arsenals that exist today [Ill. The concept has been demonstrated in theory 
and in the laboratory for ultrasonic frequencies in medical applications. Ocean field experiments in shallow water 
have been conducted recently by Kuperman, et .  al., (unpublished). These experiments were conducted at  400Hz, 
and would not encounter the difficulty with electronic jitter that high frequency arrays would suffer from. However, 
the results obtained so far from experimental [5] and theoretical [6] groups show a remarkable robustness when 
using the time reversal technique with multiple scattering and reflection in random media. 

In this report we used a linear acoustics model to simulate propagation through a shallow water channel with 
an inhomogeneous sound speed profile as well as a rough surface and bottom. The results for cases that are 
expected to degrade the focusing ability of a time reversal array by altering the initial phase information are given. 
Initial phase timing is corrupted by some jitter introduced to model time-domain electronic system uncertainties 
affecting the relative phases of the transmitted array element waveforms. 

The array's focusing appears to hold up well under these circumstances for jitter up to 0.1 to 0.2 of the 
narrow-band period. Above a value of 0.2 period results in significant loss of focus. The location of maximum 
pressure remained a t  the location of the source because the jitter is a zero-mean random variable. indicating that 
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initial phase of the returned signals is more important than the details of the waveform phase shape. This is 
encouraging, since the data aquisition of a broad-band time-reversal signal, and the translation of that signal into 
a corresponding high-intensity array pressure output is unlikely with current technology This is especially true if 
the array consists of elements whose bandwidth is significantly greater than PZT transducers. 

Other factors not studied here that are detrimental to  the focusing of phase conjugate arrays also need to be 
investigated. Chief among these is the nonlinear behaviour of the medium and the transducer and electronics' 
transfer functions, which will become important for high intensity or broad-band signals The nonlinearity of 
the transduction process under real ocean MCM conditions is certain to play an ~mportant role that needs to be 
studied theoretically and in the laboratory before any definitive conclus~ons can be made regalding the feasibility 
of constructing an actual MCM phase-conjugate system. 
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Abstract 

In this paper we investigate the noise direct~onality due to distributed surface sources m several envtronments with a 
uniformly sloptng sea bed. Of particular interest are frequency dependence und the questtori of  the relevance of 
multipaths to very highfrequencies. We look at both uniform source distrtbutions and ~wathes of sources lying parallel to 
the coastline. Some closed form solutions are presented, backed up by numerical solutions using the CANARY range and 
azimuth dependent noise model. 

1. Introduction 
Noise d~rect~onality is an important cons~derat~on for the des~gn ot h~gh frequency sonar systems as well as low 

frequency arrays. At low frequenc~es one tends to convert the nolse d~rect~onal~ty Into a correlat~on matnx for a glven 
array rn the glven nolse field. This can subsequently be used In beam form~ng or adaptwe beam forming calculat~ons At 
very h~gh frequenc~es ~t may be more appropriate slmply to point the array phys~cally In the deslred d~rectlon In both 
cases noise direct~onal~ty 1s probably as Important as absolute noise level 

There are several Interesting problems In shallow and coastal waters across the frequency range. One IS that ot nolse 
production mechanisms such wind, wave and rain [I ,  21. Another is the eifect ot multipaths, In particular, bottom 
reflections from a sloping seabed. Yet another 1s the effect of uniform d~str~butrons of nose sources, such as wind, as 
opposed to discrete shipping sources. And finally there is the effect of more local~sed, but still distr~buted, sources such as 
waves where the water depth approaches zero. 

In this paper we present some calculations of the effects of mult~paths w~th  un~torm and non-unrform source 
distributions and a sloping sea bed. Since we are Interested in directional~ty only our results are relative ( ~ e  relative to a 
unit source level per unit area of surface). At frequenc~es of tens or hundreds of kHz one would usually neglect mult~paths 
because of h ~ g h  bottom losses, amongst other thlngs Here we lnvestlgate the val~d~ty of t h ~ s  assumption by looking at the 
frequency dependence of the directional~ty when sources may not be ~mmed~ately overhead At lower trequenc~es we 
already know that In deep water (the absence of a sea bed) we obtaln Cron & Sherman's 131 result; In a rangemdependent 
environment we find a noise notch which IS a slmple Snell's law refract~on phenomenon tor surface sources, and In a range 
and azimuth dependent env~ronment the nolse notch 1s tilled in by downslope mult~paths [4]. 

2. Approach 
Our calculations are based on a formulation developed by Harrison for range-~ndependent [5] and for range-dependent 

environments [6] (in press). Analytical results are possible for a wedge-shaped environment w~th e~ther un~form sources or 
swathes of sources parallel to the coasthne [7]. We will also present some numerical results from the model CANARY 
(Coherence of Ambient Noise for Arrays) which uses a similar approach. 
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If we attempt to calculate from first principles, say, the array response A for a receiver with beam pattern B(@,B,) we 
obtain an integral over the entire sea surface whose integrand is the dipole source strength per unit area q($,r)sin2B, times a 
propagation factor P($,B,,r) times B($,B,), 

where I$ is azimuth, B,, 8, are ray elevation angle at the receiver and surface respectively, and r is range. 
Harrison [5]  shows that this simplifies as follows. If we imagine the receiver as a source, the ray spreading at the 

surface because of refraction and distance is what causes the usual weakening of intensity. By reciprocity, sources at the 
surface provide weakenad contributions at the receiver. Simultaneously, however, the number of noise sources in an 
elementary area goes up (if they are locally uniformly distributed) by the same factor and exactly cancels. Thus the 
geometric spreading effect disappears even in an arbitrary 3D environment. 

For each arrival angle at the receiver Br a ray potentially has had many surface hits and we have to add a noise 
contribution for each one. In a range-independent environment this is relatively simple, and because each ray cycle 
introduces one extra upper and lower turning point loss and a volume absorption loss we obtain a geometric series which 
can be solved analytically. 

More generally in a range and azimuth dependent environment [6] we find 

Here D is the noise directionality that we seek; it is a noise power per unit solid angle. It can be separated into two 
terms U and S. 

0 ( 9 , e r )  =u(e,.)s(~, 0,)  (3) 
The function U is the residual attenuation due to bottom reflection (power reflection coefficient Rh) and volume 

absorption a between the last ray upper turning point and the receiver. For the upward ray the partial path length is sD, 
and for the downward path it is (sc-sp), where sc is the complete cycle path length. So for a path steep enough to hit the 
surface, U is given by 

Central to this paper is the function S whlch represents the contribution arrlvlng along one ray from multiple dipole 
sources. It is S that forms a geometric series in a range-independent environment with a uniform source distribution, but 
elsewhere it is clearly more complicated. 

N n 

s(@, 6,) = C q(@, r)sin(es)n.exp(-C ~ j )  (5) 
n =O j = I  

with 

Here the surface and bottom reflection coefficients Rs and Rb (evaluated at appropriate angles) are treated as 
symmetrical functions of angle. 

2.1 Analytical results 
The position dependence of the source strength q (@,r) can either be assumed to be a constant (uniform distribution) or 

can be converted to angle dependence given the bathymetry and a ray invariant [8]. 
In a wedge-shaped ocean the arrival angle 8, corresponds to afixed ray angle at a given distance from the apex because 

the water depth at this distance is fixed. Therefore analytical solutions for the noise directionality D($,B,) are also possible 
with swathes of sources parallel to the coastline because (5) can still be solved 171. 

Harrison (in press) [6] derives solutioqs for uniform sources in a wedge combined with isovelocity or range- 
independent downward refraction. sound channel or surface duct. The refraction cases explicitly show the classical filling 
in of the noise notch by upslope sources. 



In the isovelocity case we take the bottom to be a tilted plane of (low) gradlent &,, so that, adopttng a Nx2D approach 
the effective slope at a particular azimuth is given by &(I$) = eo cos41. After each bottom bounce the ray angle is 
incremented or decremented by 2& so that 8 and J are linearly related. Jolnt boundary loss is taken to be asin8 per bounce 
where a is a constant up to a crit~cal angle 8,. We can then approximate the sums in (5) as Integrals and solve them. 
Looking downslope from the receiver we have 

whereas going upslope from the receiver we have 

where 8, IS a crltlcal angle. It IS now clear that ne~ther Sup nor Sd,,, can be greater than the range-~ndependent 
equivalent whlch 1s l / a  They can only equal ~t for low slopes or large losses 

Intens~ty contours for normallsed d~rect~onal~ty (aD=aSU) are shown ~n Cartesian (&Or) projection In F I ~  1 
Parameters are: Bottom slope E~ = 0.01, bottom loss a = 0.23 ( ~ e  1 dB per radlan), cr~tlcal angle ec = 30" The lntenslty 
for downward angles steeper than Oc at the recelver 1s obv~ously zero as lndlcated by the black area The h~ghest 
intensit~es (whlte) are seen sl~ghtly up-slope of across-slope. Upslope the weakest returns are for steep ray angles, 
downslope the weakest returns are In the horizontal The upldown asymmetry 1s entlrely due to bottom loss Rb = exp (-a 
slnlOrl) in U (see (4)) slnce absorpt~on has been set to zero At upward elevat~on angles greater than cr~tlcal the formula 
reverts to Cron and Sherman's [3] leavlng D=slnOs For comparison Fig 2 shows the equ~valent plot trom [6] for a range - 
Independent surface duct In a wedge 

Fig 1 Analytical noise directionality for an isovelocity 
wedge using (7) and (8). Intensity is linear. 

Fig 2 Analytical noise directioriality for a surjace duct 
(formulae in [6]). Intensity is linear. 

2.2 Numerical results 
Behaviour of boundary losses and volume loss is clearly crucial. At higher frequencies we need to take better account 

of the detailed variation of these quantities, so now we turn to numerical methods. In the model CANARY we still have to 
solve for S(I$,O,), (5), and again we take a Nx2D approach. The gist of this numerical method is given in [9] and [ lo]  (in 
press). 

Because each term in the first sum of (5) represents the contribution from the nth surface hit multiplied by the 
cumulative losses up to that point it is possible to calculate both sums efficiently in a single loop. We simply trace the ray 
(at $0,) backwards, simultaneously multiplying the current cumulative loss factor by the RHS of (6) for the latest cycle, 
and adding q sin 8, t~mes the current cumulative loss factor as in (5) for each surtace h ~ t  

Note that a coarse spread in ray angles will suffice since we do not need to bother with geometric spreading. Some 
comparisons between CANARY and the analytical cases of [6] are given in [I I]. 

In the following examples we have used Thorp [ 121 for volume loss a (dBlkm) 
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with frequency f i n  kHz; Marsh, Schulkin and Kneale [I31 for surface loss 

R s ( e s )  = cxplj.~7 ~ ~ ~ f ~ ' ~ w ' r i n t ~ , ]  

with wind speed w in m/s. To represent bottom loss frequency dependence we have invented a formula loosely based on a 
graph of Marsh's shown in Urick's book [14]. This gives the linear rise to a plateau in angle combined with an increase in 
frequency. 

For frequencies below lkHz we drop the (l~g,,,f)~ term. 

2.2.1 Frequency dependence In a wedge with uniform source distribution 
F~gures 3-5 illustrate the effect of the lncreaslng losses on the dlrectlonal~ty at trequenc~es ot 0 25. 1 ,  4kHz In an 

lsoveloc~ty wedge of slope 0.01 assumlng a w~nd speed of 51111s Under these cond~tlons we can safely Ignore mult~paths 
above 4kHz. 

Fig 3 Numerical noise directionality (dB) for isovelocity Fig 4 Numerical rtoise directionality (dB) for isovelocity 
with uniform sources at 25OHz with uniform sources ut lkHz 

Fig 5 Numerical noise directionality (dB) for isovelocity Fig 6 Numerical ttoise direcrinrrality (dB) for surface duct 
with uniform sources at 4kHz with uniform  source.^ ar 25OHz 



If there is upward refraction with the receiver relatively near the surface then there is a better chance of multipaths 
without much bottom interaction. In Figs 6-8 (and Figs 3-5) we have the receiver at depth IOm in lOOm of water. Here 
there is potential for strong multipath arrivals at low angles provided wind speeds are low. 

Although all figures for uniform source distribution display directionality the direct upward path dominates at high 
frequencies and there is no azimuth dependence. There is a residual first bottom reflection in the downward direction. As 
frequency lowers there is a near horizontal contribution from out to sea in the surface duct but a corresponding low in the 
isovelocity case. 

Fig 7 Numerical noise directionaliry (dB) for surface duct Fig 8 Numerical noise directionality (dB) for surface duct 
with uniform sources at ]kHz with uniform sources at 4kHz 

2.2.2 Receiver depth dependence 
In an upward or downward refracting duct there is a transition from surface/bottom reflected to waterborne paths some 

way up the slope depending on final arrival angle and receiver depth. This may have a noticeable effect on the noise 
directionality. 

In a downward refract~ng duct there would be a 'nolse notch' (an angle range ot low nose) lf the bottom were flat The 
slope fills this on the upslope s~de,  and the w~dth of the notch on the downslope s ~ d e  depends on the receiver depth slnce ~t 
affects the veloc~ty contrast for the llmltlng ray The r~ght  hand side of Fig 9 shows the filled nolse notch at 250Hz for a 
receiver at mid-depth. Doubllng the veloc~ty contrast In the sound speed profile or deepen~ng the recelver opens up the 
nose notch as in f i g  10. Flg 11 shows (by changlng the plottlng contrast) that the effect 1s st111 there at lkHz and the 
bottom paths domlnate these angles although the nolse 1s weak compared w~th that for overhead 

Fig 9 Weak noise notch for mid-depth receiver at 250Hz Fig 10 Strong noise notch for mid-depth receiver at 250Hz 
for downward refraction with uniform sources for downward refraction wit11 unlform soirrces 
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Fig 11 Strong noise notch for mid-depth receiver at l kHz  Fig 12 Numerical noise directionality (dB) for surface 
for downward refraction with uniform sources duct at l kHz  with a swathe of sources; &I 
(highlighting the lower contour levels) 

2.2.3 Dependence on source distribution 
If we are considering wind noise then a uniform distribution seems a reasonable assumption. On the other hand wave 

noise sources could be assumed to be overhead or to be distributed along a distant beach. We now make the assumption 
that sources extend in a swathe parallel to the shore out to a fraction 8 of the distance from the shore to the receiver. Note 
that once there are no noise sources (of this type) overhead multipaths to distant sources definitely could be important even 
at high frequencies because there are no other paths. 

Figs 12-14 show the noise directionality at lkHz for 6c113, 213, 1 for the upward refracting case. The most obvious 
effect is that as the swathe becomes narrower the angle range of the noise becomes more and more confined to a narrow 
range near the horizontal although the transition happens quite near 8=l. Once the swathe edge reaches the receiver 
position the directionality is close to that of a uniform distribution (see Fig 7) although of course, there is only noise from 
azimuths between upslope and across slope. Interestingly there is little azimuth dependence in Figs 13 and 14. 

Fig 13 Numerical noise directionality (dB) for surface Fig 14 Numerical noise directionalit)~ (dB) for surface 
duct at l kHz  with a swathe of sources; 6=2/3 duct at ]kHz with a swathe o f  sources; 6=IN 



3. Conclusions 
By treating surface noise sources as an extended sheet it is possible to derive closed form analytical and numerical 

results for various conditions in range-dependent environments. Full derivatiohs of the analytical cases are given in [61. 
and examples are shown here in Figs I and 2. 

Noise directionality was investigated numerically as a function of frequency, receiver depth and source swathe width 
for swathes parallel to the coastline. Naturally as frequency rises boundary losses become higher, and multipaths become 
less significant. If there is a maximum in the sound speed profile above the receiver and with a higher sound speed there 
will be a vertical noise notch in the downslope direction. Upslope the same angle range will be filled, even at high 
frequencies, with multipath arrivals. Similarly, if the noise sources only exist near the coastline then even at high 
frequencies there are significant multipaths, and angles are confined to those near the horizontal. 

Acknowledgement 
This work was supported by BAeSEMA Ltd. I thank Mr G Horsley and Mrs S Smithers for their assistance with the 

figures and typing. Related work on the general purpose noise model CANARY and its development have been funded by 
the UK Defence Research Agency. 

References 

[I]  G B Deane, "Acoustic measurements of breaking waves in the surf zone", in Proceedings of the Third International 
Conference on Underwater Acoustics, ed J S Papadakis, Crete University Press, Crete 1996. 

[21 D M Farmer and S Vagle, "Waveguide propagation of ambient sound in the ocean-surface bubble layer", J Acoust Soc 
Am, vol86, pp 1897- 1908, 1989. 

131 B F Cron and C H Sherman, "Spatial correlation functions for various noise models". J Acoust Soc. Am, vol 34, pp 
1732-1736, 1962. 

[4] W M Carey and R A Wagstaff, "Low frequency noise fields", JAcoust SOL. Am, vol 80, pp 1523-1526, 1986. 
[5] C H Harrison, "Formulas for ambient noise level and coherence", JAcousr Soc Am, vol99, pp 2055-2066, 1996. 
[6] C H Harrison, "A simple model of noise directionality for range-dependent environments", J Acoust Soc Am, in press. 
[71 C H Harrison, "Noise directionality in the surf zone: a model", in Pqeedings of Sea Surface Sound '97, Southampton, 

1997. 
[81 D E Weston, "Guided propagation in a slowly varying medium", Proc Phys Soc, vol73, pp 365-384, 1959. 
[9] C H Harrison and A Cowley, "CANARY: A model of ambient noise and coherence", in Proceedings of the Third 

International Conference on Underwater Acoustics, ed J S Papadakis, Crete University Press, Crete 1996. 
[lo] C H Harrison, "CANARY: A simple model of ambient noise and coherence", in Applied Acoustics. in press. 
[ l l ]  C H Harrison, "Tests of range-dependent algorithms in CANARY V6 (CANARD)", BAeSEMA Report 

CR100713fI'R-2, January 1997. 
[12] W H Thorp, "Analytic description of the low frequency attenuation coefficient", J Acousr SOL. Am, vol 42, pp 270- 

271, 1967. 
[I31 H W Marsh, M Schulkin and S G Kneale, "Scattering of underwater sound by the sea surface", J ACOUS~ Soc Am, vol 

33, pp 334-340, 1961. 
[14] R J Urick, Principles of Underwater Sound, McGraw-Hill, 1983. 



228 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 



High Frequency Matched Field Processing 

W.S. Hodgkiss, W.A. Kuperman, J.J. Murray, G.L. D'Spain, and L.P. Berger 
Marine Physical Laboratory 
Scripps Institution of Oceanography 
La Jolla, CA 92093-0701 

Abstract 

Results are discussed from a high frequency (0 9-5 7 kHz), very shallow water (<I0 m) experiment exploring the feasrbrlitj 
of carrying out matched field processing in this frequency and water depth regrme The data was received on a 22- 
element vertrcal array wrth mterelement spacing one half-wavelength at 4 hH? AII crtouTtrc rourte broadcasting a 
multitone comb was towed along radial tracks wrth maxrmum range from the arraj o f  reveral hundred rneterc. One 
rncomrng track was selected for analysrs usrng conventronal (nonadaptrve) rnatthed field prot essrng The rtructure of the 
range-depth ambiguity surface (rncoherently averaged across frequency) 1 5  shown us well ar the time-evolving range 
surface (for a fixed source depth) In addrtron, trme serres of the range and depth maxrma are \hewn along wrth thew 
corresponding correlatron values Although a very srmple range-mdepender~t e~~vrronrnentul model was ured to generate 
the matchedfield repl~ca vectors, the results clearlj demonstrate the abrlitj to track the motrott of the vource and resolve 
rts position to on the order of 0.5 m m depth and I0 m In range 

1. Introduction 
As a generalization of conventlonal (plane wave) beamformlng, matched field procesrlng (MFP) measures the slm~lar~ty 
between the data observed on an array of sensors and the complex wave field pred~cted by a full-wave propagation model 
for a source at a glven range, depth, and az~muth [I-21 MFP has rece~ved a great deal ot attention recently and lmpresslve 
broadband detection, local~zat~on, and track~ng results have been obta~ned In shallow water (< 200 m) at low-to-m~d 
frequencies (< 600 Hz) [3-41 

Here we dlscuss the results from a h ~ g h  frequency (0 9-5 7 kHz), very shallow water (<I0 m) experlment explor~ng the 
feas~b~llty of carrylng out matched field processing In thls frequency reglme Sect~on 2 w~ll  descr~be the experlment, array 
geometry, and the bathymetry observed along the source tow track The results trom pertormlng convent~onal 
(nonadaptive) matched field processlng on the data then are presented In Sectlon 3 Lastly, summary 1s prov~ded In 
Sechon 4. 

2. Experiment Description 
The experlment was conducted on 15 October 1996 In San D~ego Bay In the vlclnlty ot the Scr~pps Marlne F a c ~ l ~ t ~ e s  pler 
A chart of the area prepared a few months prlor to the experlment lndlcates that the bathymetry generally 1s tlat In the area 
north of the pier where two of the three source tow events were conducted. 

F~gure 1 shows the experlment geometry and a sound speed profile der~ved from CTD data collected ~mmed~ately atter the 
source tow event analyzed In Sect~on 3 The vertlcal array consisted of 22 element5 pos~tloned as shown In the upper part 
of the water column. The array was deployed from the pler wlth a heavy we~ght on the bottom keeplng ~t stra~ght The 
uppermost array element was 0.67 m below the surtace and the Interelement spaclng was 0 188 m (approximately one halt- 
wavelength at 4 kHz). The tlme serles from each array element was sampled at 48 kHz 

Source tows were carried out with a small boat equiped with differential GPS for accurate positioning. Bathymetry was 
measured during the source tows with a high frequency echo sounder. Figure 1 also shows the bathymetry measured over 
the north-to-south source tow track for the data discussed in Section 3. Over the range interval 150-175 m, the track cuts 
across a small trench with ridges on both sides. This broad east-west feature is evident on the chart of the area north of the 
pier. 
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Figure 1. Experiment geometry and sound speed profile. The 22 element vertical array was located in the upper part 
of the water column. A small trench with slight ridges on both sides was present in the range interval 150-175 m. 

10 

During the source tow events, a J-1 l was deployed to a depth of approximately 3.8 m and transmitted CW tonals at 0.9, 
1.3,2.4,3.5,4.6, and 5.7 kHz. 

- 
3. Data Analysis 

0 50 100 150 200 1510 1514 1518 
Range to Array (m) Sound Speed (mls) 

We selected for analysis the last 3.0 minutes of data from a north-to-south source tow track. The bathymetry for this track 
is shown in Figure 1. The range of the source to the array was approximately 225 m at the beginning of the track and 
approximately 15 m at the end of the track. 

For simplicity, a range independent environmental model was used to compute replica vectors. The sound speed profile is 
shown in Figure 1. Due to lack of detailed geoacoustic information on the bottom, representative parameters for a sand- 
silt-clay half-space were used [5] (compressional sound speed: 1550 mls, compressional attenuation: 0.35 dblmlkHz, and 
density: 1.5 g/cm3). Matched field replica vectors were calculated using the Kraken normal mode code [6] .  Since only two 
modes were predicted to be excited at 0.9 kHz and three modes at 1.3 kHz, these lowest two frequencies of the source tow 
data were not included in the processed results. 

Preprocess~ng of the array data cons~sted of computing 50% overlapped, 8192-po~nt (Kalsel-Beahel windowed) FFT s of 
the hydrophone tlme serles and extracting the (5 86 Hz w~de)  bins contalnlng the source tow trequencles At each 
frequency fl, a data vector was formed at tlme tJ from the appropriate complex b ~ n  value from each element of the array 
X(fl,tJ) Est~mates of the array element covariance matrlx were generated by averaging the outer p~oducts of successive 

data vectors 

where Nt = 5 (0.43 s of data) and H indicates complex conjugate transpose. 

Narrow-band, conventional matched field processing was implemented by computing the normalized quadratic form: 

C(fi,r,d,t) = gH(fi,r,d)K(fi,t)g(fi,r,d) 
Tr(K(fi, t)) lg(f r,d)12 



where g(fi,r,d) is the complex wave field (replica vector) predicted by the full-wave propagation model for a source at 
range r and depth d away from the array and Tr(K(fi,t)) is the trace of the covariance matrix K(fi,t). 

Then, the individual frequency matched field processing results were averaged incoherently across frequency: 

As an example of (3), the range-depth ambiguity surface at t = 1.7 rnin is shown in Figure 2. Although ambiguous 
sidelobes are present, the source is localized easily at r = 90 m and d = 3.8 rn with resolution on the order of 10 m in range 
and 0.5 m in depth. 

In the processing, successive ambiguity surfaces as in Figure 2 are computed. Since the source depth was known to be 
approximately constant during the source tow, one useful way to visualize the time-evolving structure of the matched field 
processor output is to display a slice of each amb~guity surface at a given depth. Figure 3 shows the t~me-evolving range 
surface ford = 3.8 m. The incoming track of the source clearly is visible. 

Correlation (dB) 

Figure 2. Range-depth ambiguity surface at t = 1.7 min averaged across the source tow tonals at 2.4,3.5,4.6, 
and 5.7 kHz. The source is localized at r = 90 m and d = 3.8 m. 
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Figure 3. Time-evolving range range surface for d = 3.8 m averaged acrclss the source tow tonals at 
2.4,3.5,4.6, and 5.7 kHz. The source is closing on the array as time increases. 

The time series of range-depth maxima of the successive ambiguity surfaces provides additional information on how well 
the matched field processor is able to track the source. Figure 4 displays the peak ranges as the source closes on the array 
along with the true range (based on DGPS measurements of source and array position). Similarly, Figure 5 displays the 
peak depths along with the bathymetry under the souce as measured by the echo sounder. Although the source track can be 
discerned in both figures, a substantial number of ambiguous peaks are seen when the source is in the vicinity of the trench 
(0.4-1.2 min). This is not surprising considering the simple, range-independent environmental model used for computing 
the matched &Id replica vectors. 

Lastly, the time series of correlation values for the range-depth maxima of the successive ambiguity surfaces is shown in 
Figure 6. During the last half of the track where the range-independent environmental model is reasonably accurate, the 
correlation values generally are between -3 and -4 dB. At the high signal-to-noise ratios present in these data, a perfect 
match between the observed data and predicted replica field would yield a correlation value of 0 dB. 
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Figure 5. Time series of peakdepths from the individual range-depth ambiguity 
surfaces The bathymetry under the source also is d~splayed 
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Figure 6. Time series of correlation values for the range-depth maxima from 
the individual range-depth ambiguity surfaces. 
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4. Summary 

The focus of this paper has been on exploring the feasibility of carrying out broadband matched field processing on high 
frequency (0.9-5.7 kHz) source tow data in very shallow water (<I0 m). A 4.0 m aperture, 22-element vertical array 
received multitone transmissions from a source towed at approximately 3.8 m depth and ranges of up to several hundred 
meters. Conventional (nonadaptive) matched field processing was performed on the data from an incoming track where the 
source range decreased from 225 m to 15 m over 3.0 min. The structure of the range-depth ambiguity surface (incoherently 
averaged across frequency) was shown as well as the time-evolving range surface (for a fixed source depth of 3.8 m). Time 
series of the range and depth maxima also were shown along with their corresponding correlation values. Although a very 
simple range-independent environmental model was used to generate the matched field replica vectors, the results clearly 
demonstrate the ability to track the motion of the source and resolve its position to on the order of 0.5 m in depth and 10 m 
in range. 
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Abstract 

This report considers the acoustic interaction between the acoustic freld rn a borehole and the elastic field in 
the surrounding formation. The problem with acoustic-seismic radration of energy from a source in a fluid filled 
borehole with a drrllstring surrounded by an elastic formation of infrnrte extent is first consrdered. The exact 
solution is established and simplified expressions are derived for the low frequency case. The source produces a 
compressional field and a shear wave field. The compressional field has a maximum value at the direction 
perpendicular to the axis of the borehole, the shear field will in most cases has a maximum approxtmately at an 
angle of 45". However, in special cases the radiation out into the formation may be completely dominated by 
shear radiation in a very narrow angle. Secondly, the response of a sensor in the borehole due to an incoming 
plane wave is considered and the complete solution valid for all frequencres is determined. Numerical examples 
shows that the receiving response can be very complicated and composed of several modes and each of them 
may have strong resonances. 

1. Introduction 
In many instances borehole measurements are used to determine in situ values for the geo-acoustic properties of 
marine sediments, either cross-hole measurements or in-hole measurements. Correct interpretation of such 
results requires an understanding of how acoustic energy in a fluid filled borehole is coupled to the field in the 
formation in reception and transmission, both in time and frequency domain. This is particularly important with 
so high frequencies that wavelengths approximately equal the diameter of the hole. 

This paper presents theory and examples of transmitting and receiving responses in boreholes. First, we study 
the field set up in the formation due to a cylindrical source in the borehole. Secondly, we consider the response 
of a sensor in the borehole due to a plane wave arriving at an arbitrary angle In the formation. 

T h ~ s  study 1s based on prevlous works reported In the literature The axlsymmetrlc r a d ~ a t ~ o n  from a 
c y l ~ n d r ~ c a l  source In a homogenous elastlc format~on has been treated by Heelan [ I ] ,  Abo-Zena [ 2 ] ,  Lee and 
Balch [3] and W ~ n b o w  [4] Lee [5] extended to non axlsymmetrlc excltatlon The recelver problem has been 
thoroughly ~nves t~ga ted  by Schoenberg [6] and h ~ s  formulat~ons were later used by Peng et al [ 71 to study 
borehole effects on downhole selsm~c measurements as funct~on of frequency, angle of ~ncldence and 
polarization Borehole coupllng and resonances were d~scussed by Lowell and Hornby [8] In the axlsymmetrlc 
case wlth a sensor on the axls of the borehole We extend the theory to ~nclude a hard dr~llstrlng In the borehole 
and nonaxlsymmetrlc sensor locat~ons and we focus the attention to so h ~ g h  frequenc~es that borehole resonances 
may play important roles 

2. Mathematical modeling 
Consider a cylindrical borehole with a coaxial drillstring with radius respectively a and b, Figure 1. The 
surrounding formation is assumed to be elastic and homogenous with P-wave and S-wave velocities V ,  and V,$ 
and density p .  Between the drillstring and the formation there is a fluid with sound velocity V ,  and density p, . 
On the drillstring there is mounted a cylindrical source with same radius as the drillstring and with length L. For 
simplicity we shall in the following assume that the length L is short compared with the wavelength so that 
transmitter directivity can be neglected. 
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Figure1 . Model. 

2.1 Transmitter 
The radiated waves in the formation are described by a scalar potential for the compressional wave and a vector 
potential for the shear wave. In this axisymmetric problem the vector potential has only one component and 
therefore the fields can be described by two scalar functions @ and In cylindrical coordinates the solution to 
the wave equations for the radiated waves in the formation are 

4 = ~Hh~ ' (y , , r )  exp(io r - ikz) 

= B ~ , ( ~ ' ( ~ , r ) e x ~ ( i w t  - ikz) 
Without the presence of a source the field in the fluid is 

HA') ( )  and H!~)(.) are Hankel functions of the second kind, order zero and one, representing outgo~ng radiated 
P- and S-waves. J,,(.) and No(.) are the Bessel and Neumann funct~ons. The axial wavenumber IS k and the 
radial wavenumbers are Y, and Y,, for P and S-waves In the format~on, the rad~al  wavenumber 1n the f l u ~ d  

annulus IS yt The tlme dependency exp(rwt) will hereafter be assumed and om~tted.  

Y; = ( @ / ~ , , ) ~ - k ~  

Y: = ( ~ / v , ) ~  - k 2  

yf = ( w / ~ , ) ~ - k ~  

The source function has the form 

Q is a measure of the source strength and related to the volume displacement of the source V (m') by 
v Q=-- 1 

2~~ b H:~' ( y t  b) 

In the equations above A ,  B , A. and Bo are unknown coefficients and functions of wavenumber and frequency . . 
to be determined by the boundary conditions. These require continuity of normal stress and displacement on the 
surface of the drillstring and at the borehole wall. We shall assume that the drillstring is infinitely hard so that 
the displacement at the surface of the drillstring is zero. Having found the coefficients the wave fields are 
determined by integration over axial wave numbers k . 

The pressure in the borehole fluid is 

The radial and tangential displacements in the formation are 



The expressions above are valld for all frequenc~es and used for numer~cal calculat~on For low frequenc~es 
one can develop approximate results that are more suited to glve ~ n s ~ g h t  In the phyalcal processes The low 
frequency results are v a l ~ d  as long as the flrst resonance frequency ot the tundamental mode 1s h~gher  and 
outs~de  the band of excltatlon of the transmlttlng element Thls w ~ l l  be discussed more later To  a r r ~ v e  at the low 
frequency approxlmatlon ~t IS first assumed that only the farf~eld solut~on Ir ot ~ntereat and therefore the Hankel 
functrons In (6), (7) and (8) are replaced with thelr asymptotic values tor lalge arguments 191 Furthermore, the 
integrals are approx~mated w ~ t h  t h e ~ r  statlonary phase value [ l o ]  New components ot the d~splacements are 
introduced by 

UR = U, sin 6 + u, cos6 

u6 = U ,  cos6- U ,  sin 6 

and the Hankel functions are replaced with their low frequency approximations. The end result of this is that the 
transmitted field in the formation is decomposed into two parts. A compressional field with a particle 
displacement in the direction of propagation of 

and a shear wave with particle displacement normal to the direction of propagation 

R is the distance from the center of the source to the field point (Figure I). 

The pressure in the borehole is by the same approximation 

This is the so called tube wave propagating In the cylindrical annulus between the drillstring and the formation. 
The low frequency approximation to tube wave velocity, which also appears in (10) and (I  I ) ,  1s 

Normally the tube wave velocity is lower than the shear and compress~onal wave velocities ~n the formation and 
the tube wave sets up an evanescent field in the formation which is not included In (10) and ( I  I ) .  

2.2 Receiver 
We will determine the response of a sensor at the surface of the drillstring due to an incoming plane P-wave or 
SV-wave (vertically polarized shear wave). The calculation of the receiver response is almost the same for the 
two cases, we outline the derivation for an incoming plane P-wave. The transmitting problem we studied 
previously is an axisymmetric problem but the receiving problem is not, because of the incoming plane wave and 
the assumption that the receiving sensor may be in an non-axial position and located on the surface of the 
drillstring. We consider an incoming plane P-wave with velocity amplitude U, frequency w , Incident angle 6 ,  
and azimuth angle 0 (Figure I). The plane incoming wave is expressed as a sum of cylindrical waves [9] 
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The incoming wave sets up a field in the borehole 

and two scattered waves in the format~on, one SV-wave expressed as 

and a scattered P-wave 

In the expressions above I$, i$, and 5 are scalar displacement potentials. There are now four unknown 

coefficients, A,, a, ,  B,, and D,, that are determined by the same boundary conditions as before and, in 
addition, the tangential stress is zero at the borehole wall. 

The pressure in the borehole is po = p l  w 2 $ /  and examples of numerical solutions for the pressure in the . . 
borehole will be presented later. In the same way as for the transmitter problem one can derive simple 
expressions for the receiver response in the low frequency case. Each mode must be treated separately, for the 
fundamental mode m=O the low frequency approximation of the pressure on a sensor at r=h for an incoming P- 
wave in the formation with a displacement amplitude U ,  is 

With an incoming plane SV- wave with displacement amplitude U ,  the pressure will be 

The solutions (18) and (19) are the reciprocal solutions to the transm~tting responses of (10) and (1 I). 

3. Numerical results 
In t h ~ s  section we w ~ l l  presents numer~cal results of transmlttlng and ~ e c e l v ~ n g  lesponses In boreholes The 
parameters of the examples are glven In Table I 

Parameter Format~on 1 Format~on 2 
P-wave veloc~ty 3500 m/s 5000 m/s 
S-wave veloc~ty 2000 m/s I000 m/s 
Dens~ty of tormat~on 2500 kg/m3 2500 kg/m3 
F l u ~ d  veloc~ty l SO0 mls 1.500 m/\ 
F l u ~ d  dens~ty  1300 kg/m' I000 kg/m7 
Borehole radius 

Drillstring radius 0.08 m 0.05 m 

Table 1. Parameters for the numerical examples 



3.1 Transmitting response 

Figure 2 shows the transmitted field in a Formation I of Table 1 which may be typical for a rather hard and fast formation. 
Figure 2a shows the directivity patterns for the compressional and the shear components of the particle displacements. The 
compressional displacement has a maximum perpendicular to the borehole axis, the shear component has a maximum at 
approximately 45" in this case. The directivity patterns are normalized so that the maximum compressional displacement is 
set equal to unity, the figure therefore shows that maximum amplitude of the shear displacement may be larger than the 
maximum amplitude of the compressional displacement. Figure 2b shows an illustration of the evolving radiated field in 
time and space. The scales are in meters and the field is shown out to a distance of 12 meters from the source. The 
transmitted signal is a short Ricker pulse and the figure shows a snapshot of the Field at a time T = 3 ms after the 
transmission. The two components traveling with the compressional and shear speeds respectively are clearly seen. 

The d~rect lon for maxlmum shear d~splacement IS glven by the value ot tube wave veloclty o t  (13) When t h ~ s  
veloc~ty 1s much h ~ g h e r  than the shear veloclty of the surrounding formatloo the dlrect~on of maxlmurn shear 
dlsplacement will be close to 45', as can be seen trom ( I  I) In most ?Ituatlons t h ~ s  w ~ l l  be the case and F~gure  2 
1s representative for the normal case w ~ t h  a tube wave veloclty of v, = 1078 m / s ,  much smaller than the shear 
wave veloclty of v, = 2 0 0 0 m l s  However, there are cases where (13) glves a value tor the tube wave veloc~ty 
that exceeds the shear wave veloc~ty In the format~on. Physrcally t h ~ s  rneans that there no longer exlst a gu~ded  
tube wave In the borehole slnce the tube wave 1s r a d ~ a t ~ n g  out In the tormat~on lnalnly In the dlrect~on glven by 

An example of this is shown in Figure 3 for the parameters of Formation 2 in Table I. The radiation is totally 
dominated by shear radiation at a very narrow angle given by ( 1  8). in this case v, = 1033 m 1 s ,  v ,  = 1000 m I s 
and tjm, = 145". On the scale used in Figure 3b the compressional field would not have been visible. 

PARTICLE DIPUCEMENT 

I I I 
-3 -2 -I 0 1 2 1 6 0 

B m M e  .ns - m 
-10 

Balehie us- m 

Figure 2 Transmitting response in Formation I 

Figure 3 Transmitting responses in Formation 2 



240 High Frequency Acoustics i n  Shallow Water. N A T O  SACLANTCEN. Lerici. Italy 30 June - 1 July 1997 

3.2 Receiving response 

A computer code has been developed that can compute the full wavefor~n fielll in tlie borehole h!. ( l i ) .  hoth in  time and 
frequency domain for any type of incoming plane wave. Figure 1 shows an erc;~nlple o f  tlie output fro111 this program. The 
incoming P-wave has the form of a Ricker \vuvelet nnd the incidence angle is S = K 1 2  . The ti111e s~gn;il o f  the incoming 
wave is shown in the upper right panel and its frequency spectru~n is sIio\v11 ill I t~ \ \ c r  riglit panel. T i l t  t i ~ i l r  response of n 
sensor located on the drillstring at r = h and 8 = 0 is slio\vn in tlie upper left ~ianel a l ~ ~ l  the f i-equc~ic~ response for tlie 
borehole signal is shown in  the lower left pnncl. 'The received signal is qu~tc c~implic;ltc~l ;tnJ zp~-cacl out in titne. the 
frequency spectra indicates a nu~nber o f  sharp re\on;inces. 

RICKER PULSE RESPONSE RICKER PULSE 
I 1 

, 0 5  
n 3 

0 

2 
+ - 0 5  

-1 -1 L* 
0 1 2 3 4  0 1 2 3 4  

TIME - MS TIME - MS 

5000 10000 0 5000 
FREQUENCY - HZ FREQUENCY - HZ 

Figure 4. The response of n sensor o11 tlic driII\tr~ng cau\cll h! ;III II~COIIIIII~ ~>littlc I'-\~;I\.c ;~rri\,ing (I.0111 
8 = 0 and 6 =IT 1 2  . SLII~III~;I~I~I~ of ~iiodes 111 = {O.. . . 5) 

Equation 15 shows that the responhe of ;I henhor locatcll at i111 a~iguliir ~ i o \ i t i o ~ l  0 111 rc\1)ect 1 0  IIIC dircct io~l o f  tlle 
incoming wave is given by il suln o f   node tilnctions l',,, ( 1 )  \veiglltctl h!. tllc co\lnc 01' lllc ;~ligul;~r scll;l~-atton hetween the 
direction of the incoming wave and sensor pmition. Tliercfore tlie recei\ctl t i~ l lc  \ig1i;11 of :I \CII\O~ C;III he ex1>rcssed as 

I n  prlnc~ple the nutnber of ~iiodes 1s infin~tc. in priictlce only o ~ i lo l lc \  arc \~gni l ' ica~lt .  'l'lic tiunihcr ol'\lgnit.tcnnt 11lodes 
depends on the pnralneters of the for~nnt~on. the \11c of the boreliolc. tlic drtII \trlng ;rl,tl the Srccl~~cncy \pecrrum. For 
realistic parameters, e.$ as given in  Table I. tile nu~iiher of  slgnihcant ~ i t o ~ l c \  nl,i! he c1~11tc \~nal l  'l'hls i\ illustrnted in 
Figure 5, showing the t in i t  and frequency fuunctions for the first h 111otlcs. 111 = (0: , .  5 )  for lllc \ainc ex;umple as in  Firrure 

4. The sum o f  the traces of Figure Sa yields the received signal slio\v~l in t l ~ c  upper lc l l  p;~ncl o f  17ig~rrc 4. In  this case only 
the first 3-4 modes itre significant. 



F I ~  5. Mode functions for modes m = (0, . 5) Parameter set no 2, Table 1 

MODE FUNCTIONS MODE SPECTRUM FUNCTIONS 

a) Time funct~ons, b) Frequency spectra funct~ons. 
The received signal may have a number of resonances caused by wavegu~de modes In the t lu~d annulus between the 

drillstring and the format~on. Borehole resonances were discussed by Lowell and Hornby [a], but only resonances In the 
received signal of a sensor at the center of a borehole w~thout drillstring. In that case only the tundamental mode m=O 
contributes. For a sensor pos~tioned non-symmetrically In the borehole there will be a number ot d~fferent v~brational 
modes, each with potent~ally many resonance frequencies. From Figure 5b it can be observed that the modes m= 5 . 4  and 3 
have sharp resonances at the approximate frequenc~es of 4.2 kHz, 3.2 kHz and 2.1 kHz respect~vely and mode m=2 has a 
weaker resonance at approx~mately 1.25 kHz The resonances are caused by poles In the transfer tunct~on and are glven by 
the zeroes of the deterrmnant of the set of llnear equations that determines the unknown coeffic~ents The expression for 
the determinant is quite complicated and requlres numerical analysis. However, an understanding IS obtained by 
considering the simpler case, where both the drillstrlng and the format~on are infinitely hard With t h ~ s  boundary cond~tion, 
the radial displacements equal zero at radtus r = a and r = b  . The characterlstlc equation for borehole modes can easlly 
be obtained from (2) and attains the form 

6 

5 

4 

P 
W 0 

Consider first the fundamental mode m=O. The first zero of (22) occurs when y, a = O and glves the mode normally 
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referred to as the Stoneley mode or the tube wave mode. The second zero for m=O is for yra = 1 1.6 for the values of a, b 

5 

8 
1 

0 

-1 

and Vf of Formation 1 in Table 1. For normal incidence, S = a 1 2  , this mode gives a resonance frequency where the 

n 

th~ckness of the annulus (a-b) 1s approx~mately equal to half the wave length In the t lu~d Thls IS normally a qulte h ~ g h  
frequency, In the current case the resonance frequency IS 25 2 kHz, whlch 1s out51de ot the trequency range covered by the 
lncomlng wave. Therefore the approximate low frequency result derlved for the tran\mlsslon response IS val~d up to qulte 
h ~ g h  frequencles. The fact that the mode m=O IS only sl~ghtly d~spers~ve means that ~ t s  waveform 1s nearly an exact replica 
of the lncomlng wave The resonances of the h~gher modes may occur at rather low trequenc~es whlch 15 Important for the 
shape of the recelvlng responses For mode m=l (22) predlcts a resonance at 2 7 kHz whlch 1s d~ttlcult to recognize In 
Figure 5. However, in the low frequency approxlmatlon the time funct~on ot thls mode 1s the negatlve tlme derlvat~ve of 
the time signal of mode m=O (Schoenberg, [6]) The resonance frequenc~es are also dependent on the angle 6 and the 

4 n A 
!2 3 
W a 
0 2 z 

1 

0- 

-1 

dependency is easily determined from (3). When f,,(6 = 7c / 2) is any resonance frequency for normal incident wave, thls 
resonance will for any other Incident angle move to the frequency 

It follows from (21) that the total response w ~ l l  be quite different depend~ng on the angular poutlon of the sensors 
w ~ t h  respect to the lncomlng wave. T h ~ s  fact IS ~llustrated by the s~mula t~on  In F~gure  6 wh~ch ~ h o w s  the responses 
of 8 sensors located at  equal spaclng of 45" on the surface of the dr~ l l s t r~ng ,  the lncomlng plane P-wave arrlves at 
angle of 8," = -20" with respect to the posit~on of sensor no. 0. 
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RECEIVED SIGNALS 

-11 ' 1 
0 1 2 3 4 5 

TIME - MS 
Fig. 6 Simulated received time signals on 8 equally spaced sensors. 

Plane wave arriving with O,,, = -20' and 6 = 90' 

4. Conclusions 
The radiation and receiving responses for acoustic sources and receivers in fluid-filled boreholes have been 

studied theoretically and numerically. 
Approximate expressions for the radiation from a cylindrical source have been derived. These are valid for 

frequencies lower than the first resonance frequency of the fundamental mode, which cover most frequencies of 
interest. 

The receiver response of a non axially position sensor on the drillstring due to an incoming plane wave has 
been established and solved numerically. The results show that the high frequency response is very complicated 
and composed of many vibrational modes and that the higher modes may have strong resonances at relative low 
frequencies. 
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Abstract 

A sediment classijkation scheme is developed based on the angular response (AR) of the seabed backscatter strength. 
The AR is characterised based on its mean level and slope over predefined angular sectors, and the presence or absence of 
abrupt changes in slope. Because the AR is derived from a finite area a test is performed to recognise the presence of 
sediment boundaries. The AR curves are shown to provide improved discrimmation over angle invariant methods. 

1. Introduction 
Seabed backscattered intensity data is now routinely collected as part of regional swath bathymetry surveying. This 

data, if properly reduced, provides a measure of the seabed backscatter strength as a funcbon of grazing angle (here~n 
termed the angular response (AR)). For a given frequency, the seabed AR represents an inherent property of the seafloor. 
Traditional low-aspect ratio sidescan surveys, collect most of their useful data at grazing angles In the range 20 to 10 
degrees and thus the variation with grazing angle is generally ignored. For a given narrow range of grazing angles, 
however, a number of quite different seabed types produce similar mean backscatter strengths. Two approaches have been 
taken to separate these ambiguities. The first is texture [1][2][3], which relies on recognising characteristics of the spatial 
variance in the backscattered signal. A second is to look at the same seabed through a range of grazing angles to extract the 
AR 141[51. 

The first method has the advantage that the statistics are generally valid Irrespective of absolute calibrat~on of the 
signal level. In contrast, the second method rel~es on confidence in the absolute level. Recent developments in swath 
bathymetric surveying have resulted in increased confidence in the received backscatter Intensity [6].  Bathymetric swath 
surveying relies generally on surface mounted systems with a much higher aspect ratlo than towed s~descan and thus 
backscatter data can be easily extracted over a w~der range of grazing angles. For the widest swath systems on the market 
today, grazing angles from vertical to as small as 15 degree or less are now possible allowing one to view the variation in 
backscatter strength as one (in some cases) passes through the critical angle. 

2. Data Acquisition and Handling 
2.1 Instrumentation 

The sonar used was a Simrad EM1000 [7] multibeam sonar which transm~ts a 3.3 degree wide (fore-aft) beam over a 
150 degree sector at 95 kHz. Sixty roll-stab~lised beams are formed over the same angular sector for reception. Received 
backscattered intensit~es are compensated for source power, predicted radiation and receive sensitiv~ties, pulse length, 
ensonified area, spherical spreading and attenuation [a]. The resulting data is first order estlmate of the instantaneous 
backscatter strength. For shallow water operations, a 0.2111s pulse is used and the data is sampled at 5kHz. The sonar 1s 
mounted on the NSC Frederick G. Creed and is operated at speeds of about 16 knots. While a swath of 7.4 x the water 
depth is covered, due to refraction and motion compensation limitations [9] line spacing is normally limited to about 4.5- 
5.0 x the water depth. 
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2.2 Location 

The dataset used tn thts study was collected by the Canadian Hydrographtc Service on behalf of the United States 
Geological Survey (USGS) The survey was designed to cover the Stellwagen Bank U S  National Marlne Sanctuary 
(SBNMS) which extends for over 2,800 square kilometres In water depths ranging from 20 to 200m (Ftg 1) 
Approximately 80 days of EMlOOO data was collected by the USGS over four distrnct field survey perlods 

Figure I :  

Left: 
Location map showing the 
relationship of the surveyed area to 
the region around Boston harbour 
and Cape Cod. The image is a depth 
map (blue = 200m. pink = 20m). 

The region surveyed extends 
approximately 70 km N-S and 40 
km E-W. 

Right: 
This is a "normalised" backscatter 
map for the entire region covered. 
The grayscale reflects normalised 
backscatter strength (see text for 
exolanation). Black revresents - 
37:5 dB and white reGesents -20 
dB. 

Stellwagen Bank is a shoal ridge extending northward from Cape Cod. It is separated from the cape by an 8 km wide 
channel herein termed Cape Race Channel. The Bank is exposed to winter storm events from the NE. The sediment on the 
bank top is known to be actively remobilised during such storm events [I I]. The bank terminates abruptly to the west 
where the bathymetry drops off into the muddy Stellwagen Basin. Seaward of the bank, relict glacial terrains, including 
glacially scoured boulder and gravel pavements, are common [12]. The bank top and the ramp to seaward are covered with 
a range of sandy sediments, which are moulded into storm sand ripple fields interspersed with homogenous sand sheets. 
The Bank has been a rich fishing ground in the past and the modern surface continues to be actively remobilised by a 
dragger fleet [I31 

2.3 Conventional Processing 

For the purposes of standard geological mapping a "normalised backscatter map is generated (Fig. 1). This is an 
attempt to produce a result comparable to a conventional sidescan mosaic derived from low-aspect ratio towed sidescan 
sonar (which had previously been the standard mapping instrument for the USGS [lo]). Normalisation involves a first 
attempt at removing the mean variation in backscatter as a function of grazing angle. This is done assuming a lambertian 
response below 65 degrees grazing and an automatic gain control at higher grazing angles [8]. The aim is to produce a 
single dimension (normalised backscatter strength) to aid in regional seabed characterisation. This method is sufficient to 
unambiguously separate the -30 to -40 dB response of the muddy sediments in the basins from the - 15 to -25 dB of the 
coarser sands and gravel from the bank tops (Fig. I). Such a scheme however, fails when trying to distinguish the wide 
variety of sand and gravel sediment types that are present on the bank tops and margins. Such materials exhibit little 
variation in average backscatter strength, yet show obvious physical property differences in cores and bottom photos. 

In attempting to distinguish the gravelly sand combinations it was noted that the "normalising" process often failed 
because the shape of the angular response curve was highly variable. This paper presents a new method, which relies on 
variations in the shape of the angular response curve as a means of separating lithologies that exhibit similar mean 
backscatter strengths.. 

3. Backscatter Data Reduction 
3.1 Correcting Radiometric and Geometric Effects. 

The EMlOOO provides a measure of the Instantaneous backscatter strength that has been reduced assumlng predicted 
beam patterns, unrefracted ray paths and a flat seafloor [71[81 All these assumptions are not strictly correct and addmonal 
steps thus have to be taken in order to derive accurate estimates of the true AR 

The EMlOOO array has been specifically designed to exhibit uniform radiation and reception sensitivities over the 150 
degree angular sector used In practice, however, there are always +I-2dB variations in  the local transmit/receive product 



for any particular angular sector. It is thus operationally necessary to estimate thehe small +I-2dB residuals. The method 
routinely employed is to find a region of very coarse boulders whose angular response is assumed (from modeling) to be 
Lambertian, without a strong specular component, and calculate the differences hetween the observed response and that 
modeled for all angles. These differences are then subtracted from all other estinl;~tes. It is notable that the residuals are 
observed to be roll insensitive, indicating that the main source of the residuals is not variations in the sensitivity of the 
physical elements of the array, but variations in the electronics that make up each of the (roll -stabilised) beams. 

For the lower grazing angle data the difference in ray path between an ideal straight ray and the refracted ray path may 
be as much as 3 degrees [9] in strongly downward refracting summer conditions. Fortunately for these surveys all 
acquisition was performed either in the April or November outside the period when the summer thermocline is developed 
and thus the effect was not a significant problem. 

For regions of strong seabed topography (>2 degrees) it is strictly necessary to estimate the true seabed grazing angles 
using the local 3D slope of the seafloor derived from the swath bathymetry. Note that the slope is only that exhibited after 
the bathymetric data cleaning and gridding process and is thus effectively a low-passed filtered version of the true seafloor 
slope distribution. 

3.2 Difficulties at  nadir 

The near nadir region is in general the hardest place to acquire estimates of the backscatter strength. Conventional 
sidescan geometries with a broad receive beam merely equate incidence angle with the arccosine of the ratio of time of 
first arrival and the time of subsequent arrivals. In contrast multibeam sonars extract the backscatter intensity for specific 
angular sectors from discrete narrow beams. 'The choice of intensity relies on a good estimate of the slant range to the 
centre of the beam footprint. Given the amplitude detection methods generally employed (weighted mean time), the 
estimate may not correspond exactly to the peak in intensity and thus underestimates of the backscatter strength can occur. 
Another problem that occurs close to normal incidence in the effect of sidelobe interference and subbottom reflections, 
which both alias the estimate of slant range and contribute to the received intensity, thereby giving false estimates of the 
backscatter strength. 

Prior to 1994 an unrecoverable automatic gain control was applied to all EM1000 backscatter data collected within 25 
degrees of vertical incidence [8]. Whilst this was removed in 1994, for the period inid 94 to mid 96, it was clear that the 
data in this region were being under predicted by about 15dB. A software change in mid 1996 appears to have rectified 
this problem. As a result the older data (including the first 3 surveys of the SBNMS project) have to be empirically 
compensated for this. Although seafloor provenance delineation is possible using the near nadir data, the fidelity of the 
absolute level of the data remain poor. It is presented here, but emphasis is applied to the lower grazing angle data. 

3.3 Derivation of mean angular response curves 

Because of the stochastic nature of the instantaneously received intensities, it is necessary to average the backscatter 
strength measurements over a finite time period to come up with a robust estimate of the mean AR. Empirically it was 
found that 50 ping averages (corresponding to between 100 and 300m forward propagation) were enough to come up with 
good estimates of the AR curve shape. In addition the data for the full suite of grazing angles has to be acquired from a 
region extending from nadir to about 3.7 times the water depth to each side (100 to 300m for the range of water depths 
common on the bank). Thus, as the vessel propagates forward, AR curve estimates are obtained from averaging over two 
rectangular footprints (of a few 100 metres per side) on either side of the swath (Fig. 2). One therefore runs the risk of 
averaging over a region of variable seabed character. 

Port A &hoard 

Figure 2: The method of 
derivation of the 50 ping 
averages, their 
corresponding geographic 
coverage and the method 
of extracting sidescan 
"thumbnails" for use in 
boundary detection (ticks 
and crosses indicate 
whether the boundary 
criteria was met or 
exceeded). 



246 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

Whllst for most of the collected data, reglons ot the scale of the averaging footprint generally appear homogenous In 
the sldescan Imagery, boundar~es do occur Data that IS derlved over these boundarles IS therefore corrupted In a crude 
attempt to get around thls problem, a lox I0 "thumbna~l" Image ot the seatloor under examlnatlon was letalned (Fig 2) for 
test~ng purposes. The varlance of the averaged lntenslty d~str~butlon In the along tlack dllect~on only was calculated (In 
the across track dlrectlon, the AR ltselt w~ll  produce a varlance). If the varldnce exceeded a threshold then the angular 
response curve was rejected 

A result of this approach IS that ~t can only be used to classlfy homogenous reglons on the scale ot Yz a swath wldth or 
larger Thls contrasts markedly wlth the approach used In deeper water surveys, where commonly the number ot survey 
lines IS much lower (as the swaths are much larger), and methods are therefore derlved to classify wlthln a slngle swath 
[I41 Impllcd In the boundary test IS a dettn~tlon ot the length scale at wh~ch patchy sed~ment dlstr~butlons are seen e~ther 
as a slngle sed~ment type or a serles of dlscrete sed~ment type9 For thls test, the length scale corresponds to a s~ngle plxel, 
whlch IS 30% of the water depth In slze 

4. Parameter Extraction 

Early work to invert AR curves for physical properties focussed on the near nadir region to solve for roughness 
parameters only [15][16][17]. More recent work using EM1000's has focussed on the lower range of grazing angles to 
attempt full inversion [IS]. In all cases the inversion used a single layer seafloor model [19][20]. The inversion assumed 
that the observed AR curve had no biases due to imperfections in the measurement process (e.g. sections 3.1, 3.2). 
Because this assumption is invalid for the AR curves herein considered, the focus here has been to extract parameters that 
adequately describe the salient features of the observed AR curves without being sensitive to s~nall systematic biases. 

Incidence Angle 

Figure 3: The three main 
domains of characteristic 

- 2U angular response curves 
and the parameters 
extracted to describe the 
domains 

-30 

In the application of the model of [I91 three main domains within the curve can be easily identified (Fig. 3 zones (I), 
(2) and (3)). These domains can be clearly seen in the AR curves even with small systematic biases present. Their location 
and the gross shape of the curve within each domain can be extracted (Fig. 3). The relative importance of the six physical 
property characteristics used in the single layer fluid model [I91 (density and sound speed ratios, spectral strength and 
exponent, loss tangent and volume scattering) varies as one moves between the three domains. In domains 1 and 2, only 
the product of the first two terms (which control the impedance contrasts) can be estimated. The boundary between 
domains 2 and 3 (if visible) in contrast is strongly linked to the sound speed ratio alone (the critical angle effect). The 
boundary between domains 1 and 2 is most sensitive to the two roughness terms. The volume scattering term is dominant 
for low impedance sediment in domain 2 but plays little role in domain 3. The roughness terms affect all three domains, 
but in low impedance sediment they are subordinate to the volume scattering component in domain 2. 

The domain boundaries, and the characteristics of the angular response curves within the three domain boundaries can 
be extracted even in the presence of systematic biases in the data. In this way the important changes in the angular 
response curves can be reduced to a few parameters that can be used either as a means of empirical classification or even 
potentially a step toward inversion for seabed physical properties. In addition to parameters describing the shape of the 
curves, one statistical parameter is used. The coefficient of variance [211 is calc~~lnted for narrow angle bins for each 50 
ping stack and the average over the range 65- 15 degrees grazing is presented. 

To illustrate the application of the method, n series of maps are presented (Fig. 4) which show the spatial variation in 
the parameters over a 30 by 27 km area located on the SE corner of the SBNMS. The different patterns seen in maps A, E 



and I illustrate the geographic variation in backscatter strength for three narrow angular subsets of the AR curve. The 
differences in the 3 maps illustrate that the shape of the AR curves are highly variable. Maps B and F map the confidence 
with which the domain boundaries are recognised. Maps C and G show the variation in the location of the domain 
boundaries (note the incoherent pattern in areas where the confidence (expressed in maps B and F) is low). Maps H and J 
show the spatial variation in the slope of the AR curves for domain 2 and 3 and map D shows the drop in dB in domain 1. 

Table 1 descript~on of 12 parameters extracted and the range used In the 
greyscale spatla1 maps In Fig. 4.(BS backscatter strength) 

paramete descrtptprron black kvhrte 
r 

(A) Mean BS, 90-85 -32 dB -12 dB 
deg 

(B) Max 2"" deriv, 0 02 dBldeg2 0 2 dB/deg2 
(1)-(2) transition 

(c )  Location of 83 deg 70 deg 
(1)-(2) transltlon 

(D) DB range, doma~n -5 dB I0 dB 
(1) 

(E) Mean BS, 50-40 -40 dB -20 dB 
deg 

(F) Max 2"" d e w ,  0.0 dBldeg2 0 I X dBldeg2 
(2)-(3) transltlon 

(G) Location of 50deg 15 deg 
(2)-(3) transltlon 

(H) Slope, doma~n (2) -0 2 dB/deg 0 0 dB/deg 
(1) Mean BS, 25-20 -40 dB -20 dB 

deg 
(J) Slope, doma~n (3) -I 0 dB1deg 0 0 dB1deg 
(K) Coeff Var~ance 0 95 1 0  
(L) Boundary Test YES NO 

Failures 

Figure 4: Maps of a 30 by 27 krn area (SE section of SBNMS) showing the geographic 
variation of the 12 parameters described (see table I, for range used in greyscale). 
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5. GroundTmth Data 

While regional historic samples are available [12], the poor positioning confidence of older data and the known 
temporal variations in the shallow seafloor in this area make their use difficult. More recent, intense sampling programs 
have been restricted to the southern limit of the bank. This sampling program has consisted of a combination of video 
imaging, bottom photography and bottom grabs and box cores. Unfortunately for the large fraction the bank which is 
covered with coarse sediment, sampling limitations (related to the difficulty of recovering statistically significant volumes 
of coarse sediment in grabs or box cores) have generally resulted in insufficient and unrepresentative samples. Thus 
descriptions are generally often based on optical imaging only. Grain size is the only commonly available quantitative 
measurement derived and these data suffer from the aliasing that result when bottom sampling in a spatially heterogeneous 
area. 

6. Characteristic Angular Response Curves 
To illustrate the types of AR curves commonly observed w ~ t h ~ n  the SBNMS, a representatwe select~on IS prov~ded 

(Fig's 5 and 6) All sample curves are derlved from acoustic data obtamed In the 1994 fleld season, whlch was located In 
the southern area In which the best groundtruth ex~sted. Brief l~thologic descrlptlons are Included for all curves, but should 
be taken as a guide only due to the reasons stated In section 5. 

6.1 Stellwagen Bank and Basin 
I 

I1 

111 

IV 

v 
VI 

VII 

VIII 

Silty mud 

Mud 

Cobble pavement 

Fine sand 

Rippled medium s 
over gravel 

Boulder fields 

Sandy mud 

Silty sand 

and. 

Figure 5: Representative AR curves for sediments on Stellwagen Bank and Basin 

The AR curves for the sediment on Stellwagen bank and in the basin are similar to those that would be predicted for a 
single layer model. Lambertian-like AR's are observed for the coarsest sediment (5iii and 5vi) without clear domain 
boundaries. As expected, for sediments with the lowest sound speed ratios, no domain 3 is observed ( 5 ,  5ii and 5vii). 
Critical angle effects are seen for sandy sediment (5iv and 5viii). 

6.2 Cape Race Channel 

Silty mud 

Medium sand 

Coarse gravelly sand 
with cobbles. 

Clean coarse sand 

Clean medium sand 

Clean coarse sand 
overlying gravel 

Medium sand with 
pebbles 

VIII Medium-coarse sand 

Figure 4: Representative AR curves for sediment facies developed in Cape Race channel 



In the Cape Race Channel area, critical angle effects are seen throughout (Fig. 6). The location and sharpness of the 
domain 2-3 boundary is highly variable exhibiting cusps at times (6v and 6vii). In one case (6vi) the location of the critical 
angle suggests a sound speed ratio of about 1.4 which is far higher than that expected for the surface lithology alone 
(-1.18) but matches that expected for the underlying layer.. For a number of the sandy sample locations, groundtruth 
sampling revealed either, interspersed gravel and cobbles, or an underlying layer of gravel. 

7 .  Discussion on likely physical property controls on observed AR's 

Many of the sediments observed in the SBNMS are significantly coarser than those that have been the focus of 
quantitative acoustic backscatter studies in the past [21][22][23]. Nevertheless they are very representative of the range of 
coarse facies commonly exhibited on high latitude glaciated continental shelves. 

7.1 Explaining the critical angle phenomena observed 

While the limitations (outlined in Section 3.2) of the measurement of the AR preclude the confident use of the curves 
for inversion (note the prevalent depression in all the curves at -75-80 grazing). The shape, and more particularly the 
change in shape, of the angular response curves between common lithologies may be compared to predictions for material 
of similar physical properties. For the case of a single layer seafloor type [19][20], critical angle effects would be expected 
in sediments in which the sedimentlseawater sound speed ratio exceeds -1.04. For this simple case, the location of the 
inflection is unique indicator of the sediment sound speed. Two end member cases are recognised: a cusp for cases in 
which surface roughness is dominant (Fig. 6v), and a step function for the case where volume scattering is terminated (Fig 
6viii). A break in slope would not be obvious for the rougher, higher impedance sediment types with no volume 
contribution (Fig. 5iii and vi) or for softer sediment with a sedimentlseawater velocity ratio of less than 1.04 (Figs 5I,,ii 
and vii, 6i). We find, however, that while models such as [I91 can predict the presence of the inflection, they cannot 
reproduce the rapid drop off below the critical angle sometimes observed(Fig. 6v, 6vii). Also in some cases (Fig. 5iv and 
Fig. 6vi) the predicted surface sound speed, often in the range -1900-2000m/s, is too high for typical medium and coarse 
sands. 

Alternate explanations are thus needed. More recent models that include the effect of shallow gradients, layering and 
shear in the shallow subsurface [24][25] are examined. For the case of a surface sediment layer of less than a wavelength 
in depth it has been shown [24] that the critical angle often reflects the velocity contrast of the lower (higher velocity 
layer). With the introduction of shear in the lower layer, the drop off in backscatter beyond the critical angle is notably 
steeper than that which would be exhibited for the upper layer alone [24]. These two results allow us to better match the 
observed curves. These, together with field evidence of a discontinuously buried higher backscatter layer (revealed in 
bottom photos, samples and deep-tow sidescan images) support the idea of a thin surface layer. For this case, the apparent 
volume scattered phenomena may either be volume scattering from the upper layer or scattering from the partly buried 
interface. 

8. Conclusions 

With appropriate data reduction, estimates of the seabed backscatter angular response can be routinely derived from 
calibrated multibeam echosounders. In the water depths considered (20-200m), to do so requires that there be spatially 
homogenous regions of the seafloor a few hundred metres wide. Parameters describing the shape of the angular response 
curve allow improved sediment boundary discrimination in regions where mean backscatter strength is almost constant. 
The shape of the curve below 40 degrees is especially revealing as the response in the vicinity of the critical angle may be 
observed. Curve parameterisation allows the potential to invert for seabed physical properties. The success of the 
inversion, however, is dependent on both the fidelity of the measurements and the appropriateness of the model used. 

For a number of the examples presented, comparison of observed angular responses to the results obtained assuming a 
single layer model suggests that such a simple model is often not valid. An improved fit may be obtained by incorporating 
more recent models [24][25] that account for shear, gradients and layering in the shallow subsurface (< a few wavelengths 
-1-3cm). Limited groundtruth observations support this with evidence of discontinuous surface layers of finer grained 
sandy sediment over a coarse-grained gravel pavement. 

While confident remote sediment classification remains an elusive goal, the routine availability of near-quantitative 
angular response measurements provides an additional means of seabed discrimination . Used together with other methods 
such as normal incidence and textural methods, angular response methods can provide an improvement in underway 
sediment classification. 
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Abstract 
Recent advances infield hardware have meant that it has become possible to nlerr.srrre in sittc slze~rr ~.vave ~~eloc.ity it1 the 
upper few decimetres of sea floor sediment in a routine manner. It is known that shecrr wave velocity can be primarily 
related to overburden depth and void ratio. Field-derived enzpirical relatiorl.ships have previou.sly been forzulated so 
that it is now feasible to assess the suitabilitj] of sheur wave data us a ~izeans c$ predicting in .situ void ratio. Field 
measurements perfarmed on the northern Califort~ian shelf are prese~red which revenl pocl ccgreement hetweert 
predicted and control data. 

1. Introduction 

The dynamic rigidity of unconsolidated marine sediments controls a whole range of acoustic transmission and 
geotechnical behaviour which are of relevance to defence applications in the littoral and near-coast zone. Although it is 
difficult to directly measure rigidity in the field, it has become possible, over recent years, to measure in sit~r shear wave 
velocity (Vs) - a property directly related to rigidity via the solution to the general wave equation. Whilst Vs is an 
important measure in itself, it also has the potential to be related to other, more fi~miliar, sediment properties, most 
notably void ratio (e) or porosity (n) (where n = e / (I+e)). 

The hypothesis to be tested herein is that field measurement of in situ shear wave velocity can he used as a reliable 
technique for predicting void ratio, and that it can be demonstrated that grain size dependencies observed in previously 
acquired laboratory and field data can be related to changes in void ratio. 

Given the aim of testing the hypothesis, the objectives of this study are to; 

(i) acquire shear wave velocity - depth data along a survey profile, 
(ii) acquire and process grab sample data for delineation of grain size changes, 
(iii) predict void ratio and/or grain size variation along the profile and assess the predictions by comparison with 

control data, 
(iv) assess previous velocity - grain size - void ratio data in terms of expected velocity changes. 

2. Data Acquisition 

There are many ways in which to measure shear wave velocity in the field. The approach taken in this study is to directly 
measure transversely polarised, refracted shear waves using a sea floor -dragged sled system along ;I survey profile. 

2.1. Hardware and Deployment 

The hardware and deployment techniques are described in detail in previous publications 1 1.21 so that only a brief 
overview is presented here. 
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The system comprises a sled on which is mounted an electro-magnetic hammer-impact seismic source, the firing 
being controlled via a direct link to the survey vessel. Transversely polarised shear waves are thus produced and detected 
by a series of six horizontally gimbaled geophones, towed behind the sled at discrete intervals, to a maximum source- 
receiver separation of 12.35 m. Received signals are then transferred in real-time via a multi-core cable to a ship-board 
seismograph for display, quality control and recording. Data are only acquired when the complete sea floor system is 
made stationary by excessive release of the main towing cable for a short period of time. Having completed a 
measurement, the cable is taken-up to its original towing point in anticipation of the next repetition of the process. In 
this way, it has been found that rapid shear wave data acquisition over relatively large survey areas is possible, making 
the system ideal for delineating subtle variation in shear wave velocity, as well as for general velocity mapping purposes 
[2,31. 

2.2 Location of acquired data 

The data were acquired along a profile off the northern Californian coast, running in a North Easterly direction from a 
starting point c. 5km offshore from Humboldt Bay, Eureka. Figure I shows the locations of all shear wave measurement 
points along the profile. Reference positions 'S40' to 'S70' correspond to bathymetric depth (in metres). Note that 
deviation away from the intended straight line profile was incurred due to the presence of sea floor obstructions. 

Figure 1. 
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Location of shear wave data acquisition points 

Grab samples were collected from a point on the profile at S40 and subsequently at 5m. water depth intervals to S70. 

3. Data Processing and interpretation 

3.1. Shear wave data 

The data are processed in terms of horizontal plane layer refraction events. Thus, interpretations are limited in areas 
where 'low velocity' layers are present, or on occasions where the subsurface is composed of.dipping layers. 

Since shear wave velocity is known to be dependent upon, amongst other parameters, effective confining stress [4], it 
is generally expected that high velocity-depth gradients are present in the near surfilce. Thus, the idea of n 'direct' wave, 
traveling along the surface to the nearest receiver may be misplaced during shear wave analysis of unconsolidated marine 
sediments. The velocity represented by the time delay between firing of the source and arrival at the first geophone is 
merely an apparent velocity from an unknown and unmeasureable depth. Velocities can only be ascribed a representative 
depth between subsequent geophones. The interpreted travel-time data are shown in figure 2. Unlike systems which 
measure time-of-flight between two sub-surface transducers buried at known depth (e.g. the ISSAMS system [5]), the 
penetration depth of the sled data is determined by the source-receiver spacing on the sea floor and the velocity-depth 



structure at the measurement point. The data are presented as they occurred between the bathymetric intervals as shown 
in the accompanying legend. 

Figure 2. 
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Interpreted shear wave velocity - depth data along the profile 

It apparent that shear wave velocity generally decreases with increasing bathymetric depth. In order to clearly 
delineate the variation of shear wave velocity along the profile, it is necessary to normalise the data to a fixed sediment 
depth. Previous work has shown that that shear wave velocity is proportional to depth (confining pressure) raised to a 
power generally in the range 0.28 - 0.32 [5,6,7]. A value of 0.3 is assumed in this study such that the equivalent velocity 
at a depth of 10 crns below sea floor (Vo,I) may be calculated from: 

where V, = shear wave velocity at measurement point 
z = depth of shear wave measurement [m] 

Velocity data normalised in this way are shown in figure 3. 

The norrnallsed data reveal a marked varlatlon along the profile - ~ h a n g ~ n g  trom 55-70 m/s In w'lter depths of up to 
50 m , to 25-35 m/s at 70 m Veloc~ty IS relat~vely constant w ~ t h ~ n  the water depth ranges 37 m - 44 m and 55 m - 70 
m The greatest change In veloc~ty IS observed by ~nterence to occur between the 44 m and 55 rn 15obath Shear wave 
veloc~ty data acqulred vla the ISSAMS probe dur~ng the same wrvey agree very well w~th  the pre\ented data [8] 
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Figure 3. 
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3.2 Grab sample data 

Data of sieve and hydrometer particle size analysis are shown in table I. 

Table 1. 

Water depth of sample [m] 
40 
45 
50 
55 
60 
65 
70 

Results of particle size analysis (phi dia. = - log2 [dia. mm.1 ) 

It can be seen that mean grain size decreases with increasing water depth and that the large\t change is observed 
between the samples acquired at 50 m. and 55m. (cf. Figure 3) 

Mean Diameter [phi units] 
2.96 
2.98 
2.79 
6.53 
7.84 
7.27 
7.82 

4. Predictions from shear wave velocity - depth data 

Mean Diameter [mm] 
0.129 
0.127 
0.145 
0.01 1 
0.004 
0.006 
0.004 

4.1 Void ratio (porosity) 

It has been established, either quantitatively or qualitatively, that shear wave velocity (or shear modulus) varies with a 
whole range of physical properties and conditions for sediments (unconsolidated or otherwise) [9, 101. However, it is 
generally accepted that the two most important parameters that can be used to simply model the variation in velocity are 
effective confining pressure and void ratio. The first investigators of this link were Hardin ant1 Richart [4). They 
performed a series of resonant column experiments on Ottowa Sand and derived empirical relationships between shear 
modulus, effective confining pressure and void ratio within a specific range of void ratio and pressure. Subsequently, 
Bryan and Stoll [6] measured shear wave velocity whilst monitoring void ratio and effective confining pressure for 493 
samples in the laboratory, with the intention of deriving as universal a relationship as possible. Whilst the confining 
pressure range was between 24 to 700 kPa, the data shown in their paper would suggest that the empirical relationship 
derived should function reasonably at the lower pressures involved in this study. 



The relationship of Bryan and Stoll [6] for sands is given as: 

where: G = dynamic shear modulus (G = bulk density * (vs)') 
pa = atmospheric pressure 
e = void ratio 
so = overburden pressure 

Similarly, Richardson et al. [5] derived an empirical relationship relating shear wave veloc~ty to vo~d ratio and depth: 

Vs = (85le) 2" (3)  

where: z = depth below seafloor 

Given the in situ velocity-depth data acquired as part of this study, ~t would appear poss~ble to predict void ratio either 
indirectly by applying equation (21, or by the d~rect application of equation (2). Plotted on figure 4 are the data of figure 
2, superimposed on which are the velocity-depth trends of the two relationsh~ps for a range of void ratio (e) values - here 
plotted as porosity. 

It would appear that there are quite large disparities between the two models, the differences being most accentuated 
at porosity values of 50% and at shallower depths. 

Based upon ISSAMS data acquired over the last five years, equatlon (3) would appear to be valid tor a range of 
siliclastic sed~ment types over the depth ranges tor wh~ch in sttu data are ava~lable In t h ~ s  study 181 It bhould be noted 
that implicit in the application of this formula IS the assumption that void ratio does not vary with depth. 

Figure 5. 
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Velocity-depth data along S-line compared to empirical model data tor a range ot 
porosities. 

The velocity-predicted void ratio data calculated from both (2) and (3) are plotted as porosity against 'distance along 
survey line' in figure 6. Comparison with porosity data acquired from subsampled box-core data (pers comm. Briggs, 
1996) would appear to show very good agreement with the values predicted by (3). 
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Figure 6 
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4.2 Mean Grain Size 

The causal link between void ratio and shear wave velocity is indirect since it lies in the assocration between the amount 
of void space in a sediment and the number (per unit volume) and nature of inter-particle contacts within the fabric. 
Studies have shown that shear wave velocity would appear to correlate, to some extent, with mean grain size [2,12,13]. 
However, like void ratio, this link cannot be made directly from velocity. If one considers an ideal case of perfect 
packing of spherical grains, grain size is a geometrical factor [I21 so that there should be no causal link and no 
correlation between shear wave velocity and mean grain size. Equally, under such artificial circumstances, no correlation 
should be expected between grain size and void ratio. Empirical studies have shown that there is a link between the 
latter parameters [14], illustrating that the fabric of natural sediments differ substantially from the perfect case. 

Previously published data are presented in figure 7 which reveal how shear wave veloclty 1s observed to decrease with 
decreasing grain size. Three data sets are given: laboratory derived data [12] show the greatest variation for a given 
grain size, whereas the field data [2,13] reveal slightly less variability. The data presented have been normalised to a 
constant overburden depth, but have not been normalised to a constant void ratlo. Using the empirical relationship 
between grain size and void ratio [14], it becomes possible to predict a range of expected vo~d ratios for a given grain 
size, thus allowing a range of values for shear wave velocity for a given mean grain size to be predicted using (3). These 
are plotted on figure 7. They reveal that the trends between grain size and shear wave velocity are consistent with the 
correlation between grain size and void ratio. A logical adaptation of the method of predicting void ratio would be to use 
velocity as a predictor of mean grain size. Unfortunately, in this study, disparity results from the different effective 
measurement depth of the seismic and grab sample information (0.2 - 1.0 m and <0.1 m respectively) It should be noted 
that the laboratory data were acquired over a range from 'loosest packing' by underwater deposition to 'closest packing' 
achieved by impact invoked settling and are therefore likely to show an artificially high range of shear wave velocities 
compared with in situ data. 
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5. Conclusions 

I 
i 

Shear wave velocity - depth data have been successfully acquired and processed along the survey profile. The seismic 
(figure 3) and grab sample (table 1) data reveal that velocity is sensitive to changes in mean grain size - significant 
changes in grain size being reflected in the normalised shear wave velocity data. Two empirical relationships have been 
tested in order to use the velocity-depth data to predict in situ void ratio. It has been found that the equation derived by 
Richardson et al. [5] gives excellent agreement with box-core derived control data. Previously published relationships 
between grain size and void ratio have the potential to adapt the technique to predicting changes in mean grain size 
although prudence would be required during such procedures since it is known that the nature of the grain size - void 
ratio relationship varies with sediment type [14]. The implication of this work in the context of sediment classification 
studies is that the ability to map the shear wave velocity of marine sediments can reliably assist in the truthing of acoustic 
classification data sets. Other applications arise within the field of mine burial problems. 
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Abstract 

Wavelet-based technrques are presented for compressing ~ i d e  scan ~onar rntcrgey tornnzutirtnted from UUV's through 
band limited communication channels Tesrrng wrth an automatrc cla~stfrer on retoristructed rtnrrgec demonstrates 
exceptional performance in preservrng features requrred to rdentrfy mrne-lrke ob~ec t\ Wuvelet domarri automatrc target 
recognrtron technrques are studled to further rmprove coeff~crent selectron r r i  tornprerrrorr Thew techrzrques serve to 
enhance rmagefidelrty m the vrcrnrty of mrnelrke ob~ects whrle marntarnrng u high (ornpre~norl rarro 

1 .  Introduction 
Discrete wavelet transform analys~s techniques are appl~ed to a d e  scan sonar Imagery to develop techn~ques which 

effic~ently characterize Images and features for communication over l~rn~ted bandwidth channels [I]. A block dlagram of 
the proposed Image compresslon algor~thm 1s shown In figure 1 It comb~nes choostng an opt~mal wavelet bas~s to 
preserve mme-l~ke features as well as a methodology and crlterla tor reduc~ng the coett~ctent matrlx to a sparse array 
Wavelet-based detect~on and classificat~on methods are mcorporated to ~dentlty coett~cients assoc~~lted w ~ t h  the local 
structure of mlne-like objects The surviving coeft~c~ent crlterla are then we~ghted to preserve these coettlc~ents when 
generatmg the sparse wavelet matr~x for compresslon 

The techniques described here involve two different methods of analyzing wavelet packet coefficients for the presence 
of mine-like objects. The first method involves the matching pursuit algorithm. A dictionary of functions consisting of 
the wavelet coefficients corresponding to various object types is created. The method determines which function or 
combination of functions in the dictionary are most like the object in question. The second method involves a statistical 
analysis of the coefficients. By calculating the probability density functions (pdfs) of the coefficients, a likelihood ratio 
test can be performed to indicate the presence of a mine-like object. The advantages of these methods are that they use 
the wavelet-based time-frequency atoms already computed during the compression process rather than heuristic features, 
and that they can be used for many different types of image data. All that is required is a set of known objects from the 
images to create the pdf s or the dictionary functions. 

Gray Scale 
Sidescan 

Sonar 
Image 

Classifi- 

Figure I.  Block Diagram of Wavelet-Based Image Compression Algorithm 

r \ I \ 

1. I Overall Tactical Picture 

T~me Scale1 Cnett~c~eni 
Packet Frequency w ~electlonl 

Coeff~c~ents Compress 

M~nehunting systems usmg side scan sonar w~ll  requlre 6 Inch resolution In the dlrect~on ot travel to avotd mls\ing a 
21 inch d~ameter m~ne- l~ke  object. A remotely-deployed m~nehunt~ng system wing 'In unmanned underwater vehicle 
(UUV) travel~ng at SIX knots could collect 51 1 sonar plngs every 25 seconds. Also, ~f each sonar plng constst\ ot 1024 
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samples at a 6 Inch resolution, and port and starboard lmages were collected s~multaneously, two 1024 by 51 1 pixel 
(pwture element) Images would be generated every 25 seconds. Without data compresslon, ~t could take as long as 45 
minutes to transmit 25 seconds of data. To malntaln real-time processing requirements, compresslon ratlos of from 25: 1 
to 100:l are required for an acoustic communications link or band limited radlo frequency (RF) or satellite llnk 

When a side scan sonar pings, an underwater mine or similar object moored or sitting on the ocean bottom will 
prevent sound from the sonar system from reaching the sea floor for some distance beyond the object. This produces a 
characteristic highlight and adjacent shadow highly localized in the side scan sonar image. An automatic target 
recognition algorithm, therefore, might categorize the dimensions and relative intensity of the highlight and shadow to 
determine if the object should be classified as mine-like. This algorithm would, however, be susceptible to false alarms if 
the data compression techniques employed produced artifacts in the compressed image resembling the highlight-shadow 
characteristic. This is an issue with the conventional Joint Photographic Expert Group (JPEG) technique at high 
compression ratios. 

The Navy Imaglng Database at the Naval Surface Warfare Center, Dahlgren Dlvlslon (NSWCDD), Coastal System 
Statlon (CSS), was used In the research described here The Images In thls database were produced by a sldescan sonar 
towed by a hellcopter The database conslsts of 60 Images, 30 of whlch have been designated as tralnlng lmages and 30 
as testlng lmages Flfteen of the 30 tralnlng lmages contaln one mine slgnature each, 16 of the 30 testlng lmages contaln 
one mlne, and one testlng Image contalns two m~nes, for a total of 33 mlne signatures The mmes In thls database are 
cyllndrlcal bottom mines that typically have both a hlghllght and shadow slgnature For thls sonar, a typlcal mlne 
slgnature has around 36 plxels In the hlghllght reglon and about 120 p~xels over the shadow zone, but this vanes greatly 
The data for each Image conslst of a matrlx of 1024 by 51 1 8-b~t unslgned lntegera For processing purposes, the last 
column 1s duplicated to glve 5 12 columns 

1.2 Side Scan Sonar Images 
Figure2, image si000206 (sonar image number 206), is an example from the Navy Imaging Database, which is 

referred to here as sonar0. Near range is at the top of this figure, with far range at the bottom. Cross-range (the direction 
of travel) is horizontal across the image. The near range appears to be smooth while the far range is rough; abnormalities 
appear as striations in the last 5% of range. The apparent smoothness of the near range is due to the higher angle of 
sound incidence. In reality, the roughness and tracks are distributed uniformly over the image. The dark tracks, in many 
cases, are caused by fishermen dragging shrimp nets. The orientation of the tracks is also evenly distributed, but more 
horizontal tracks show up because of their acoustic shadow. The axes shown are in pixels. Resolution in the direction of 
travel, approximately 15 cm (6 inches), is a function of the speed of the tow vehicle and the round-trip time of the ping to 
the farthest range. Resolution in range, also approximately 15 cm, is a function of the number of beams and the 
maximum range. The minimum resolution in range is also determined by the size of objects which need to be detected. 
Two mines are found at coordinates (427, 370) and (864, 159) and are shown in the blow ups in figure 2. The first mine, 
at (427,370), has a modest horizontal highlight and a pronounced shadow. The second mine, at (864, 159), is difficult to 
see. It has a small strong highlight and a small shadow, which is somewhat disguised because it is located on the edge of 
a track 
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Figure 2. Original Image si000206 
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2. Orthogonal Wavelets 

2.1 Wavelet Transform Analysis 
Efficient characterization of images is possible with wavelet time-frequency analysis techniques because of the local 

support property. Features well-localized in space are well represented by the set of coefficients overlapping the features' 
location. Other advantages of the discrete fast wavelet transform is that their complexity is of O(n) and they are 
implemented through finite impulse response filters. All of the discrete fast wavelet transforms provide perfect 
reconstruction. The primary differences among various types are the length of the filter, the required precision of the filter 
coefficients, and the relationship between forward and inverse filters. Orthogonal wavelet transform filters implement the 
same filtering at the forward and inverse transforms. 

Evaluation of compression performance is based on the visual fidelity of the Image and on comparisons of automatic 
classifier performance on the original image with performance on a duplicate image reconstructed from the substantially 
compressed image file. Figure 3 shows image si000206 after 100:l compression. The automatic classifier used to 
evaluate the images was developed by Dr. Gerald Dobeck and his colleagues at the Naval Surface Warfare Center, 
Dahlgren Division, Coastal Systems Station, Panama City, Florida, USA (21. 

The impressive success of wavelets is due mainly to the discovery of multiresolution analysis by Mallat [3]. 
Multiresolution analysis constitutes a useful functional analysis tool in wavelet theory and leads to the development of the 
very fast pyramid scheme to compute the wavelet coefficients. Although the fleet side scan sonar image is processed in 
two dimensions with the orthogonal wavelet algorithm, a brief description of the theory is presented here for one 
dimension. In practice, the one dimensional algorithm is applied twice, first to each row of the input matrix and then to 
each column of the row processed matrix. 

In the continuous wavelet transform, for a given function x(r), the coefficients are defined as follows: 

The parameters a and b have the effects of dilation and translation respectively. To discretize the transform in the 
timelfrequency plane, we let a = 1 12' and b = k l 2 ' ,  where j ,  k E Z . The coefficients thus become 

Finally, discretizing in time gives 

where N is the length of the input vector x[n]. The function W E  L'(R) is called an orthogonal wavelet if the family 
{vJk) is an orthonormal basis of L'(R) : that is, (yl,,, yl,,,) = 6,,6,, , where 6 is the Kronecker delta function. Note that the 

wavelet function is in L'(R) so that it has finite support in time. This dlffers from the trigonometric functions in Fourler 
analysis and gives the wavelet its ability to produce time information as well as frequency. 

The discrete orthogonal wavelet algorithm is actually implemented as a series of convolution and decimation 
operations with discrete-time wavelet filter banks, such as those developed by Daubechies [4]. We adopt the compactly- 
supported wavelet, Daubechies 6. The length of the wavelet was chosen fairly arbitrarily. However, some of our 
classification work has suggested that longer wavelet filters (e.g., Daubechies 20) tend to miss some mines, while shorter 
wavelet filters (e.g., Daubechies 2) have many false alarms. 

The discrete wavelet transform is implemented by a series of convolution and decimation operations with a pair of 
filters. Let x = {x[k]}f~~ be the discrete version of input signal At) of length K = 2 " .  This can be either a row of the 
image or a column of the coefficients after the rows have been processed. In the fast discrete wavelet transform, the 
signal x is first decomposed into low and high frequency bands by the convolution-decimation (subsampling by two) 
operations of x with the pair of a low-pass filter G = {g,}:z:, and a high-pass filter H = {hk}ILl,:, where L is the length of 
the filter. In orthogonal wavelets, the length of the two filters is the same. The filters G and H satisfy the orthogonality 
conditions: 

GH' = HG* = 0, and G'G + H*H = I .  
G and H are Quadrature Mirror Filters (QMFs), which allow perfect reconstruction. The decomposition process 
continues iteratively on the resulting low frequency bands and each time the high frequency bands are left intact. The 
iteration stops when there is one low frequency coefficient and one high frequency coefficient. As a result, the frequency 
axis is partitioned smoothly and dyadically in an octave-band fashion, ;IS shown in figure 4. Figure 4 shows the phase 
plane produced by the wavelet transform. The wavelet transform converts one-dilnensional data into two-dimensional 
data. The horizontal, or t ,  axis can be labeled by time or position, depending on the nature of the data, and increases to 
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the r~ght  The vert~cal, or f, axls IS usually labeled frequency, or scale, and Increases upward Different spat~al 
resolutions are given to d~fferent frequency bands Low frequency wlth low spat~al resolut~on 1s at the bottom, whlle, 
toward the top of the figure, the frequency resolut~on 1s decreased and the spatla1 resolution 1s Increased The entlre phase 
plane 1s covered by dlsjolnt cells of equal area wh~ch are called Hesenberg cells [5] The uncertalnty pr~nc~ple can be 
Interpreted as a rectangular cell located around a posltlon In the phase plane, (t,f ), that represents an uncertalnty reglon 
associated with ( r f )  The total number of cells IS equal to the d~mens~on ot the ~nput vector 

Time 

Figure 4. The TimeIFrequency Phase Plane 
for the Standard Wavelet Bases 
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Figure 5. The Complete Wavelet Packet Decomposit~on Tree 

2.2 Wavelet Packet 
For the wavelet packet transform [6], the high frequency band, which is left intact during each iteration of the wavelet 

transform, is also decomposed into finer frequency bands. Figure 5 depicts the entire wavelet packet decomposition tree. 
Level 0 represents the original signal x. The level I decomposition generates Hx , labeled x,, , and G.r, labeled X, . Gx 
represents the low frequency band and Hx represents the high frequency band. Applying the low-pass filter G and the 
high-pass filter H to both low and high frequency bands, we obtain four frequency bands H ' I ,  GH.x, HG.x and G2x 
ordered in decreasing frequency. This is the level 2 decomposition. The decomposition process continues to the 
maximum depth of J ,  where J = log , (n) ,  and finer frequency resolutions are obtained toward lower levels. Since each 
decomposition level generates equal boxes corresponding to a uniform partition of the frequency axis. the time axis is 
also windowed uniformly. Hence, the extent of the support of each bas~s function is essentially constant for a 
decomposition level. Note that each level forms an orthonormal basis on which to project the side scan sonar image. 

The full wavelet packet transform produces a wavelet packet tree structure containing many more coefficients than are 
needed to reconstruct the image. A basis vector of coefficients should be selected. The basis vector of transform 
coefficients can be constructed by selecting all the coefficients in a level, referred to as a level basis, or by selecting 
coefficients from different levels to obtain a "best" basis for the input data vector x. Here "best" can be in whatever 
measure desired. Certain rules apply which constrain the selection of coefficient sets to those having parent-child 
relationships within the wavelet packet decomposition tree [6]. For the fleet side scan sonar application, a level basis was 
selected which best characterized the spatial and spectral characteristics of the targets. The transform vector contains the 
same number of coefficients as the dimension of the input vectors from the original image, so this does not lead to 
compression. However, the forward transform increases the amount of energy contained in some individual coefficients 
and decreases others. Increasing the magnitude of individual coefficients increases the data requirements of the 
transform, but because the energy is conserved in the transform, most of the remaining coefficients are very small, 
approaching zero. Since deleting small coefficients does not significantly affect the total energy in the image, it will not 
cause significant distortion in the reconstructed image. The surviving coefficients now comprise the transform vector and 
can be encoded for compression using a zero run-length encoding technique. 

2.3 Orthogonal Transform Algorithm 
The algorithm for the orthogonal wavelet case is as follows: the one dimensional wavelet packet algorithm is applied 

twice, first to each row of the input matrix and then to each column of the row processed matrix. Only the level 3 basis 
coefficients for the lower half of the frequency spectrum are retained. This provides some filtering of high frequency 
noise. Next, the coefficients are sorted by magnitude for the spectrum of interest. Processing time is substantially 
reduced by only processing the pyramid algorithm to level 3 and by limiting the spectrum of interest to the lower half of 
the image bandwidth. The number of coefficients required to give the desired coinpression ratio is calculated; only this 
number of the largest coefficients, along with their locations in the coefficient matrix, are retained in the compressed 
image file. Zero run length encoding is currently used to encode coefficient locations. For reconstruction, the surviving 
coefficients are placed into their proper locations in the coefficient matrix while the rest of the coefficients are set to zero. 
The inverse wavelet packet transform is performed on each column, replacing the data that was there, and then on each 
row to produce the reconstructed image. This is the reconstructed image which is processed by the classification 
algorithm. 



2.4 Overall Performance 
The fleet side scan sonar images were compressed 25: 1, 50: 1, and 100: I using the orthogonal wavelet technique. The 

original image si000206 and si000206 after 100: 1 compression are shown in figures 2 and 3. The regions containing 
each of the two mines are shown in enlargements. At a compression ratio of 25: 1 ,  the most noticeable difference from 
the original image is the reduction of high frequency texture information from the background. This effect increases at 
50:l and, as can be seen at 100:1, the texture information has been mostly removed from the near range region. A 
significant weakening of the highlight or shadow contrast is not observed in either of the mines as the compression ratio 
is increased to 100: 1 .  

Comparison of the automatic classifier on the original and wavelet cotnprcssed data sets demonstrated that only 
minimal degradation was realized in the compression process. On the originill data set, the classifier demonstrated a 
probability of detection and classification (PdPc) of 91% and 0.28 false alarms per image (FAIimage). For the data set 
compressed by the orthogonal transform algorithm, PdPc = 83% and FAlimage = 1.1. 

3. Matching Pursuit 

3.1 Description 
Mallat and Zhang [7] Introduced a matchlng pursult algor~thm wh~ch allows a venal tunct~on to be decomposed Into a 

h e a r  expansion of funct~ons belonging to a redundant dlct~onary of wavetorrns Here, these wavetorm\ are tlme- 
frequency atoms computed from sample mlne and non-mlne Images The assumptron la  that the t~me-frequency atoms 
conslst of a pattern of wavelet coefficlents related to the local structure of the target The 5tructure Lan be d~ftlcult to 
detect from ~nd~vrdual coeffic~ents because the forward transtorm d~ffuses the rntormat~on acro\s the  bas^^ The 
advantage of the wavelet doma~n IS that the slgnal waveform and d~ct~onary waveform can be compressed uslng wavelet 
Image compression techn~ques, preserving ~nformat~on about the local target structure wrthout mak~ng as\umptlons about 
the nature of the target T h ~ s  compressron, In turn, mlnlmlzes the computatronal requrrements on the rnatch~ng pursult 
algorrthm 

Mallat and Zhang define a family, D = (g,)yer, of vectors in H, H = L'(R),  such that lg,l= I .  Letting f H . a linear 

expansion off is computed over a set of vectors selected from D to best match the local target structure. This 1s done by 
successive approximations o f f  with orthogonal projections on elements of L). Let g,,, E D .  The vector f can be 
decomposed into 

( 5 )  

where Rf is the residual vector after approximating f in the direction of 8 ,  . The vector R,,, is orthogonal to Rf, hence 

To minimize IRf 1 , g,,, E D , is selected such that K f ,  g,,, )I is maximized 

Cons~der~ng the lteratlve approach, let R" f = f To compute the resrdue R"  j at the nth ~terat~on, tor ,z >_ 0 ,  a vector 
g," E D IS chosen whlch best matches the resrdue Rt' f The res~due R" f 1s decomposed Into 

which defines the residue at the order n + l .  Since R"" f is orthogonal to g,,, , 

Extending this decomposition up to order m, equation (7) yields 
m-1 

f  = C ( ~ " f  , g ,  )g,,, + ~ " ' f ,  
n =O 

and equation (8) yields the energy conservation equation 

The original vector f is decomposed into a sum of dictionary elements that are chosen to best match its residues. 
Although the decomposition is nonlinear, it maintains an energy composition as rf ~t were a linear orthogonal 
decomposition. 

In the matching pursuit algorithm for target classification, the inner product of the signal function with each of the 
dictionary waveforms is computed. The waveform which best matches the signal function is selected for the iteration and 
a residue is computed from the signal function. The residue is formed by subtracting the selected waveform. scaled by 
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the correlation coefficient, from the signal function to produce a new signal function for the next iteration. After the last 
iteration the signal function is represented as a linear expansion of the scaled dictionary waveforms. Target-like objects 
are discriminated from non-target signal functions by comparing the energy in the dictionary's target waveforms to that 
of the non-target waveforms. The class associated with the greater energy is assigned to the signal waveform. 

3.2 Neural Network 
The classification of the target-like signal functions can be further refined by a back-propagation neural network. In 

order to implement the matching pursuit/neural network classifier, it was necessary to divide the training set of data into 
two subsets, A and B. Half of the training set, subset A, was used as target waveforms for the matching pursuit 
dictionary. Non-target waveforms were also in the dictionary and were selected from areas away from the target from the 
same target file. The remaining half of the training set, subset B, was processed using the matching pursuit algorithm 
having subset A in the target dictionary. These results were then scored to form two lists for training the neural network, 
a list of the functions for correctly classified targets and a list for the false alarms. The list of functions for correctly 
classified targets was augmented by an additional set generated from targets in training subset B with offset centers. 
Offsetting the target center in a 3 by 3 pattern increased the number of target waveforms by a factor of nine. Each 
displaced center was located four pixels horizontally and vertically from its neighbor. The target and false alarm lists 
were used to train a neural network to discriminate targets from false alarms for the limited set of target-like signal 
functions classified by the matching pursuit algorithm. 

3.3 Libraries 
The sonar0 training set consisted of 30 image files, 15 containing bottom targets. In order to decide how to group the 

targets into subsets A and B, each target in the training set was processed by a matching pursuit algorithm having a 
dictionary containing the other 14 targets. This test was conducted to identify target images having unique features and 
those have features redundant with other target images in the dictionary. Two of the targets were found to have unique 
characteristics based on the results of the matching pursuit processing. A minimum set of 5 targets, including the unique 
targets, was selected for the matching pursuit dictionary. This approach maximized the number of target samples 
available to train the neural network stage of the classifier. The dictionary therefore consisted of the 5 target samples and 
5 non-target samples randomly selected from the same image file. To scan an image file, a 32 by 32 pixel subimage was 
selected. Therefore each of the images in the dictionary also corresponded to a 32 by 32 subimage. The number of entries 
in the dictionary was increased nine fold by duplicating each of the target entries in a 3 by 3 offset pattern, where each 
displaced center was located four pixels horizontally and vertically from its neighbor. This improved the efficiency of 
scanning an image file by stepping the subimage processed as the signal function in 8 pixel increments. The sonar0 side 
scan sonar images contain 512 by 1024 pixels. Scanning a 32 by 32 subimage through a complete side scan sonar image 
required 8,196 increments. 

3.4 Results 
The slgnal functions and dlct~onary waveforms for the match~ng pursult algor~thm were compressed wavelet 

transformed sublmages The Daubechles 6 wavelet packet was used wlth filtering at levels I and 2 T h ~ s  reduced the 32 
by 32 coefficient matrlx to a 16 by 16 and 8 by 8 whlch were reformatted to a column vector Thls allowed the projection 
of the s~gnal funct~on onto the d~ct~onary waveforms to be computed as an Inner product w~th  the dictionary vectors 

Because of the limited number of target samples in the training set, only modest results were realized after preliminary 
testing of matching pursuit on the sonar0 test set. With filtering at level 1, PdPc = 89% and at level 2, PdPc = 78%. The 
neural network further reduced the FAlimage by 50%. but dividing the training set into subset A and B degraded the 
performance of both classifiers. To implement both a matching pursuit dictionary and a neural net training set, unique 
targets existing in the training set therefore could only be assigned to one or the other subset. The subset that did not have 
information on the unique feature did not detect targets which would have otherwise been found. 

4. Wavelet Coefficient Baysian Classifier 

4.1 Generating Probability Density Functions for Coeff~cients 
There are many more coefficients in the wavelet tree structure, shown in figure 5, than are needed for reconstruction 

of the image or for classification. The question is which coefficients should be used for classification. The matching 
pursuit algorithm answers this by using a subset of the coefficients in a basis based on compression. The selection of the 
basis was fairly arbitrary. The statistical classifier described here is an attempt to determine the ability of individual 
coefficients in the wavelet packet transform to discriminate between two classes of objects. There are a total of nlog(n) 
coefficients plus the n original data values themselves to choose from. In general, the number of inputs to a classifier will 
be less than or equal to the number of data points in the original signal. In order to determine which coefficients are best 
for classification, the probability density function (pdf) for each coefficient can be estimated. By generating the 
conditional pdfs for each coefficient, one can develop the optimal, or Baysian, classifier. The problem here is to 
determine the presence or absence of a mine-like object. Thus two conditional pdfs correspond to each coefficient. 
Transforming the image when there is a mine present, one obtains the values of each coefficient for the mine-present 
case. By transforming enough images with mines, one can use the distribution of the magnitude of each coefficient as an 
estimate of its pdf when a mine is present. Transforming an image with no mine produces the values for each coefficient 



for the no-mine case. With images where no mine is present, the distribution of the coeffic~ent magnitudes is an estimate 
of the pdf for the no-mine case. 

There are two problems which come up immediately with this procedure. Flrst, the number of images available with 
and without mines is very limited. To get a good estimate of the pdfs, a large number of examples is needed in each 
cpe .  Second, not every coefficient is affected by the presence of a mine in the image. Because of the resolution in 
position of the wavelet transform, the extent of the coefficient may not be on the mine in the image. In fact. if the entire 
image is transformed, there are very few coefficients which are actually affected by the presence of a mine. The others 
should all be considered examples of non-mine coefficients. 

The first problem is handled by not relying on an accurate pdf for each coefficient. Since there are a large number of 
coefficients, one can compensate for the inaccuracies of any one pdf by using many of them. There are two methods of 
handling the second problem. First, one can take the transform of only a small window of the image, approximately the 
size of a mine. Then, most, if not all, of the coefficients are affected by a mine in the window. The window can be slid 
through the image and a classification made for each location of the window. This method works well, but is very costly 
in the number of calculations needed. A second method involves only a single transform of the image. In this method, 
one transform is done on the entire image producing a large set of coefficients. Instead of scanning through the image in 
position, the coefficients from a location in the image are determined and only those are fed to the classifier. In effect, 
the image is scanned by selecting the proper set of coefficients in the right order. 

4.2 Discrimination Threshold 
In the binary classification case there are the following two hypothesis: 

1) Ho- no mine present, and 
2) HI - at least one mine present. 

The Bayesian test can be written as 

where P , I , - ( R I H , )  and pj, ,  (AH,) are the conditional probability densities and q is the threshold [8]. The ratio on the 
right is the likelihood ratio and is a random variable. The threshold is a number based on the a priori probabilities and the 
cost of each course of action. If the likelihood ratio is greater than q , the HI hypothesis is chosen and if the likelihood 
ratio is less than 7, the Ho hypothesis is chosen. Because it is difficult to assign costs and a priori probabilities in this 
problem, the Neyman-Pearson test is used. In this test, the conditional probabilities, 4: , probability of false alarm, and 
Po . probability of detection, are used. A value of 4: is specified and this determines the value of q . 

4.3 Selection of Coefficients for Classifier 
Given a desired probability of false alarm, the pdfs of the coefficients and the threshold determine a probability of 

detection. This could be done for individual coefficients, although that was not done here. At a particular level in the 
wavelet packet transform, and at a specific frequency (a frequency bin), there is a set of coefficients which depend only 
on position. Each coefficient corresponds to the same waveform which only differs by a shift in position. Since the 
probability of the mine being at any particular location is the same, it doesn't make sense to pick one coefficient out of the 
set as being better than the others for classification. Instead, all of the coefficients in the set which only differ by a shift 
are grouped into one pdf. This produces more examples for each pdf and so helps to improve the estimate. The pdfs 
now provide information about which frequency bins are best for classification. 

4.4 Classification 
Because the pdfs for the mine and non-mine cases overlap and are not perfect, there would be considerable 

missclassification using any one pdf. To improve the classification, many pdt's are used. To classify an area of the 
image, the magnitude of all of the coefficients which overlap that area are checked via the Bayesian test. If a majority 
indicate the presence of a mine, the area is classified as mine-like. To reduce the calculations required, only coefficients 
with the best pdfs, those with the highest P,, can be used for the voting. The overall classification procedure is as 
follows. The entire image is transformed producing a matrix of coefficients the same size as the image. The bases used 
for this transform should contain the coefficient bins which were determined to be best for classification. Each 
coefficient in the transform is compared to the threshold as shown in equation (I I) for its particular frequency bin, and a 
classification is made. All the coefficients which detected a mine are compared to see if they fall on the same location in 
the image. If enough mine classifications are at the same location, that location is classified as mine-like. 

4.5 Results 
Preliminary results produced uslng the stat~st~cal class~fier have been encouraging The method descr~bed us~ng the 

transform of only a small w~ndow of the Image, approximately the s ~ z e  of a mlne, was run on each mlne In the tralnlng set 
to generate the pdfs for the coefficients Because of the small slze of the wlndow, the pdf for every coeffic~ent at every 
level was estimated The best pdfs were then used to class~ty the lmages In the test set The recelver operating 
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characterlst~c (ROC) curve tor the results 1s st111 belng generated Work has started on the transtorm coefflclents from the 
whcle Image. Observations of the mlne and non-mlne cases show that pdfs for each case appear to be very sim~lar The 
best pdfs for class~ficat~on have yet to be determined 

5. Conclusions 
It has been shown that wavelet packet based transforms are an effective compression scheme. A high level of 

automatic classifier performance on reconstructed side scan sonar images, compressed by as much as 100: 1, demonstrates 
that these schemes effectively preserve the classification features of underwater mines. Promising results have also been 
presented for detection and classification techniques in the wavelet domain as a guide to the selection of coefficients in 
the compression process. The matching pursuit algorithm, which attempts to find a best match in a library of coefficient 
sets, and the statistical analysis, which attempts an optimal discrimination based on individual coefficients, both have 
shown good results in detecting mine-like areas. Correctly identifying coefficients related to the local structure of mine- 
like objects provides the ability to enhance the fidelity of the associated areas in the reconstructed image, while 
maintaining the required compression ratio. 

Further analysis will be conducted uslng a larger slde scan sonar data set to lesolve problems reallzed when there are 
only a small number of mtne signatures available, some of whlch are untque Redundant dlctlonarles ot tlme-frequency 
atoms over multtple bases will also be explored Even wlth Improvements made, operator lnterventlon w~ll  contlnue to be 
needed to reconctle false alarms from detected mlnes The volum~nous amount5 of data ~ollected by a 6 knot UUV will 
stdl generate a number ot false alarms per hour The enhanced fidelity provlded by the methods exanllned ~n this paper 
furnishes operators wlth a hlgher qualtty Image wlth wh~ch to reconcile targets and talse 'tlarms 
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Abstract 
Seabed scatterzng zs conszdered takzng znto account perturbatzons of d ~ f i ~ n r  types rrolume rnho~~~ogenertzes and 
roughness of the znterfaces. A descrzptzon zs gzven zn te rns  of plane tuatrrs Thc f i i :~t-orde~ ~ J C  rttirbatzon solutzon 
2s presented for  the scatterzng amplztude and scatterzng cross-sertzon. C' lnss-ro~~clnt~on ~tzntr~xes between the 
roughness of dzfferent znterfaces and between the volume Juctvatzons oj  rltffrlenl pnrnt~lrtrl 5 rrlt. ~nz~oltled. The 
model zs genemlzzed to the case of the &ad sedzmerat placed over an arbrt~-rrvcl Ooscin~~at hntizng zts own reflectzon 
and scotterzng propertzes. 

1. Introduction 

Sound scattering from the seabed, generally, can be at tr~buted to two malot mechanisnls wh~ch ale clue to seabed 
roughness and volume ~nhomogene~tles It 1s known that contnbut~ons of tl1e3e two (onlponenta of $1-atter~ng ran 
be comparable for reahst~c values of seabed parameters [l, 2, 3, 4, 5, 6, 71 (11 rt ran be d~fficult to d ~ s t ~ n g u ~ s h  and 
separate them In practice 18, 9, 10, 11, 121 In such cases ~t 1s more ~ u s t ~ f ~ t ~ t l  to rons~cler volrlnie and roughness 
scattering mechan~sms In the frame of a un~fied nlodel Each of this two ~nc~clian~snia 111 tnrn can contaln d~fferent 
components, w h ~ c h  are clue to d~fferent lrregular~ties of the seabed mec11nm k'oi unronsol~datctl (fluid) setliments, 
volume ~nhomogene~ties are spatla1 f l u c t ~ ~ a t ~ o n s  of d~fferer~t palametel,, tlir rlrnslt) anti r o ~ n p r e s s ~ b ~ l ~ t y ,  wtth 
respect to t h e ~ r  mean values Roughness cornpoilent can be attributccl as to the 3eabetl surface (water-5etl1ment 
~nterface) and to  varlous ~nternal  ~nterfaces III the sed~ment ~ n e d ~ u n l  as well r1ie11 ~ ~ o s s ~ b l ~  I-ross-co~~elat~ons 
should be taken ~ n t o  account 

Generally, In any model of scatter~ng, a certain mean (averaged) strllrturr of tlie 111etl1u1n 15 ~ n l p l ~ e d  A related 
problem IS the influence of different parameters of the mean seabed structore on l l ~ c  scattered field In nlally 
cases, ~nhomogeneous rough seabeds can be cons~dered as strat~fied (l~lanc-layeiecl on t l ~ e  ave~age) ,  I e , hav~ng 
mean parameters dependent only upon the depth Effects of strat~ficatlon clcpe~id on inany p~iameters ,  \uch as 
the frequency, thickness of seabed layers, vcrt~cal grad~ents of the mean parameters and o t l ie~ \  Only In the case 
of sufficiently hlgh frequenc~es, the seabed n led~um can be treated as homogeneous on the average because of s~llall 
sound penetrat~on At lower frequencies, however, the effects of stratlficat~on become essent~al clue to zcatternig 
from Internal Interfaces and volume inhomogeneit~es of deep layers as well a. the ~nfluenrr of regular refract~on 
For a number of part~cular  seabed moclcls, ~t ha, bcen shown that such lnccring 1 an have a strong effect on the 
scattered field [13, 14, 15, 16, 171 

In t h ~ s  paper, a unified model IS presented that  ~ncludes both volume and rouglinezs pe t tu~l~a t ions  of cllfferent 
types In a r b ~ t r a r ~ l y  strat~fied sed~ment and permits a general conslderat~on of zeabcd >cattel~ng f o ~  a w~tle low- 
to-high frequency range The model 19 based on a un~fied approach to volume and ~onglinea< z c a t t e ~ ~ n g  [18, 191 
The approach considers all the m e d ~ u m  ~rregularities as different k ~ n d s  of volume pert~rrbat~ons In t h ~ s  paper, 
the first-order solut~on 1s presented for the scatter~ng amplitude and scat ter~ng clozs-qect~on Exprebs~ons f o ~  the 
roughness and volume scat ter~ng cross-sect~on ~nvolve cross-correlat~on mat~ixea Ixtwerw the ~or~ghness  of Afferent 
Interfaces and between tlie volume fluctuat~ons of d~fferent parameters Tlila nlodel 15 thcn gene~allzed to the case 
where the fluid sed~ment 1s placed over an a rb~t ra ry  basement (e g , elast~c) liav~ng its own reflect~on and scat ter~ng 
properties 
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2. Seabed Model 

Seabed sediment is considered as a layered fluid medium with volume ~nhomogeneities and rough interfaces The 
interfaces between sediment layers are of the form 

where C and z, correspond to roughness and mean plane of the j-th interface Roughness IS assumed to be small 
comparing to the wavelength. 

Volume inhomogeneities are due to spatially varying parameters, the conlpress~b~lity and density, 

where ~ ( z )  and p(z) are their mean depth-dependences corresponding to an unperturbed plane-layered ~~ led ium,  
rp(r) are relative volume fluctuations defined by random functions of position vect,or, r = (R,:), and assumed to 
be small, Jcpl << 1, p = ~ , p .  

Note that the choice of the compressibility and density as bulk parameters is somewhat arbitrary. In particular, 
considering density and sound speed as a pair of independent parameters, one ohta~ns  

with cc as the relat~ve volume fluctuation of sound speed The mean soulid speed 1s tlefinecl as c ( z )  = (np)-ll2 
In the case of the one-parameter med~um, where all the parameters are cont~olled by change3 of one parameter, 
e.g , the poros~ty, s, one obtains 

Relations between different parameters that provide estimates for up, can he taken fionl coillp~lat~onsof geoacoustlc 
data, for example Hamilton's [20]. 

All the mean (unperturbed) parameters, compressibility, dens~ty and sound speed, are continuous funct~ons 
p = pj(z), b = ~ , p ,  c ,  within the j-th layer, at zj < z < rj-l. They can have discont~nuity at the mean interfaces, 
r =  z j ,  

where D, denotes the contrast (difference) of the correspond~ng parainet~r or function at the j-th ~nterface 

3. Zero-Order Field 

The unperturbed (zero-order) field for a plane-layered medium with depth-dependent parameters ran be defined 
in terms of plane waves. Let a plane wave of unit amplitude havlng wave vector w ~ t h  transverse component K O  
be incident from a homogeneous water half-space, r > 0, i.e., 

pi,&, K O )  = exp (iK0.R-i u1(Ko)z) , (6) 
where vl(I() = d m  defines the vertical component of the wave vect.or wit,l~ k l  = w / c l  as t.he wavenumber 
in the water (first layer). The zero-order solution for the field is of the form 

 PO(^, K O )  = $(z, ICo) exp(iK0.R 1, 
where $ is its complex amplitude, which obeys Helmholtz equation 

[pa= (~; 'a , )  + k 2  - K 2 ]  $(z, Ii) = 0, k  = w / c ( z ) ,  

and boundary (continuity) conditions at the mean interfaces, z = zJ , 

Within j-th cont~nuous fluid layer, at  z, < z < z,-l, the funct~on $ = dlJ( ,- ,  Ii) can be found by means 
of well-developed methods [21]. In the vicinity of the mean interfaces, ; = :,, the solution for dlJ(z, I<) can be 
expressed in terms of downward and upward local plane waves with correspond~ng transmiss~on and reflection 



coefficients. The transmission coefficient, W,(Ii), is defined as the amplitude of the downward wave ~ncident on 
the j-th interface, z = z3. Correspond~ng relat~ve amplitude of the upward wave g~ves the reflection coefficient, 
V , ( K ) .  Beneath lowest interface in sed~ment, at the plane z = Z N + ~ ,  an arb~trary basement can be considered 
characterized by its reflection coefficient, V N + ~ ,  which can be taken as an arb~trary function of I i ,  depending on 
the basement type. The basement reflection coefficient, VN+I(Ii)r  is an ~npu t  parameter for the calculations of 
the function $(z, I i )  at  z > z ~ + 1 .  

4. Scattering Amplitude 

The scattered field, @, = p - pi,,, above the highest point on the water-seaI,ed interface ran Ibe expressed as a 
superposition of plane waves, 

where A(K, K O )  is the so-called scattering amplitude. When it has been fo~~ncl, all t.he basic c11ara.rt.erist.i~~ of the 
scattered field can be determined. In particular, t.he scatt.ering cross sect.io11, a, is ol,tained th ro~~gh  t.he ecluation 

< A(K, K0)A*(Kt,  KO)  >= 6(K - K1)a(K. K,) . (11) 

where A(K, K O )  = vl (KO) [I(K, KO)- < I(K. K O )  >] is defined by the incol~ere~~t ro~nl~onent of t,lle scattering 
amplitude and it is assumed that the statistics of the scat,tering medium are st.ationary in the two transverse 
(horizontal) coordinates. In this paper, A(K, KO)  is called also the scatt.ering amplitutle for 111.cvit.y. 

4.1. Layered fluid. First-order solution 

General expression for the first-order scattering amplitude, or its Born approximation, can be presented in the 
form 

A(K, K O )  = A(")(K, K O )  + A(')(K, K O ) ,  

where A(') and A(") are the roughness and volume scattering amplitudes, 

where ?@(K, z), ,B = ~ , p ,  and &(K),  are the 2D Fourier transforma~lts of the corresponding perturbation and 
roughness with respect to horizontal coordinates, 4@ are the form-factors dependent only upon the unperturbed 
structure of the medium and defined for different kinds of the medium perturbat~on as follows 

where n(z) = cl/e(z) and m(z) = p(z)/pl are the mean refraction index and relative density, cl and pl are the 
sound speed and density in the water half-space, q1 and Cfz are continuor~s functions, 

q l ( z ,  I i ,  Iio) = k;q!J(z, Ii)q!J(z, I<"), 

Equation (12), uslng (3) and (4), can be eas~ly rewritten for other clio~ce of med~um parameters. In the case 
of the one-parameter medium, the corresponding form-factor, 4,, is definetl as follows 
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4s = ans4s + 
Using (14) and (15), it can be presented in the form analogous to (16), 

Then the volume scattering amplitude is written in the form close to (13) 

It is convenient to normalize functions $ for each layer by the amplitude of incident on this layer wave as 
follows 

+(z, I<) = wi(I<)4j+l(z, I<), Zj+l < z 5 2,j. 

Then all the form-factors, d B ,  can be presented in the form 

Pj(I<, KO) = wj(I<)wj(I<o). (24) 

Defined by (23) normalized form-factors, Fp, are indepenent from the mean struct,ure of the medium at z > zj. 

4.2. Fluid over  basement  

The scattering amplitude of the layered medium can be presented in t,he form 

with Aj as the scattering amplitude of the ( j  + 1) -th inhomogeneous layer, zJ+l < 5 2j, illlrluding rough j-th 
interface, 

These amplitudes are defined for a plane incident wave of a unit amplitude in a11 infinite homogeneous half- 
space with parameters pj(zj) and cj(zj) over j-th interface. Note that the volun~e component. with j = 0, A?),  
can be included in (25) for generality corresponding to scattering from the first layer, zl < I < zo, i.e., from 
inhomogeneities in the water over the seabed. The upper boundary of this layer, z = z0, is totally transparent 
and has no corresponding roughness scattering component, i.e., Ar' = 0. 

The volume and roughness local scattering amplitudes for the layered fluid (components wit.11 j 5 N) depend 
upon properties of the basement only through the reflection coefficient of the basement, VN+~ ( I < ) ,  as an input 
parameter. However, the above expression for the total scattering amplitude, (25), can be easily generalized to the 
case where the basement beneath a layered fluid medium not only reflects but. also scatt.ers. In this case, the last 
term, AN+I, is treated as the scattering amplitude of the basement containing roughness and volume components 
of the form 

where the roughness and volume scattering form-factors, FC and Fp, depend on the basement type and its mean 
parameters. 

As examples of perfectly scattering basements, hard or soft (impenetrable) rough surfaces can be used with 
VN+~ = &l ,  respectively. Corresponding expressions for the scattering anlplit,ude can be easily obtained from (16) 
as the limit cases, 



As a realistic example of a penetrable scattering basement, an elastic rough half-space with volume inhomo- 
geneities can be used. In this case, the roughness and volume scattering ainpl~tudes are of the form (27) and (28). 
Spatially fluctuating parameters are the density, compressional and shear speed, i e., 0 = p, c,,. ct Express~ons for 
the corresponding volume and roughness form-factors, Fp and FC, can be found in [22] and [23], respectively. Gen- 
eralized expressions for the scattering amplitude and scattering cross-section of an elastic rough and inhomogeneous 
half-space and their analysis with a number of numerical examples will be presented in [24, 251 

5. Scattering Cross-Section 

If the roughness and volume scatterlng components are uncorrelated, the total scatterlng crow-sect~on 1s of the 
form 

where indices T and v correspond to the roughness and volume scattering cross-section. The roughness con~ponent 
is defined as follows 

where and Bjl are the cross-spectral and cross-correlation matrixes of the j-t11 and 1-th interfaces roughness, 
assumed to be statistically uniform. In the case when irregularities of the different interfaces are uncorrelated, i.e., 
~ 3 ( f )  = where bJr is the Kronecker symbol, from (33) we obtain 

where uj is the j-th interface scattering cross-section, 

with ej = as the spatial spectrum of the roughness of the j-th interface. 
For the volume scattering cross-section, assuming that inhomogeneities of different layers are uncorrelated, one 

obtains 

Here u 2 1  is the volume scattering cross-section of the ( j  + 1)-th layer defined as follows 

Bpp,(R,z, z') = (cp(R1, z)E;,(R'+R, 2 ' ) )  , 
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where aPP, and Bpp, are the 2D cross-spectral and cross-correlation matrixes of volume ~nhomogeneities, assumed 
to be statistically uniform in horizontal directions. In the case of one-parameter medium, usnig (21), equation for 
ni?l is of the same form as (39) but contains only one term with P = 0' = s .  

If inhomogeneities are statistically uniform in all directions, i.e , BBPt = B;), (I-), where r = (R,zl  - z ) ,  (39) 
can be presented in the form 

where Fo is the form-factor defined by the equation 

and Qg, (k) is the 3D cross-spectral matnx of volume inhomogeneities, 

a!;, (k) = ( 2 ~ ) - ~  1 B&), (I-) exp(-ik . r)[l3r9 

with k = (K - KO, y )  
Equations (33), (39) and (42) give first-order solution for the scattering cross-section of a stratified seabed 

expressed through the cross-spectral and cross-correlation funct~ons of different liinds of volun~e ~~ihomogene~tles 
and rough interfaces. The mean seabed structure is involved nlto the ~llodel of ~ r a t t e r ~ n g  through of the form- 
factors, Fc and Fp They are defined once the function $ ( z ,  Ii) is determ~netl for the g~veii tleptll dependence 
of the unperturbed medlum parameters, p(z )  and c ( z ) ,  and the bnselnent reflert~on coeffic~ent, I/N+~ (Ii). The 
basement roughness and volume scattering IS involved into these equations through thc ternls wlth j = N + 1 and 
corresponding form-factors. 

The relationships between the seabed scattering cross-section and ror~ghness spectra are defined In distinct 
form by (33) and (36) For volume scatter~ng such relationships, generally, arc Inore romphrated and expressed 
through the integrals in (39) and (42) In t,he general case, for an arbitrary zeahed strat~ficat~on, these nltegrals 
can be calculated numerically. But in a number of particular cases, e g , for the layers homogeneous on the average, 
they can be simpl~fied and estimated analytically Details and a number of numer~cal examples for cl~fferent seabed 
types w~l l  be given in [26]. 
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Abstract 
Bzologzcal actzvzty zn marzne sedzments creates a tzme-uaryzng, randomly fluctuatzng medzum A bzo-d%fuszue model 
as proposed for predzcttng the temporal and spataal spectrum of sedzment denszty puctuatzons. Perturbatzon theory 
zs used to model sedzment volume scatterzng and the temporal correlatzon of the scattered field. These models are 
compared wzth field data recorded zn a bzologacally actzue shallow water envzronment, and sedzment blo-dzffuszon 
pammeters are estzmated. 

1. Introduction 
Biologically active sediments are continually modified by epifauna (organisms that live on the sediment surface) and 
infauna (organisms living in the sediment). The collective mixing effect of t,hese organisms is termed bioturbation. 
On micro- and macroscopic scales, bioturbation affects the physical and chemical properties of t,he sediment. The 
intensity of bioturbation affects the distribution of marine chemicals which in turn influences the microbial activity 
in the sediment and the ultimate fate of marine pollutants [I, 21. Epifaunal activity creates microtopography that 
may decrease the critical velocity necessary to erode surface layers [3]. Infaunal activity, such as tube building, 
is responsible for vertical and horizontal redistribution of solid material within the sediment, creating spatial and 
temporal inhomogeneities in sediment bulk properties (e.g. density and porosity). Often, the traces of these 
mixing activities provide the only evidence of the existence of fauna in an area [3]. 

Models of acoustic scattering from the sea floor can be used to invert for sediment properties such as roughness 
spectra and volume inhomogeneity spectra [5, 6, 71. In such inversions it is assumed that the sea floor does not 
change with time, however, on time and distance scales comparable with with scales of bioturbation, acoustic 
properties of the sea floor will change. Time scales of bioturbation range from diurnal to seasonal, and distances 
scales range from mesoscale to meter scale patchiness [I]. 

In this paper, the effects of bioturbation on acoustic backseatter will be discussed. A stochastic model of 
bioturbation will be introduced, and a review of perturbation theory to model volume backscatter presented. 
By coupling these models, a model for the decorrelation of an acoustic backscattered field due to bioturbation 
is obtained. Model predictions will be compared with field data recorded in a biologically active shallow water 
environment over a two month period. 

2. Bio-diffusive Sediment Model 
Quantitative analysis of bioturbation requires the use of mathematical models that describe the mixing process. 
The simplest model of this mixing process is the vertical diffusion equation [ l ,  2, 41. 

This equation describes the temporal and spatial evolution of a tracer concentration, c ( z , t ) ,  deposited on the 
surface of the sediment and being mixed into the sediment by localized diffusion. In this model all the biological 
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activity is described by a single parameter, the bio-diffusion coefficient Db. The d~ffusive nature of the mixing 
process is not the result of the mixing effects of a single type of organism, but is rather the net effect of a collection 
of infauna hav~ng a wide range of mixing lengths and acting over a long per~ocl of t ~ m e .  

While the behavior of a sediment tracer (such as a radio-isotope) may Ile lnocleled by the lroluogeneous and 
steady-state solution of the one dimensional diffusion equation, in the contest of acoust~c scatter~ng, the ~nhomo- 
geneous and translent nature of the process is of primary concern. 011 the t ~ m e  scales of interest, the movement 
of sediment is not necessarily restricted to localized mixing between adjac-eiit horizontal layer,, rather, larger or- 
ganism may transfer sediment between non-adjacent layers creating nonlocal (non-dlffu~~ve) m ~ x ~ n g  that give rlse 
to spatial ~nhomogeneity. Furthermore, over short time periods it cannot he a~~unnecl tliat a large collect~oi~s of 
organisms with a broad spectrum of sizes have reworked the sediment Instead, mlslng may be dominated by 
organisms with discrete length scales. 

Given that we are interested in this nonlocal and transient behavior of bioturbat~on, the 4ni1ple diffusion model 
is inadequate. A proposed extension to (1) 1s the forced diffusion process, generalized In terms of the sed~rnent 
bulk density p, . a 

-p,(r,t) - V. [D(r, t)Vp,(r , t) l  = g ( r , t )  at  (2) 
Here, D 1s a local diffusion coefficient representing the continuous diffusive a c t ~ v ~ t y  of smaller organisms (melo- 
fauna) or the collapsing and filling of borrows created by larger organis~~ls. By taking D to he a scalar, vie have 
assumed isotropic diffusion. In general, the hor~zontal and vertical tl~ffusion rates may differ [l] and a tensor 
diffusion coefficient must be used. The right-hand side of (2) is an escitat~on f~~nction tliat represents the nonlocal 
mixing activities of larger organisms (macrofauna). 

If there is a single transport event at time t,, that 
(b) removes or deposits sediment at a sn~all  volume cell- 

tered at  r,, Illen the excitation funrt~on can be mod- 
eled as a series of impulsive source and sink events 
occurring randomly in space and tnlle 

Z 

= - r -  (3) 
,I 

0 X 1 x 1 The function h,, tlescr~bes the rand0111 size and shape 
of the vol~une of setliillent moved bv each event. The 

Figure 1: Sediment source and sink functions randomly 
distributed in the (a) horizontal and (b) vertical direc- 
tions. The depth-dependent point density, A(,-), is plot- 
ted as the solid line in (b). The z = 0 plane is the 
sediment-water interface. 

coeffic~ent q,, IS a zcro-mean rand0111 variable that rep- 
resents the an~plitucle of each event, therefore, mass IS 

conserved witliln the volume of interest. 
In general, the excitat~on mag be anisotrop~c and 

inhomogeneous 111 space. For example, b~ologcal ac- 
tivity may decrease w ~ t h  depth into the sed~ment, as 
illustrated by Figurc I .  This figure shows a hypothet- 

~ c a l  depth-dependent distribution of spher~cal shape functions. A c t ~ v ~ t y  IS concentrated near the sed~ment-water 
interface and decreases with depth into the sediment, but is uniform 111 the I~or~zontal plane 111 t l i~s  paper we w~l l  
assume spatla1 homogeneity in the horizontal plane but include the effects of tlepth dependent mmxlng activities. 

Equation (2) is a deterministic differential equation with a random excitation, g ,  due to the nonlocal exchange 
of sediment The solution, p,, can then be Interpreted as the output of a linear sj~stem wlth a stochartlc ~nput .  
Thus the mixing process can be characterized as a h e a r  filtering process where the .ipectrui~i, Y P p ,  of the output 
process is defined completely in terms of the spectrum, Sgg, of the input ant1 the frequency response, H D ( k , w ) ,  
of the linear system representing the left hand side of (2). 

If t ,  and r, are Poisson random variables, the spectrum of the input process iz found by lnterpretnlg the 
excitation as the output of a filtered Poisson, or shot-noise process [8] Thc depth depenrlrnc~ of g will be 
characterized by the number of events per unit volume and time at each depth, illat is, the depth-dependent 
Poisson point density A(%) (Figure 1). If the point density is a slowly varynlg function of depth relative to the 
shape function, it follows that the autocorrelation of g can be expressed in terms of the autocorrelation, Rhk, of 
the shape function, 

Rgg(rdr Z, r) N r i A ( ~ )  (Rnh(rd)) J ( r )  , (5) 
where a: is the variance of 9,. The correlation is expressed in terms of the difference coordinates r d  = rl - r z  
and T = t l  - t z ,  therefore, the excitation can be considered a depth-dependent, locally stationary random process. 



The shape function is random in general and the expected value of ~ t ~ s  autororrelat~on IS used The spectrum is 
found by taking the Fourier transform of (5) with respect to r d  and T, 

where Skh(k) = ( 2 ~ ) ~ ( 1 ~ , , ( k ) 1 ~ )  is the expected value of the shape funct~on spectrum, and H,, 1s the Fourier 
transform of the shape function h,. Note that the spectrum is independent of temporak frequency, w ,  because of 
the assumed impulsive nature of the source and sink events. 

For the case of a depth-dependent and isotropic diffusion coefficient, the systelil frequency response can be 
approximated as 

where k2 = k: + ki + k: and the gradient of D(z) is neglected. Combining (4-7) and performing an inverse Fourier 
transform in time, the temporal correlation / spatial spectrum of density inhomogene~ties in the sediment can be 
modeled as 

The above expression is general in the sense that ~t attempts to model b~oturbat~on 111 no~lspec~fic ter~ns (e g. 
diffusion and point density) while still accounting for the two-scale nature of the rnlxlng process (melofauna and 
macrofauna). The shape function and its expected value should reflect the size and shape of the ~nacrofauna that 
move sediment nonlocally Anisotropy can be modeled, for example, by using a shape function that represents 
directional feeding, such as vertical burrows made by conveyer-belt feeders [l, 41. The point density should reflect 
the amount and rate of macrofaunal activ~ty, wh~ch In general is depth dependent The d~ffusion coeffic~ent should 
reflect the length and time scales of the melofaunal activ~ty, whlch can a150 he modeled as depth dependent 
Assumptions about these parameters will be d~scussed in the comparison w ~ t h  acoust~c data 

3. Seafloor Volume Scattering 
The sea floor is modeled as a fluid half-space in which the sediment propert~es are random functions of space and 
time. The sed~ment density and compressibility, p, and K,,  are defined ~n ternis of their mean and flucluat~ng 
components, p,(r , t)  = + 6p,(r,t) and ~ ~ ( r , t )  = kS + dn,(r, t )  The water dens~ty and compressibility, p,, 
and K,, as well as the sediment mean values, p, and R,, are assumed to be constant in space and time. At 
the sediment-water interface the density and compressibility are discontinuous, creat~ng an acoustic impedance 
mismatch. The boundary is in general a rough surface, however, it w~ll  be modeled as planar. 

A pressure wave, incident upon the sediment, will interact w ~ t h  inhomogeneities in the sediment to create 
sources of scattered sound, and an integral equation can be obtained by superimposl~lg the induced sources. Thus, 
for an unbounded region, the resultant scattered field, pr, is the sum of the ~ n o ~ ~ o p o l e  and dipole fields from all 
the differential sources within the volume of the sediment [9, 10). 

The average wavenumber in the sediment is defined as ,!i: = w2p,k , ,  where w 1s the acoustlc frequency. The 
fluctuating sediment parameters are defined as ?;, = (K, - R,)/R, and yp = (p, - p,)/p,, and are assumed to vary 
in time much slower than the acoustic frequency The Green's function for this system, GO, is the unperturbed 
Green's function that satisfies reciprocity and the appropriate boundary conditions along the sediment-water 
interface. Equation (9) is similar to the well-known integral equation [9] which uses tlre free-space Green's function. 
However, in general, Go can include gradients In the mean sediment parameters as well as interface effects. 

If the field distribution inside the sediment is known, the field outside tlre sediinent can he con~puted. The 
total field is the sum of the unperturbed field and the perturbed or scattered field 

Equation (9) may be solved by successive approximations using small perturbation theory Using the known 
sediment properties and the known Green's function Go, the total field is expressed as tlre perturbation series, 
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where each higher order term is defined in terms of the preceeding order. 

If the sediment fluctuations are small, the series converges rapidly and a low-order approximation will sufficiently 
represent the scattered field. 

In the far field and over a small patch of sea floor where it is assumed the ~ncident wave is plane, the half-space 
Green's function near the interface can be approximated as [ l l]  

T is the pressure transm~ssion coeffic~ent for plane waves incident upon the mterface from the water The p o s ~ t ~ o n  
vector r lies in the water, and r' lles in the sed~ment. The origin of the coord~nate system IS taken on the ~nterface 
near the center of the region contr~buting to the ~ntegral in (9). The constant a, 1s necessary to sat~sfy reciprocity 
and is defined as the ratlo of the average sediment density to water dens~ty, a p  = Alp, Spher~cal spread~ng 
in the water is ~ncluded, but neglected In the sediment due to absorpt~on (I*' << r )  The wavevector k, IS In 
the direction of the ~nc~den t  field, and the wavevector k, 1s the correspond~ng wavevector In the sed~ment The 
transverse components of k, are the same as those of k,, and ~ t s  vert~cal co~~lporleilt is chosen to glve the correct 
sed~ment wavenumber L, In general the wavenumber In the sed~ment 1s complex such that &,/k, = (1 + 16)cw/?, ,  
where F,/c, IS the sedlment to water sound veloc~ty ratlo The compress~onal loss factor 6 13 the ratlo of the 
lmaglnary to real components of the sed~ment wavenumber. 

Using (l2)and (13) the first-order bacbcattered field at  positlon r In the water IS found to be 

The attenuation in the sediment in the z-direction is determined by ~in[k , ]  = b,,,Iin[P(B)]=. The factor P(8) 
is the ratio of the vertical component of the sediment wavenumber to t,he wavenumber in the water, P(8) = 
[(is/k,)2 -cos2 o ] ~ / ~ ,  where 0 is the grazing angle in water. The pressure trans~smission coefficient is T = 2</(<+ I ) ,  
and the z-direction impedance ratio is < = (ap sin B)/P(B). 

3.1. Tempora l  Corre la t ion  of the Backscattered Field 
As the sediment fluctuates randomly in t ~ m e ,  the scattered field w~l l  fluctuate Thus, the bacltscattered field 1s 
also a random process, whlch can be character~zed by the cross-correlahon of pl at two d~fferent t~mes ,  Rpp(r)  = 
( ( , t ) p ( t  + T)) In developmg the field correlat~on we w~l l  assume that sed~ment fluctuat~ons are small, 
stationary in time, and spat~ally statlonary In the horizontal plane only The latter two assumpt~ons follow from 
the sedlment model of Section 2. Therefore, assumlng the sediment can be approxmlated as a depth-dependent, 
but otherwise stationary random processes, the correlation of the first-order backscattered field IS found to be 

where the sediment correlation functions appearing in 

are the auto- and cross-correlations of the zero-mean functions y, and yp. The d~fference and center coord~nates 
are defined as r d  = rl-rz,  and r, = ( r l  +r2)/2, respectiveiy. Follow~ngother authors [12], we assume the sed~ment 
compressib~lity fluctuations are proportional to the density fluctuations, y, = pyp The sign of the proportional~ty 
constant p is positive if p, and K ,  are pos~t~vely correlated and negat~ve ~f negat~vely correlated [12, 131 

Applying the above assumptions, the Wiener-Kh~ntchin theorem, and the Four~er w~ndowing theorem, the 
correlation function (15) can be expressed as 



where A is the area of the scattering region and kd = 2 ~ e k , ]  is the Bragg wavenumber 11av1ng magnitude 
kd = 2k,[cos2 B + ( R ~ [ P ( B ) ] ) ~ ] ~ ~ ~ .  The imaginary component of the vertical wavenumber IS a = ~ m [ k , ]  . i , or, 
using previous notation, a = k,Im[P(B)]. The modified density spectrum, S,,, 1s the convolut~on of the true 
density spectrum and the Fourier transform of the half-space window. 

The half-space window function, defined in the difference coordinates, is a deptli-dependent re(-tangular window 
having the Fourier transform 

sin (2k, z,) 
W(kz, 2,) = 

akz . 
Therefore, the convolution integration of (18) is only over the z-component of the Bragg wavenumber. 

3.2. Backscatter S t r eng th  
The first-order backscatter strength is defined in terms of the zero-lag correlation of the backscattered field. If the 
penetration distance into the sediment is small compared to the distance traveled in water (r' << r ) ,  it is typical to 
describe volume scattering in terms of an equivalent surface scattering strength. From (17) the surface backscatter 
strength is found to be 

This expression for scattering strength is similar to those derived by [ l l ,  12, 13, 141, except half space effects 
are included. The half-space windowing effect, expressed as the convolutiori integral in (18), can be interpreted 
as a smoothing of the density spectrum. Insight into this effect is gained by combining (20) (18) and (19) and 
assuming the density spectrum is independent of depth. By performing the integration over :,, a new window is 
defined. 

If the spectral representation of the half-space wlndow is a narrow function compared to the spectrum of sedi- 
ment inhomogeueities, the convolution will have little smoothing effect, and the half-space effects are negligible. 
However, for certain combinations of grazing angle and attenuation, the window is broad and the convolution may 
significantly alter the density spectrum at the wavenumbers of interest. 

4. Model-Data Comparison 
Acoustic backscatter data and sediment physical properties were measured in a sha.llow bay of Orcas Island, 
Washington State, USA in August 1995. A calibrated 40 kHz monostatic transducer with a fan-shaped beam 
pattern was used to scan a site approximately 50 meters in radius. The instrument remained at  a fixed location 
for approximately 60 days. Each day, 10 complete circular scans of the site were recorded. The complete acoustic 
data set provides a series of backscatter images that reveal changes in the sediment occurring over the time and 
distance scales of the experiment. 

The sediment in the area is a silty-clay with moderate biologically activity. No bubbles were observed in the 
sediment, and an extensive set of sediment physical properties were measured at  the site by investigators of the 
US Naval Research Laboratory. This work included core and in-situ ~~~easurelnent of, geoacoustic parameters, 
X-radiography of sediment inhomogeneity, and stereophotographic measurement of sea, floor roughness. 

4.1. Backscatter S t r eng th  
Backscatter strength per unit area of sea floor was measured as a function of grazing angle for the Orcas site. The 
scattering mechanism cannot be inferred from the acoustic data only, owing to the similarity of the magnitude 
and angular dependence of the measured values compared to other sites having a range of different sediment types 
[7, 12, 15, 16, 17, 181. By using sediment measurements as inputs to models for acoustic scattering, the model 
results are compared with observed backscatter data, and the dominant scattering mechanism inferred. 

Two scattering models are considered: scattering from volume inhomogeneities and scattering from a rough 
sediment-water interface. Both models assume a fluid sediment. Surface roughness scat,tering is t,reat.ed using a 
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Table 1: Sediment parameters estimated from cores and model-data conlparlson for the Orcas site. 

Density Ratio a, 1406  
Sound Velocity Ratio E,/c, 0.977 
Proportionality Constant p -0.934 
Compressional Loss S 0.0019 
Spectral Strength W Q  6.443e-05 (cm-') 
Correlation Length 1, 3.198(cm) 

first-order perturbation approxrmation [I21 w ~ t h  rougl~ness character~zed by the tno-d~mens~onal .  ~ s o t r o p ~ c .  power- 
law spectrum estimated from s ~ t e s  w ~ t h  s ~ m ~ l a r  sediments [7, 121 The Orra*. ~oughness da ta  have not yet been 
analyzed. As Figure 2 shows, the predicted ~nterface scat ter~ng was sufficiently below the ~ueasured values that  
interface scattering effects can be safely neglected, even without full knowledge of the actual roughness parameters 

Diffusion Coefficieilt Do 2 4 ( c n ~ ~ / ~ e a r )  
Macrofauna Rework Depth LA 3.8 (em) 
Meiofau~la Rework Depth L :4 8 (~171) 
Mean Radius $!a 0 4 (~117) 
Radius Standard D e v ~ a t ~ o n  a ,  0.14 (cm) 

Volume scattering is t,reat,ed in a, manner similar 
-1s r , to Sect,ion 3.2 except t , l~at  t,he setliment fluctuat,ions 

- 
I _ _ _ _ _ - - - - - -  lT212 

l 7 ,  = -0, 
E ooOOoOo - - - - -  40~1; 

(22) 

g-35 - where a, 1s the ~ecl~tllent voll~rne Imcka-at ter strength. 
i 

-40 - o 0 - ;1kq~'(p - l ) '~ , , (kd)  ' - 2  (23) 

- Volume Scattering Modd (Half-Space) 
volume Scattering ~ o d e l  - 
Svrtace Scanennu mde~ 

o Data. 4 0 k ~ z  

4 5 0  

Figure 2 s h o ~ ~ >  the pretl~ctetl 1)ackscatter strengths 
found us~ng the f i~st-orde~ tolume model of (20) and 

-50 
(21) which include half-space effects effects, and u s ~ n g  

10 20 30 40 SO 
G m n g  Angle (deg) 

60 (22) and (23) n ~ t h o n t  half-space effects In this case, a 
first-order approx~mat~on models the da ta  reasonably 

Figure 2: Comparison of measured hackscatter with well, and half-.;pare effect5 can be ncgl~g~ble.  The dlf- 
model predictions for the Orcas s ~ t e  ference between model p i e d ~ c t ~ o n ~  ant1 data 15 most 

l~kely due to ellols 111 the es tnna t~~t l  ~nhornoge~ie~ty 
spectra 

Following [19], the spectra of core denslty fluctuatlons were est~nlated 115llig d fir>t-oltler anto-legress~ve (AR) 
model appl~ed to the Orcas core da ta  T h ~ s  moclel assumes that the auto-collclat~on of the normal~zecl fluctuat~ons 
(taking dens~ty  as an example) can be expressed as 

are not treated as depth-dependent, ow~ng to lack of 
resolut~on in the core data For the q ~ e c ~ a l  rase of 
a depth-lndepeildeilt denritv sped rum and neglecting 
half-space effect.., ( 'LO) t-an be rewr~tten as 

where c? 1s the first order AR coeffic~ent estimated from the core da ta  u s ~ n g  the Lev~nson-D11rl11n algolltlim [20] 
Since y, is a zero-mean process, the zero-lag autocorrelation 1s ~ t s  var~anre rr; The three-dnnensional density 
spectrum is found from (24) to  be 

w3 
= (111: + R 2 ) 2  ' (25) 

where l ,  is the correlat~on length defined as 1, = -6z/Ina, 6z IS the core *ampl~ng ~ n t e ~ v a l ,  alltl ((13 = a,'/(r21,) 
S~mi la r  expressions are used for the compress~b~l~ty  spectrum and cross-y~ectrutn The spcct~al  palameters for 
the Orcas cores are hsted In Table 1 along w ~ t h  other geoacoustic palametel.; z~~ppl ied  11) [.21] While these 
da ta  give reasonable agreement between the acoustlc model and data,  t l l e~e  a l r  ( onrelns as to the wfficlency of 
the core inhomogene~ty da ta  The core samphng ~nterval of 2 cm plov~de, ~narginal rezolut~on co~nparecl to the 
acoustic wavelength Also, the core da ta  are one-d~mens~onal, wh~ch nece~~itatet l  all assumpt~on of Isotropy In 
the spectral es t~mates  Both of these concerns could be addressed th~ougli  uze of S-lav data o l ~ t a ~ i ~ ~ d  during the 
Orcas exper~ment [22, 231. 

4.2. Backscatter Correlation 
The coherent correlation of the backscattered field is used to observe the chang~ng sed~ment First, the complex 
envelope of the received signal, s ( t ) ,  1s digitized and range-gated to  correspontl w ~ t h  s~na l l  patches of sea floor. 



Next, the signal from each range bin is cross-correlated with the s~gnal  fro111 the same range I J ~ I I ,  but from a later 
scan. 

M + N - 1  
RSs(7) = ~ ~ ( t ~ ) s ~ ( t ~ ) e ~ ~ ~ ~ "  (26) 

n=M 
The subscr~pt  on s denotes the scan time, so IS the signal froin the scan chosen as a ~efe~eiice,  and s, is the s ~ g n a l  
from a scan a t  time r later. Sound veloclty fluctuat~ons in the water, 6c, are rompenrated I>! a correct1011 to tlie 
phase of the recelved signal [24] This phase correct~on was estimated from sound speed measurements obtanied 
using a conductivity and temperature instrument mounted on the acoust~c platform No s~gn~ficant  oceanograph~c 
processes or sediment transport events were observed d u r ~ n g  the exper~n~ent  FOI tlie 0rra.z site, sound speed 
fluctuatlons were not a s~gnificant factor In the observed changes In the b a ~  bstat tr~rcl  field (41ven the nature of 
the sed~ment and the expected low level of roughness scatter~ng, it 1s expel. trcl that acoust~c pcnetratlon nlto tlie 
sediment and the effects of biological mixing are the dominant mechan~sni for decorrelation. 

Predictions of tlrr backscatter correlation using 
the models of Sect.ions 2 and 3.1 are compared wit,h 
the correlat.ion est.imat.ed from tlie 0rca.s backscatter 
data. In this comparison, several silnplifying assump- 
t,ions about. the setliment. moclel are made. First, a 
simple spherical shape function is used, such t,lia.t, 

0.6 0.6 1 H,, ( k )  = -(sin ak - a k  cos uk) . (27) 
0.5 

20 40 
0.5 

20 40 
Lag Time (days) Lag Time (days) The radius (4 is a Gaussian rantlo~n variable with 

normal distribnt~ion i l ' ( i ] , , ;  n,). The clept,li-clependent. 
point densit,y and tliffi~uion coefficient are nlodeled as 

A ( , - )  = ~ , , p - " / ~ :  and D ( ; )  = ~ , , e - " f ~ '  (28) 

where the act,ivit,y decreases with tlrpth a,t a rat.e de- 
0.8 0.6 fined by tlie macrofauna and meiofanna rework dept,hs 

LA and L. 
0.5 

20 40 
0.5 

20 40 Using (27), (28), and (17- 19), the normalized cor- 
Lag Tlme (days) Lag Tlme (days) relation coefficient is ralrulated. I11 general, the con- 

volut~on and tlir expr~tecl value ~ntrgral  must be per- Figure 3: Compar~son of measured backscatter correla- formed n u m e r ~ c a l l ~  1-~gure 3 sIio\vs a con~parlson of and predictions, (a) ' = 14'70' (b) ' = ' 40' the observed prrdlctetl correlatlolls as  fullctlons (c) 6 = 7.6', (d) 6 = 6' of lag t ~ n i e  The ~noclrl nas  fitted to tlie da ta  lnlotted " 
as points) by trial and error while constraining the parameters of tlir src11111ent   nod el to l e a l ~ s t ~ r  values The 
offset IS due to  uncorrelated nolse In the da ta  Table 1 outlines the p a r n ~ n r t e ~ s  e.;t~matrtl fiom the inod~l-data 
companson These values are presented m a ~ n l y  ar an ~ l lus t ra t~on  of the ~notlel r u ~ t l i e i  worl, 15 requned befo~e  
b ~ o t u r b a t ~ o n  parameters can be estimated w ~ t h  ronfidence from acoust~c I ~ d r  hst a t t e ~  data 

5. Summary 
A model for the change in correlation of sea floor backscattering as a function of the tilne has Iwen presented. We 
combine a diffusion model having random excit#at.ion to describe t,he t,imr c,volut,ion of sediment inhomogeneit.ies 
and a first-order perturbation treatment of sediinent volume backscatt,cr. The first,-orcler volume I)ackscatt,er niodel 
is validated by comparison with acol~st,ic da ta  using sediment inhomogcneit,y spect,ra measurecl from core dat,a. 
This model includes half-space effects which were found to be negligible in t,he prcscnt cane, but. which could affect 
correlation estimates. Higher resolutior~ two- or t.hree-dimensional core analysis (X-ray. CT) is reconllnended for 
future work to  reduce errors in application of tlie scattering model. Thc I,atrl<scat,t.rr corrrla.t,ion model predicts 
sediment bio-diffusion parameters that  are rea.listic, but further work is nrrded in which acor~st~ically derived 
parameters are compared with ground truth. 
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Abstract 

A bounda9-y rntegral equatzon (BIE) method as descnbed for computzng the scattenng of a monofrequent acoustrc 
field by a smooth, ngzd 30 object zn a layered mnge-rndependent fluzd-sohd medtnm. 
The BIE rs drscretzzed usrng B-splznes (BSP), pornt collocatron and hzgh-order numerzcal zntegmtzon. The drs- 
cretzzed equatzons are solved by an zteratzve method, enhanced by pre-condztzonzng tuzth the LU factors of a related 
lrnear system for splzne tnterpolatzon on the scatterer surface 
Numerzcal examples are gtven at frequenczes of a few kHz, representattve e.g. for a parametrfc transducer The 
BSP method as shown to provzde order-of-magnztude gazns zn computatzon tames compared to a standard BEM 
technrque wzth quadmtrc elements as frequency zncreases and/or accumcy requzrements are ttghtened. 

1. Introduction 

Acoustic scattering from a 3D obstacle inside a range-independent layered fluid-solid medium 1s an important 
model problem with numerous applications in underwater acoustics. The fundamental problem - to predict the 
scattered wavefield for a given source-medium-scatterer-receiver configuration is of interest both in its own right, 
and, in practice perhaps more frequently, in the inverse problem of detecting and classifying scattering objects 
by analysis of returned echoes, [l] and references therein. In all but the simplest model cases - notably with a 
spherical or cylindrical scatferer and a medium composed of very few homogeneous layers - a closed-form analytical 
solution of the scattered field is not available The design of methods for numerical modelling of scattemg has 
therefore received much effort in the past few decades and has, together w ~ t h  the rapid development of technology 
for large-scale numerical computation, brought increasingly complex scattering scenarios within computational 
reach. 

Boundary integral equation (BIE) methods for the modelling of scattering are particularly useful whenever the 
Green's function of the surrounding medium may be computed efficiently. Anlong then advantages are (i) the 
spatial dimension and thus the number of unknowns in the discretized equat~ons is reduced, (ii) the boundary, the 
interface and the far-field radiation conditions in the surrounding med~unl are satisfied a przorz Examples of BIE 
modelling of the scattering of underwater sound are [2] where the surface of an acoustically penetrable scatterer 
is discretized by linear boundary elements, and [3] treating a cyl~ndr~cally structured scatterer at  the interface 
between two homogeneous fluid halfspaces. 
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Except for low-frequency fields in simple media and simple scatterer geometr~es, the BIE approach is com- 
putationally demanding, with workload and memory requirements increasing rapidly w ~ t h  frequency: If point 
collocation with a p'th order method is used for discretisizng the BIE, a crude estnnate of the requ~red number of 
meshpoints on the scatterer surface is N a (ka ( C / ~ ) ' l p ) ~  where k is IS the wavenumber, a an average diameter 
of the scatterer, r 1s the wanted relative accuracy and C is the error constant of the method of d~scretization. For 
example, for the trapezoidal rule C = 1/12,p = 2 giving N % 320 for ku = 2, c = 0 001 For many methods, e g. 
FEM with Lagrange-type elements, the discretized BIE has the form of a dense l~near system of equat~ons with 
dimension equal t o  or close to N.  The main computational tasks in a BIE approach arc the assembly and solut~on 
of this system, and the subsequent computation of the scattered field at say AM wanted points 111 the med~unl uslng 
the surface integral representation. The computational work for these tasks are proport~onal to at least N 2  ( N ~  
if a direct method IS used) and M N ,  respectively It is therefore interesting to note that  mcrPasing the order in 
the above estimate t o p  = 4 reduces the required number of meshpoints to N = 36 

In t h ~ s  paper we describe a recently developed BIE method for modelling scatter~ng by smooth 3D bodies 
immersed in a range-independent fluid-solid medium. The Green's functio~l of the inediunl 1.: computed by an 
adaptive, accurate transform integral method [4]. The BIE 1s discretized by point rollocation using h~gh-order 
B-spline (BSP) basis functions The collocat~on ~ntegrand is formulatecl 111 'tllted' zphencal coordinates B ' ,  4' 
making ~t smooth in both variables and periodic in +', and the collocatio~l integrals are computed by h~gh-order 
schemes. 

Sections 2 - 3 renew the basic equat~ons of the BIE approach and present the B-sphne collocat~on method In 
section 4 numerical examples are presented for super-ell~psoidally shaped rigicl scatterers at  a few kHz, representa- 
tive for a parametric bottom-penetrating transducer. A conventional BEhl method with second-order elements [5] 
is used for nnmer~cal comparisons. The BSP technique is demonstrated to be h~ghly effic~ent, prov~dlng order-of- 
magnitude gains in computation time as the frequency increases and/or the accuracy reqwrements are tightened. 

2. The BIE formulation 

Consider an acoustically rigid, smooth 3D object submerged in a fluid layer in a range-mdependent, layered fluid- 
solid medium, cf. fig. 1. A cartesian coordinate system is introduced as shown, with a vert,ical, downward pointing 
r axis and origin at  water surface. The medium parameters are assumed to be continuous fi~~ictions of z within each 
layer, with jump discontinuities allowed at  layer boundaries. The materials are modelled a5 isotrop~c, with viscous 
attenuation represented by complex wavespeeds. The wavefield is excited by a vert~cal away of time harmonic 
point sources on the z-axis within the water column. 

Figure 1: Geometry of model problem 

By the scalar Green's theorem, the 'density scaled' complex pressure q(r) = p-'(r)p(r) at a point ro inside a 
fluid layer is given by 

q(r0) = q(ln)(ro) - V ~ g ( r , r ~ )  . n(r)q(r)dS(r).  b (1) 

S is the surface of the scatterer, g(r, ro)  the Green's function of the layered medium, and q("') = p-'(r)p("a) where 



p('") is the incident field, i.e. the field excited by the source in a scatterer-free med~um. An integral equat~on of 
the second kind for q(r), r E S, is obtained from (1) in the limit as ro + S, 

See for example Strom [6, Ch. 2, Sec. 5.41 for a derivation in the free space case For a smooth surface S ,  the 
kernel of the integral in (2) is an equally smooth function of r, exeept for an ~ntegrable Ir - r ,  I - '  singularity at  
r,. If g(r , ro)  and p('n) are (numerically) known, then (2) can be solved numerically, and the pressure field 111 the 
medium subsequently computed from (1). 

3. A high-order B-spline collocation method 

3.1. The B-spline basis 

We assume the surface of the scatterer to be defined by a many times differentiable ('smooth') function 

where (6,4) are the spherical angle coordinates of a cartesian coordinate systenl w ~ t h  orig~n fixed inside the 
scatterer. A rectangular, equidistant grid of knotpoints (Oj, 4i) 

is introduced, together with associated bases of B-spl~nes [7, Cli 191 G~,(B) and F,($) with degrees kc; and k ~ ,  
and support in OJ < 0 < B3+kG+l and q5, 5 q5 5 q5,+k,+l, respectively. We seek an approximatiou q(B,d) to the 
solution of (2) of the form 

At any (6,4) the number of nonzero terms in this expansion is at most ( k F  + I)(kc + 1). Thus the work for 
computing q(0,4) for given (0,4) and { Y , ~ )  does not g~ow with the total number of terms ( N  + ~ F ) ( M  - 1 +kc) 
in the expansion. 

To ensure that i(6',4) has spline-like continu~ty everywhere on the unit sphere, the coefficients 7 , j  are required to 
sataify the following a przora conditions. First, 

to ensure the periodicity in q5. Second, the number N of 4 knot steps is restr~ct.ed to be even, and 

Equatians (7) and (8) ensure that the smoothness of q as function of 0 at the 'poles' (3 = 0 and B = n is the same 
as at  other knotpoints. From symmetry properties of the B-spline basis functions follaws that (6) - (8) are linearly 
independent for odd degrees only, and thus k~ and kc are restricted to he odd for simplicity. 
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3.2. Computa t ion  of t h e  collocation integrals 

Equations (6) - (8) impose kF(M - 1 + kc),  2(N .- 1) and (kc  - l ) N  linear const.raints, respectively, on the 
(N + kF)(M - 1 + kc) coefficients of (5). The rema~ning N ( M  - 2) + 2 degrees of freedom are fixed by requiring 
q(O,q5) to satisfy the BIE, (2), at  (0, dl), (n, 41) (the poles) and at  the N ( M  - 2) non-polar knot.points. 

A high-order numerical scheme for the collocation integrals must be chosen with proper care for the (mild) 
singularity of the kernel of (2) at  the collocation point r,. The following behav~our of the kernel near r, is easily 
verified in a homogeneous space, and is conjectured to hold also for layered med~a. 

For a given r,, let the surface S be defined by a smooth function r(E, 11 )  such that r ,  = r(O,0) and the tangent 
vectors rC(O,O) and r,(O, 0) are linearly independent. Let y, x be polar coordinates In the (E, 7 )  plane, i.e. 

Then, as function of ( y , ~ )  the integrand in (2) has the form 

where for some yo > 0 the kernel k(y, X)  is smooth in the closed rectangle 0 5 y < yo 0 5 y 5 27r. Its limit value 
k ( 0 , ~ )  at the collocation point is a smooth function of x with period ?r. 

Thus, the kernel as function of 'polar-like' coordinates on S with origin at. r ,  remains smooth and bounded 
when r, is approached along S from any given direction. Since by (6) - (8) q(r) is smooth everywhere on S, this 
behaviour holds also for the collocation integrand. 

Then, by introducing tilted spherical angle coordinates (B', 4') with the nort,h pole 8' = 0 at  the collocation 
point r, = rs(B,, d3) (cf. (3)) the BIE takes the form 

Figure 2: Gridpoints for a collocation integral by use of tilted coordinates ( B ' ,  4 ' )  

cf. fig. 2. The integrand is a smooth function in the closed region of integration, periodic in &' with period 
2n. A high-order numerical scheme for this integral is obtained e.g. by c o m b i ~ ~ i ~ ~ g  t,he trapezoidal rule in 4' (the 
periodicity ensuring super-polynomial order of convergence see e.g. [8, Sec 7.4.4]), and a scheme with the wanted 
order in 0'. The numerical results presented below were obtained with 6"-schemes of even order, based on linear 
combination of trapezoidal sums at  multiple stepsizes and polynomial extrapola.tion [O ,  Sec. 3.31 

By eliminating y,3 with negative i using (6), inserting (5) into (11) and applying the nuinerical integration 
scheme, the BIE together with (7) and (8) take the form of a linear system of equations 

A, corresponds to (7)-(8) and is {N(kc + 1) - 2)) x {N(M - 1 + kc)} and sparse. A, is a dense {N(M - 2) + 
2) x {N(M - 1 +kc) )  matrix of the coefficients of the discretized BIE, and b, contains the values of the incident 
field at  the collocation points. The components of x are the N ( M  - 1 + kc) unknown coefficients y,] with i 2 0 
in (5). 



3.3. Solution of t h e  discretized integral equation 

Omitting the contribution from the collocation integrals at the assembly of (12) gives a linear system 

Ai represents the term $@(0,0) of ( l l ) ,  and the components of f x('") are coefficients y!;"' of a B-sphne expansion 
interpolating to the incident field at  the collocation points 

The coefficient matrix of system (13) is real-valued and sparse, contairi~ng at 1110st ( k F  + l ) (kG + 1) nonzero 
elements per row. It can be stored compactly and LU-decomposed using sparsity conserving pivoting [lo], at  a 
computational cost which is insignificant compared to that of solving (12). 

An economical method for solving (12), is then to use an iterative method for nonsymmetric linear systems 
like the generalized minimum residual method [l l] ,  enhanced by preconditioning with the LCr factors of system 
(13). In the numerical examples below, this technique was found to reduce the execution time for solv~ng (12) by 
a factor of ten or more compared to direct LU decomposition already for systems of moderat? size. 

4. Numerical examples 

In this section we present some numerical examples using a scatterer wit,h superellipsoidal shape, cf. (3), 

wherei -=?(B,~)=(s in(8)cos(~) ,s in(8)s in(~) ,cos(8)) ,  I l ( x , y , ~ ) l l ~ = ( I x I ~ + l y l ~ + I ~ I ~ ) ~ f ~ ' w i t h p > 2 , a n d D a  
diagonal 3 x 3 matrix with the half-axis lengths a, b,  c as diagonal elements. 

The incident field is generated by a monofrequent vertical point-source array with length 15 m and center at  
depth 10 m. The array is steered and weighted to emit a downward-pointing endfire beam with small sidelobes, 
modelling the beam from a parametric transducer, fig. 3. An adapt~ve transform-integral method [4] is used to 

- 1 4 0  - 1 0 0  - 6 0  - 2 0  2 0  6 0  1 0 0  1 4 0  1 8 0  

DIRECTION 

Figure 3: Beam pattern of the source array at 2000 Hz. 

compute tables of the incident field and the Green's function of the layered medium on 3D-grids of (source depth, 
receiver depth, horizontal source-receiver range) values covering the scatterer and the spatial region of interest. 
The Green's function values for assembling (12) and computing the total field from (1) are obtained by high-order 
3D spline interpolat~on m such tables. 

In all examples shown the degree of the B-spline base funct~ons in (5) was k . ~  = k~ = 5 .  The order of the 
quadrature scheme for the latitude coordinate (0' in ( l l ) ,  0 in (1)) was 6, and the trapezo~dal rule with a constant 
stepsize was used for the longitude coordinate The number of c o l l o c a t , ~ ~ ~ ~  points was adapted in each case to 
provide visual convergence in plots of the scattered field, i.e. FZ 1% relat~ve error in complex pressure values. The 
number of quadrature points was twice the number of collocation points in both coordinates. 
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Our examples are of two types. First, in sec. 4.1 the performance of tile B-spl~ne ~nethotl ~b compared to a 
standard algorithm at selected frequencies for a scatterer in a homogeneous water half-spac-e The reference algo- 
rithm 1s a boundary element method (BEM), w ~ t h  triangular elements ant1 clr~adratlr basis funct~ons of Lagrange 
type [5]. Second, in sec. 4.2 the field from a scatterer buried inside a fluid sediment is computed at a dense gnd In 
the upper water column. Greyscale plots are displayed of the interference pattern of the scattered field both for a 
sediment halfspace, and for a finite sediment layer bounded by a rock hallpace. 

4.1. A benchmark  case w i th  s imple  geometry  

In our first example the medlum is a l~omogeneous halfspace of water w~ th  .otuld ~ ~ Y c I  1450 m/z and denalty 
1000 kg/m3. The scatterer is a rigid superell~psold defined by (14) with exponent p = 4 and half axes a = 0 5 m, 
b = 0.5 m and c = 1.0 m. The c axls is vertical and the center of the scatterer is on the I-asls at depth 3, = 40 111. 
The scattered field was computed at  181 po~nts along a half-circle w ~ t h  radius R = 10 m centerecl at  the scatterer, 
xJ = RsinOj, zj = r, + RcosOj,Oj = ja/180,j  = 0, ..., 180. The amplitude of the scattereti Iielcl as functlon of 
scattering angle O at  frequency 1000 Hz is shown in fig. 4. 

TtIETA dcg 

Figure 4. Amplitude of scattered field at range 10 m In the I 1,117, cazr In Table I 

Table 1 shows the number of unknowns in (12) and the execution times for arwmbly, solution and field 
computation at  three source frequencies. Execution times refer to real time 111 ( m ~ n  sec) on a cled~cated HP C160 
workstation. 

Table 1: Performance of the BSP and BE14 methotls 

The efficiency of the Bspline method, in terms of execution time and storage space rrquiretl for (12), is ev~dent. 
A continuation of the benchmark to higher frequencies was not attempted due to the performance of the BEM 
algoiithm. 

The number of iterations required for solvillg (12) ranged from T t,o 20 No occurrence of a singularity of the 
kind discussed in [12] was observed in these examples or in the examples below. 

4.2. Field f r o m  a bur i ed  sca t terer  

As final examples, we conslder scatter~ng by a rlgld slender superellipso~tl br~r~ecl In a flu~d setl~ment below 35 m 
of water The shape of the scatterer IS glven by (14) with exponent p = 4 anti half ases n = 0 5 In, b = 0 5 m 



and c = 2.5 m. Again, the c axis is vertical and the center of the scatterer is on the : axis, 5 m below the seabed. 
The acoustic parameters of the sediment are p = 1500kg/m3, cp = 1700m/s and attenuation 4, = O.SdB/X. The 
corresponding normalized half-axis lengths at  1000 Hz are ka = 1.85 and kc = 9.25 

TWO types of seabed are considered, a sediment halfspace, and a 10 thick sediment layer bounded by a rock 
halfspace with elastic parameters p = 2500 kg/m3, cp = 2500 m/s, c, = 1800 m/s, 4 = 0.05dB/X and /3, = 
O.MB/X. 

Figures 5-6 and 7-8 show greyscale plots of the amplitude of the scattered comples pressure in tlie region r 5 40 
m, 2 < z 5 22 m for the two media cases at  frequencies 500 Hz and 1000 Hz, respectively. The field is normalized 
by the amplitude of the incident field at  the scatterer depth in a water halfspace. 

X m 
Figure 5: Field from buried scatterer: Sediment halfspace, 500 Hz 

X m 

Figure 6: Field from buried scatterer: Sediment over rock, 500 Hz 

In figures 5-6 it is interesting to note that the max~mal amplitude of the scattered field occurs outs~de the z 
axis, thus favouring a bistat~c source-rece~ver configurat~on The influence of tlip bedrock on the strength of the 
backscattered field is small, however in the bedrock case the max~mal amplitude 1s shghtly s h ~ f t ~ d  away from the 
z axis compared to the halfspace case. 

At 1000 Hz, as shown in figures 6-7, the main lobe of the scattered field is on tlie z axis. 'The strength of the 
field is approximatively 10 dB higher than at  500 Hz. Finally, it is also seen here that the influence of the bedrock 
is very small, giving only a slight outward shift of the sidelobe pattern. 

X m 
Figure 7: Field from buried scatterer: Sediment halfspace, 1000 Hz 

X rn 

Figure 8: Field from buried scatterer: Sediment over rock, 1000 Hz 
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Abstract 

The high-frequency, forward bottom losses predicted by a lossy Rayleigh and a Biot poroelastic sediment model are 
substantially different. These differences will accumulate and become measurable in multiple bottom bounce scenarios. 
Torpedo reverberation data from a sandy, shallow-water Cape Cod site provides a suitable multipath environment to 
examine the differences between these sediment models. 

1. Introduction 
The range-dependent Comprehensive Acoustic System Simulation (CASS) was used with the Gaussian Ray Bundle 
(GRAB) e i g e ~ a y  propagation model to analyze 1 10 shallow-water torpedo reverberation time series[l]. The reverberation 
and geophysical data were collected in shallow water near Cape Cod, Massachusetts. The bottom was modeled in a manner 
consistent with the geophysical survey, changing sediment composition along the environmental track. The CASS 
predictions were bottom reverberation dominated and agreed with the data to within 3-5 dB. The analysis used surface, 
volume and bottom component models recommended by the Applied Physics LaboratorytUniversity of Washington 
(APLAJW) [2]. The APLNW bottom forward loss model is based on the idea of a lossy Rayleigh coefficient first 
published by Mackenzie[3]. The APLAJW bottom backscattering model incorporates a component due to interface 
roughness and volume scattering [4,5]. Boyle and Chotiros have suggested that sandy sediments might best be modeled 
structurally via the Biot poroelastic theory [6,7]. The Biot theory differs from other sediment theories in that it treats the 
sediment as a two-phase medium, consisting of a solid skeletal structure of sediment grains, through which a pore fluid 
flows. Boyle and Chotiros implemented the Biot theory in their BOGGART model (henceforth referred to as ARLIUT) 
and provided the authors with curves appropriate for the Cape Cod site [8]. The difference between using the ARLJUT and 
the APUUW bottom models in the CASS predictions of several Cape Cod torpedo reverberation time series is examined 
here. 

2. Modeled Environment 
Flgures 1 and 2 Illustrate the bottom forward loss and bottom backscatter curves used In thls companson. Reverberation 
time serles for areas charactenzed by the geoacoustlc sampling sites 44 and 22 were selected for companson. Grab 
samples from these stations measured the grain size index The sandy s~ te  44 had a gram slze Index between 1 and 2 and 
the sandy-gravel site 22 had a grain size index between -1 and 3. The different phys~cal assumptions about the behavior of 
the medlum result In very different forward loss and backscattering curves. The APUUW forward bottom loss is less than 
-1 dB up to the critical angle at about 35O. The ARLIUT Biot model decays rapidly to the plateau In the lo0 to 40' region 
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at a value about -4 to -6 dB. This plateau is peculiar to Biot's theory due to the slow wave losses in this region. The 
ARLnrr backscattering strength curves tend to be stronger than the APLAJW curves for the same bottom characteristics. 

I I I 11 I ICIIIIIIII ~ I I I I I I  
0 10 20 30 40 50 60 70 80 90 

VERTlCAL ANGLE (DEG) 
Figure I .  Bottom forward loss models 
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Figure 2. Bottom backscatter~ng strength models 



The torpedo data that has been selected for the modeling comparisons is designated torpedo plng 438 collected near sandy 
site 44 and torpedo ping 160 collected near the sandy-gravel site 22. Figures 3 and 4 ~llustrate the sound speed and a ray 
trace appropriate for the modeled environment. The ray trace in figure 3 illustrates a ray fan from -1 1' (negative angles 
point toward the surface) to 5" sampled every 0.3" where the ray paths are termmated at the second bottom interaction for 
the environment representative of torpedo ping 438. Figure 4 illustrates the corresponding sound speed and ray trace (from 
-6.4O to 2.4" sampled every 0.2') in the environment representative of torpedo plng 160. 

SOUND SPEED (MIS) RANGE (KM) 
1470 1510 0 1 2 3 4 

Figure 3. Ray trace for ping 438 environment 

SOUND SPEED (MD)  RANGE (KM) 
1490 1530 0 1 2 3 4 

Figure 4. Raytrace for ping 160 environment 



294 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

3. Model Comparisons 
Figure 5 illustrates the CASS model predictions for torpedo ping 438 using the sandy site 44 APLIUW bottom models with 
data from two other torpedo pings taken close to the same track. The reverberation levels have been adjusted by an 
arbitrary constant for publication in the open literature. The prediction labeled no bounce indicates that the reverberation is 
composed of paths that do not propagate beyond the first bottom bounce. Hence no forward bottom loss is applied. The 
one (two) bounce label indicates that CASS is summing paths up to and including those paths that apply the forward bottom 
loss once (twice). The default CASS mode sums up to ten bottom bounce paths. The curve labeled Cass-438 indicates the 
default CASS reverberation prediction. CASS with the APLRJW bottom models predicts the reverberation levels increase 
another 5 dB (at 4 seconds) due to ray paths that interact with the bottom more than two times. Figure 6 illustrates the same 
CASS model predictions using the ARLIUT bottom models. CASS with the ARLIUT bottom models predicts little 
contribution from paths beyond the second bottom bounce. The CASS predictions with the APWUW bottom models are 
more consistent with the torpedo reverberation levels and decay rate than are the CASS predictions using the ARLIUT 
bottom models. 

The CASS model predictions using the summation of paths with zero, one, two, five and ten bottom bounce paths for 
torpedo ping 160 are compared with the torpedo data in figures 7 and 8. In this environment the bottom curves for the 
sandy-gravel site 22 are used. CASS with the APLIUW bottom models (figure 7) predicts that the net reverberation levels 
are due to the summation of ray paths with more than 5 bottom bounce interactions. However, ray paths with more than 5 
bottom interactions tend to overestimate the measured reverberation levels beyond 3 seconds. CASS predictions using the 
ARWUT Biot model show little contribution to the net reverberation levels from ray paths beyond the second bottom 
bounce (the five bottom bounce curve in figure 8 is hidden by the default Cass-160 ten bottom bounce curve) and 
significantly underestimates the reverberation levels beyond 1 second. 

Data 438 ~?r 
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Figure 5. Data 438lSite 44 bottom APL/UW model predictions 
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Figure 6. Data 438lSite 44 bottom ARLKJT bottom model predictions 
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Figure 7. Data 160lSite 22 bottom APLIUW model predictions 
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Figure 8. Data 160lSite 22 bottom ARLJUT model predictions 

A consequence of the model differences manifests itself in the time spread of the signal on the bottom. The CASS model 
predicts that the eigenray structure (with levels greater than 95 dB re I p a )  at a range of 4 km from the source will last 170 
msec if the APULTW Rayleigh model is an appropriate description of the bottom (figure 9) versus 30 msec for a Biot 
voroelastic model of the bottom (figure 10). 

1'11~1'1'1-~~~~~~~~- 
2.65 2.67 2.69 2.71 2.73 2.75 2.7'7 2.79 2.81 2.83 

TIME (S) 
Figure 9. CASS time spread for data 160 environment at 4 km using site 22 APLnrW bottom models 



2-65 2.67 2.69 2.71 2.73 2.75 2.77 2.79 2.81 2.83 
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Figure 10. CASS time spread for data 160 environment at 4 km using site 22 ARLIUT bottom models 

Conclusion 
Torpedo reverberation data from a sandy, shallow-water Cape Cod site provides a suitable multipath environment to 
examine the difference between the forward bottom curves predicted by a lossy Rayleigh (APLAJW) and a Biot poroelastic 
(ARLAJT) model of the bottom. CASS predicts little contribution beyond the second bottom bounce path when the 
ARL/UT bottom models are used because the Biot bottom loss quickly extinquishes the higher order paths. CASS predicts 
contributions from ray paths with as many as five bottom interactions when the APLIUW bottom models are used. In the 
torpedo reverberation time series this difference manifests itself in the decay rate of the reverberation level and increasingly 
in the overall reverberation level with time. A measurement of the energy incident on the bottom would show a 
significantly greater time spread in the arrival structure for a bottom that behaved in accordance with a Rayleigh model 
versus a Biot model. At this Cape Cod site, the torpedo reverberation data supports modeling the bottom as a lossy 
Rayleigh model. 
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Abstract 

The Persian Gulf War has elevated the awareness to the problems of shallow water mine detection. Today's high 
technology shallow water anti-invasion mines, such as the Italian made "MANTA" and the Swedish manufactured 
"ROCkXN", have been designed with stealth shapes and from materials to make detection by sonar systems dificult. 
Recent trials at NUWC (Naval Underwater Weapons Center), Newport R.I., have demonstrated the advantage of the latest 
generation of COTS (commercial-off-the-shelf) Side Scan Sonars employing full digital designs in detecting these mine 
types. This poster session will summarize the design features of these new systems and example results will be presented. 

1. Introduction 

NUWC (Naval Underwater Weapons Center), Newport R.I., has an on going AUV (autonomous underwater vehicle) 
development program for MCM applications. The selection process of a COTS side scan sonar for installation on the 
AUV involved deploying a test mine field and evaluating sonar performance against various mine types. A test mine field 
consisting of a MANTA, ROCKAN, SSLM (submarine launched mobile mine), and a Russ~an air dropped conventional 
ground mine were laid in 20 meters of water depth off Gould Island, NUWC'S test range. Several different sonars were 
tested including the U.S. Navies older C-MK I Shadowgraph, an ultra high resolution system operating at 1.3 and 1.4 
MHz. Klein Associates participated in the trials with their new System 2000, an all new 100% digital side scan sonar 
system. 

A second trial was organized to push the speed envelope for the detection of various mine types. A new mine field was 
again deployed consisting of a MANTA, a MK 52, a Mk 6 moored mine and a RM-I moored mine. The Klein System 
5000, the first commercially available COTS high speed, dynamically focused multi-beam side scan sonar, was tested 
against these mines at speeds up to 12.0 knots. This system employs the same design principles for creating continuously 
range focused receive beams as found in the U.S. Navy's helicopter towed ANIAQS-14 side scan sonar manufactured by 
Westinghouse. 

2. Klein System 2000Description 

The System 2000 is an all digital, simultaneous dual frequency, COTS side scan sonar consisting of a small light weight 
instrumented towfish, a single coaxial towcable and the surface processing unit. 

The towfish has port and starboard transducers which contain high performance 100 kHz and 400 kHz arrays. The 100 
kHz has a 1.0 degree horizontal by 40 degree vertical beam and the high resolution 400 kHz has a 0.2 degree horizontal by 
40 degree vertical beam. Transmitters are of a synthesized tone burst design allowing stable variable transmit pulse 
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lengths to be selected. The pre-ampl~fier is designed for very low nolse w~th  
a noise figure of less than 1 db A TVG (time-variable-gain) amplifier with a 
digitally synthesized range-gain law ensures a w ~ d e  backscatter dynamic 
range compression prior to signal d~gi t~sa t~on  The 12 bit dtgital mult~plexed - 
data is transmitted to the surface through a single coaxial conductor 
towcable. Integrated into the towfish is ;I sensor package which includes a 
heading, pitch & roll sensor, a pressure sensor for depth, a temperature 
sensor and an optional responder for use w~th a USBL acoustic tracking 
system. The sensor data is very valuable when used in the target - 

~ ~ d ~ l  2 2 6 0 w 1 ~ ~ h ~ ~ ~ f ~ d  rowfih position calcultation since it reduces error in the calculated geographic 
position of targets on the seafloor. 

2.2 Surface Processor 

The System 2000 surface unit IS a no compromise integrat~on of the sonar 
processor, a h ~ g h  resolut~on color v~deo display, a very high resolut~on 300 d p ~ ,  256 
true gray shade thermal pnnter, and h ~ g h  dens~ty dig~tal tape drlves for archlvlng the 
sonar and navlgatlon data The hard copy thermal printer can d~splay 2 channel 
smgle frequency data or s~multaneous dual frequency (1001500 kHz) data 
Poslt~onlng data IS recelved from the navigation system and on the v~deo d~splay, 
via the trackballlcursor, real tlme posltlonlng of mlne l ~ k e  targets as well as target 
mensuration is done Thls target informat~on 1s stored on the digital recording tapes 
and exported to host computers for real tlme plotting of the target locat~ons, etc. 
Other standard features included are mapplng d~splay (slant range and speed 
correction), real hme target zoomlng, delay and expand functions. An optional 3 5 
kHz sub-bottom profiler can be added onto the system which is a valuable sensor to 
aid in the class~ficat~on of bottom hardness, data which is helpful for Q-Route 
selection. 

3. Klein System 5000 Mk H Description 

System 2000 Surface Processor 

The Klein System 5000 Mk 11 Focused Multi-Beam side scan sonar is 
designed for high speed (lo+ knots), 100% bottom coverage while 
maintaining very high resolut~on over the full swath of up to 300 
meters. The towfish houses port and starboard transducer arrays that 
operate a 455 kHz, giving operat~onal ranges of up to 150 meters per 
side A complete sensor package containlnp headmg, p~tch, roll, 
pressure, temperature and acoustlc responder IS included Phase sh~ft 

- 

processing techn~ques are used to develop 5 simultaneous digitally 
formed receive beams per s~de.  In add~t~on,  these beams are 
dynamically range focused to maintam 20 cm. along-track resolut~on In 
standard mode and 10 cm. along-track resolut~on in high resolution 
mode. The beam forming, focusing, time vanable gain (TVG), and 
digital multiplexing 1 de-multiplexing of the sonar (up-link) and control 
(down-link) data is accomplished in the towfish. The control and sonar I System 5000 Mk II Towfish 
sensor data is bi-directionaly multiplexed on a single coaxial conductor towcable. Data d~splay of sonar Imagery and 
detected MLO's (mine-like-object) is on a PC based image processmg system which also handles target position 
calculations and target mensuratlon. 

4. Mine Target Descriptions 

The two trials used mine types which are representative of both traditional steel mines and the newer high technology 
plastic I stealth types. A summary of the mine types and characteristics follow. 



4.1 AMD - 1000 (emulation) 

The AMD - 1000 is a convent~onal steel cased influence ground mine. The 
dimensions are approximately 2.85 meters long by 0.53 meters in diameter. 
This target was used for the System 2000 trial. 

4.2 Submarine Launched Mobile Mine (SSLM) 

4.3 Manta Mine 

The SSLM mlne IS essent~ally a torpedo mod~fied w~th mlne components. The 
body IS metal cased and the d~mens~ons are approximately 4.1 meters in length 
and 0.50 meters in d~ameter. This target was used for the System 2000 tnal. 

The Itallan made Manta mlne IS one of the newer h~gh technology antl-lnvaslon ground mlnes 
Thls mfluence mlne IS plast~c cased and has a low protlle con~cal shape mak~ng ~t one of the more 
dlficult types to detect w~th a sonar system The dlmens~ons ot the Manta are 0 98 meters In 
d~arneter at the base and 0 47 meters h~gh. Thls mlne was used for both the System 2000 and 
System 5000 tr~als. 

4.4 Rockan Mine 

The Swedish made Rockan, which because of it's shape and plastic case, was the most 
difficult mine to detect during the trials. The sloping angled faces and low profile of this 
mine make it truly a stealth design. The Rockan is 1.02 meters long, 0.80 meters wide and 
0.38 meters high. This mine was used for the System 2000 trial. 

4.5 Mk 52 Mine 

The U.S. Mk 52 mine is a trad~tional steel cased cylindrical ground mine. Due to it's 
shape and material it is one of the easier mines to detect. The Mk 52 is 2.25 meters in 
length and 0.85 meters in diameter. This mine was used for the System 5000 trials. 

4.6 Mk 6 Moored Mine 

The U.S. Mk 6 mine is an obsolete moored contact mine. This mine was used as a representative 
mid-water spherical MLO. The mine is approximately I .O meters in diameter. The Mk 6 was used 
for the System 5000 trials and was moored approximately 2 meters off the bottom. 
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4.7 RM-1 Rising Mine 

The RM-I rising mine is a steel cylinder that is moored above the bottom. This mine 
acoustically senses a target and then is propelled to the target. The cylindrical moored 
mine case dimensions are 2.76 meters high by 0.64 meters in diameter. This mine was used 
for the SYSTEM 5000 trials and was moored 2 meters above the bottom. 

5. Trial Results 

The trials for both systems were conducted off the NUWC torpedo recovery vessel #841 which is 35 meters in length. 
Navigation was controlled by an integrated navigation computer using differential GPS input. Both sonar systems were 
hand deployed on light weight towcables. 

5.1 System 2000 Trial Results 

The System 2000 trial was run at towspeeds of 3 to 4 knots and at various sonar ranges up to a maximum of 100 meters. 
The sample images are from the System 2000 video display. The upper half of the display shows the un-zoomed sonar 
image in a reversed gray scale. The lower right sonar image is the zoomed display to full sonar resolution of the mine and 
in a positive gray scale. The lower left part of the display shows the target data which includes it's geographic position on 
the seafloor as calculated from the navigation input, and measurements made of it's length, width, and height. All of this 
data is stored in a target file on the digital tape and exported through an RS 232 port to 3rd party processing systems. 
Representative sonar images from the System 2000 of the 4 different mine types used in the trial follow: 

Sonar Image #I: AMD-1000 Sonar Image #2: SSLM 

The conventional cylindrical steel cased AMD-1000 and SSLM mine were very easy targets to detect and classify using 
the echo return and characteristic parallelogram shaped acoustic shadow. These two targets were successfully detected on 
all sonar ranges up to the maximum 100 meter sonar range used during the trial. 



Sonar Image #3: MANTA Sonar Image #4: ROCKAN 

The Manta was a somewhat more difficult mine to detect due to it's plastic case, conlcal shape and low profile height. In 
the image the acoustic shadow shape clearly implied a conical shape. The Manta was repeatedly detected on all ranges up 
to a maximum of 75 meters. The linear feature nearby is an old drag scar probably from a fishing trawler. 

The Rockan was the most difficult mine to detect with it's very low profile, plastic case and unusual shape. Classification 
was aided by the acoustic shadow which clearly showed a sloping up surface whtch abruptly drops back down. The 
Rockan was repeatedly detected on all ranges up to a maximum of 75 meters. The two other rectangular objects seen 
above and below the Rockan in the upper part of the video display are New England lobster traps. 

5.2 High Speed System 5000 Trial Results 

The System 5000 trial was run at towspeeds of 9 to 12 knots and on various sonar range scales up to a maximum of 100 
meters. This trial clearly showed the advantage of modern digitial design against to ambient noise pick-up. The towfish at 
these high speeds was riding (most of the time) directly in the propeller wash and noise would typically be seen on the 
sonar imagery. The System 5000 sonar images were clean with no detectable noise displayed. Representative sonar 
images of the 4 different mine types used in the trlal follow: 

This System 5000 sonar image of the Mk 52 was made at a speed of 11.9 
knots and the sonar was set to a 50 meter range scale. The image is 
comparable to the image produced by the single beam System 2000 at 4 
knots. 

T h ~ s  System 5000 sonar Image of the M k  6 moored mlne was made at a 
speed of 9.0 knots and the sonar was set to a 75 meter range scale. The 
acoustlc shadow is detached from the mlne slnce tt IS moored above the 
sea floor. 
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This System 5000 sonar image of the RM-1 rising moored mine was 
made at a speed of 11.8 knots and the sonar was set to a 75 meter range 
scale. The sonar successfully detected this mine at very high speed even 
though, suspended vertically on it's tether, i t  presented a very small 
along track dimension to ping on. 

6. Conclusion 

The imaging results from the first trial with the System 2000 showed the advantage of an all digital design compared to the 
older analog and analogtdigital hybrid designs. The image resolution and range performance were clearly superior when 
compared to older systems and even surpassed the resolution generated by the ultra high frequency C-Mk I Shadowgraph. 
On this basis a re-packaged System 2000 was selected for installation into the NUWC A W  test platform. 

The System 5000 results showed that the large aperature, multi-beam, continuous range focusing techniques provided high 
speed ( lo+ knots), full bottom coverage mine detection out to ranges of 100 meters. The sonar image resolution and 
quality was comparable to that made with the single beam System 2000 at slower tow speeds (less than 5 knots). 
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Abstract 

This paper describes the use of a combinatron frequency technique to measure the size distribution of oceanic 
bubbles. Written between two sea trials, the paper describes how the apparatus cart be adapted to design tests for 
specific environments and data requirements Parameters which can be changed are the sensing volume, the 
bubble radii for which data points are taken, and the degree of time resolutron in the bubble counts. 

1. Introduction 
The ability to size and count gas bubbles in liquid has many applications relevant to ocean science, including 

studies into ambient noise [I ,2], the near-surface acoustic waveguide [3,4], the atmospherelocean fluxes of mass, 
momentum and energy [5,6], precipitation [7,8], diver safety [9-1 I], dynamic loading on structures, sonar 
occlusion, cavitation inception [12], and passive sensing [13]. Because of the differing compressibilities of the gas 
and liquid, and the impedance mismatch at the bubble wall, acoustic techniques for bubble detection can be 
effective. Notably, measurement of the resonance frequency v, of a bubble can be used to estimate its equilibrium 
radius Ro, since v, is approximately inversely proportional to the bubble radius [I41 (e.g. v, Ro= 0.01 dpo  for air 
bubbles of Ro>- 10 pm in water of static pressure po). 

A sound field of given angular frequency wp (here termed the 'pumping' frequency) can drive a bubble into 
nonlinear oscillation such that it backscatters a range of frequencies including w,,, 2wp, 3wp ..., wp/2, 3 ~ ~ 1 2  ... etc. 
The closer w is to the bubble resonance, the stronger in general these emissions. Although bubble sizing has been P attempted uslng these signals, as well as with Doppler techniques and geometrical imaging, all such signals possess 
limitations [IS]: the detector may, for example, mistake a cluster of small bubbles, or a single large bubble, for a 
resonant bubble. In the method used in this paper the bubble is insonated by the 'pump' frequency a,, plus a higher, 
fixed, 'imaging' frequency oi. Because the latter is much higher than wp, the bubble pulsation is effectively 'frozen' 
during a single imaging cycle. Thus the returned signal is a measure of the geometric scattering from a target 
whose acoustic cross-section varies periodically. This is shown in figure 1, where the signal returned by the bubble 
consists of the imaging frequency, amplitude modulated by the pump frequency. Consequently the spectrum of the 
returned signal contains peaks at wi+wp, the amplitudes of which increase with the pulsation amplitude of the 
bubble and therefore, if the amplitude of the pump signal is frequency-independent, with the nearness of wp to the 
bubble resonance. If the off-resonance contributions from bubbles of a size similar to those resonant at w,, can be 
incorporated into an analysis of the wi+wp signals, then in principle the aifw,, signals can be used to estimate the 
number of bubbles resonant at 4 in the sensing volume. The two-frequency insonation may also generate signals 
at oi+w42 with much reduced off-resonance and non-bubble contributions than the wi?wp signal [16]. In both 
techniques the high frequencies allow specific spatial localisation, and low signal-to-noise ratios since bubble- 
mediated information is transposed from a comparatively noisy frequency window around wp up to a frequency 
window around wi. Whilst wi+wp12 signals are appropriate for high-accuracy measurements of individual bubbles 
(as might be useful as a sensor for pressure changes [17]), the parametric nature of the emissions require that the 
pump signal amplitude at the bubble must be very well controlled. This makes it less suitable for bubble 
measurement in the oceanic environment than the w,+wp signal used here. When the w$wp technique is used at sea, 
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care must be taken to account correctly for the contributions to the slgnal of off-resonant, and non-bubble, sources, 
and the techniques for so doing are now described. 

Time (ms) 

Figure I .  Returned signals from a bubble insonated at two frequencles, measured with a high frequency probe - the 
high frequency imaging signal was set at 1.1 MHz, and the bubble resonance/pump frequency at 2 / 6 0  Hz. The data 
was sampled at 10 MHz on a LeCroy 9314L digital oscilloscope. The pump signal ampllrude is 25 Pa. The high 
carrier frequency plots so densely as to appear black in the figure. 

Earlier workers investigated the w,fo,, signal for measuring an oceanlc bubble population [18], using a chirped 
slgnal between 2.5 and 6 kHz, w ~ t h  an ~maging frequency of 450 kHz. However In those tests no distinct~on was 
made between bubble-mediated coupling and that caused by turbulence, and no compensation was made either for 
the significant off-resonance nature of the w,fwp signal, or for the pump transducer frequency response. Later 
workers documented how turbulent effects can be distinguished from the bubble signals, and compensatlon made 
for the off-resonant contribution to the O,'W,, signal [19]. By employing discrete tones as the pump signal, the 
variable frequency response of the source transducer could be removed allowing constant and clearly-defined 
bubble insonation conditions. Interpretation of the energy at the w,hp frequencles in terms of bubble numbers 
requires modelling of the bubble response. The method used here produces absolute bubble counts, rather than 
relying on adjustable parameters or fitting models based on historical measurements to the data. Both current and 
earlier workers [18-211 used simplified forms of the Rayleigh-Plesset equation, whlch are used to obtaln 
expressions for the pressure amplitudes at the various frequency locations [20,21]. However these earlier 
procedures [18,20,21] took account only of viscous damping of the bubble motion, which for the bubbles under 
discussion here and earlier is an order of magnitude smaller than damping through thermal and radiation losses 
(Newhouse and Shankar [21] made the damping an unknown varlable which they optimised to glve best fit between 
their measured data and the bubble counts they expected). Ignoring the thermal and radiation effects produces 
errors of > 36 dB in relative energies invested at w, and w,fw The algorithm for lnterpretlng acoustic data In terms 

p. . of bubble counts used in this paper incorporates all three damp~ng mechanisms, and reduces such errors to < 1 dB. 
Full detalls of the analysts, and of its use In the calibration of the bubble detector (wh~ch wlll be summar~sed In 
section 2.1) have been reported elsewhere [19]. 

2. Materials and methods 

2.1 Laboratory calibration 
Calibration of the apparatus was performed to ensure that the energy of the wifw,, signals could be related to the 

signal strength associated with one resonant bubble. This was achieved through examination of the acoustic 
scattering from a steady stream of bubbles of known size. The equipment schematic is shown in figure 2. The pump 
frequency signal was generated using a Tektronix 2005 arbitrary waveform generator controlled via a GPIB cable 
connected to a PC, which was passed into a Bruel and Kjaer 2713A power amplifier. The pump transducer 
comprised a 104 mm inside diameter piezoceramic ring transducer which was set into a polyurethane foam and 
encased in a nylon housing. The imaging signal was generated by a 1 MHz crystal oscillator amplified with an EN1 
240L RF power amplifier, and this was passed to the imaging signal transducer (the head of a Therasonic 1030 
ultrasonic therapy unit as manufactured by Electro Medical Supplies) which was potted inside a 45 mm diameter 



aluminium cyl~nder to protect ~t when used In the open sea The lmaglng s~gnal  ampl~tude at the focus of the two 
transducers was measured as 30 kPa uslng a cal~brated needle hydrophone (act~ve element dlameter = 0 5 mm) w ~ t h  
a HP1 submers~ble pre-ampl~fier, as manufactured by P r e c ~ s ~ o n  Acoust~cs Ltd 

EN1 high kquency 

Signal generator 1 I 
and helrrodyner T 

LOW Pxss Ftlter 

cable 

Figure 2. Schematic of the equipment used in the lab tesrs Figure 3. The sensitivity within the sampling 
volume, for the geometry employed in the Channel 
test. 

The returned signal from the bubble was monitored using a Panametrics V302 piezoceramic transducer, 
similarly potted in a 45 mm diameter sleeve, and conditioned using a Panametrics 5670 preamplifier. The 
preamplified signal was then heterodyned with a reference signal from the crystal oscillator: this results in the 
useful information contained just above and below the imaging frequency being reproduced at just above dc, 
enabling much lower sampling rates and data storage. The low frequency information was filtered to prevent 
aliasing using a Barr and Stroud EF5-02 46 dBloctave filter and acquired by a LeCroy 93 14L storage oscilloscope. 
For the laboratory tests the data was sampled at SO kHz and 10,000 points taken. 

Calibration involved, first, verification of the model through comparison of its predictions with the measured 
energy distribution in the spectra scattered from the bubbles in the stream. Second, the sensitivity of the high 
frequency receiver transducer was estimated. Third, the behaviour of resonant bubbles at the specific pump 
frequencies used in the oceanic tests were modelled (using parameters applicable to sea water, rather than those of 
fresh water as  used in modelling the lab tests). With application of the same sensitivity adjustment and the relevant 
preamplifier 1 heterodyner corrections, this provided an estimate of the signal levels expected from the different 
bubbles resonant at the specific pump frequencies chosen. 

The calibration was done once in November 1995 in preparation for tests in the surf zone off a beach in the 
North Sea, and again in March 1997 before tests in deeper water in the English Channel. In each case the 
transducer geometry employed in the tank tests was unchanged for the subsequent ocean trial, which allowed 
certain parameters in the pulsation model to be poorly defined without any loss of accuracy [19]. However the two 
ocean tests used different transducer geometries, so that the sampling volume of the instrument was smaller for the 
North Sea trial (0.2 cm3) than in the English Channel trial (1.0 cm3). This change was made because in the first test 
a very small test volume was desirable since it was supposed that the bubble number densities would be very high, 
so that reducing the volume would reduce the chance of acoustic shielding causing under-counting. It was also of 
interest to investigate how small a test volume could reasonably be generated with this apparatus. However for the 
English Channel tests, a larger test volume was desirable (to lessen the effect of spatial inhomogeneity in the 
bubble field by sampling a larger volume) and allowable (since predictions suggested that the bubble densities 
would be lower out of the surf zone). In each case the sensing volume was calculated by modelling the beam 
patterns of the two high frequency transducers using a Rayleigh integral over their surfaces. When these patterns 
were overlapped in the same layout as the transducer arrangement, they allowed the insonation volume to be 
estimated. This gave an insonation volume, defined by where the sensitivity fell off to 3 dB of its peak value. The 
result of such a procedure for the English Channel transducer geometry is shown in figure 3, where the distance 
between both the high frequency transducers and the focus is 16 cm. 
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2.2 Oceanic data collection 
The equipment used in the sea trials was largely similar to that used in the laboratory experiments, and the 
schematic is shown in figure 4. The most important difference in the layout of the oceanic equipment is the 
provision of a remote equipment canister, which was set up in the sea and attached to the land based equipment via 
an underwater bulkhead connector and 200 m of waterproof cable, as manufactured by PDM Group. The canister 
comprised a 1000 mm long x 355 mm diameter watertight aluminium alloy cylinder, which was painted to 
minimise corrosion, and clamped to a rigid scaffold structure as shown in figure 5. This canister contained the high 
frequency power amplifier, the crystal oscillator and heterodyner equipment, the returned signal RF preamplifier, 
and a temperature sensor to monitor the effects that the enclosed space had on the potential of the equipment to 
overheat. Additionally, a differential amplifier pair was added to the returned signal circuit to ensure that no signal 
corruption occurred when passed down the 200 m cable: this additional step was analysed in the laboratory and its 
frequency response quantified. Because of the higher pump frequencies involved, the data was sampled at 500 kHz, 
and 50,000 points were taken. To speed up the data collection and storage, the Tektronix output waveform 
comprised all four frequencies in one signal, and the LeCroy oscilloscope sampling the data was triggered by 
markers from the signal generator to allow the individual sections to be identified in the returned waveform. 

cable buned tn Ihe sand 

Figure 4. Schematic of the apparatus Figure 5. The arrangement of the cylinder for the 
North Sea test 

Preliminary calibration tests were carried out to ensure that the pump signal amplitude was constant for all the 
pump frequencies employed in a given test. The transducer head was immersed in a test tank to the same depth that 
it would have whilst activated in the oceanic tests. Then the pump signal amplitude measured with a constant input 
signal level at each of the pump frequencies using a Bruel and Kjaer 8103 hydrophone conditioned with an 2635 
charge amplifier. This allowed the frequency response of the pump transducer to be inverted, and a constant and 
known pump signal amplitude to be employed. 

The specific pump frequencies chosen for the North Sea tests were 28, 50,  60 and 88 kHz, so that three of these 
would coincide with measurements made in an earlier bubble count using the resonant backscatter from bubbles 
[4]. This paper is written just prior to the Channel test, for which the rig will employ two different pump signal 
regimes. In the first, pump frequencies of 17, 28, 50, 60, 88, 10, 145, 165, 180 and 200 kHz will be used, 
corresponding to bubble radii of 200, 120, 66, 55, 37, 30, 23, 20, 18 and 16 pm. These were chosen since 
examination of earlier test results [4] indicated that, with bubble radius plotted on a logarithmic scale as is usual, 
these points would readily identify a possible peak in the spectrum at around R - 20 Km (41, whilst also indicating 
key gradients in the curve. The second regime will use fewer pump frequencies, enabling finer time resolution: the 
interval between consecutive tests using the 10 pump frequencies in the first regime is 3 s, whilst in the second, 
where only 2 pump frequencies (17 and 145 kHz) are used, it is reduced to 0.85 s. Table I summarises the key 
parameters in the oceanic tests, showing how the same apparatus can be adapted to change the parameters of the 
investigation, giving the experimenter flexibility to design a given test to meet a specific requirement. 

The North Sea tests occurred between 26th and 30th November 1995, on a beach in Tunstall, East Yorkshire, 
and were carried out in tandem with a group from the Southampton Oceanography Centre. Data was taken over a 
3.5 minute period every half hour while the transducers were immersed. As the signals were broadcast 
consecutively with no gap, each measurement lasted only 0.4 s. The beach was chosen because of its slight 
gradient, which allowed the equipment to be set up at low tide and anchored to the beach, such that as the tide 



came in it would eventually cover the rig to enable measurements to be taken. The rlg was weighed down with 75 
kg metal weights at each corner which were buried in the sand. 

Table 1. The key parameters of the apparatus for the North Sea test, and for the two Channel tests. 

3. Results 
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Figure 6. The time-resolved bubble population densities, resonant at 28, 50, 60 and 88 k H z  (i.e. of radius 120, 66, 
55 and 37 pm respectively), measured at starting times of ( a )  22.00, ( b )  22.30, ( c )  23.00 and (d )  23.30 GMT on 5 
November I995 in the surf zone at Tunstall. The error associated with each point is +200% arzd -50%. Some data 
points in the consecutive tests are missing. The bubble density is expressed in terms of the number of bubbles per 
cubic metre having a radius within a I Fm range about the radius given. 

Figure 6 shows the time-resolved bubble counts found in the North Sea test. This degree of time-resolution is 
possible since the data is collected in a series of 0.4 s 'snap-shots', rather than requiring the time-averaging inherent 
in earlier studies. It should be noted that on occasions during the analysis the signal height dipped below the noise 
floor, and in these cases the particular readings have been left as gaps. In general, the smaller bubbles are the most 
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populous. Certain correlations between the counts of the various bubble sizes do appear at times (e.g. 120 - 180 s 
in (a); 20 - 40 s in (c)), although in the absence of other measurements there is no way of knowing the time-scales 
on which the population varies, and therefore whether any aliasing occurs. The time-average bubble counts, made 
by combining all the data in figure 6, have been reported in an earlier paper [19], in which the +200% and -50% 
error associated with each data point in figure 6, is described as arising primarily from the uncertainty associated 
with the sample volume: other sources of error are considered in that paper and found to be much less significant. 

4. Discussion 
In order to compare the time-resolved surf-zone data presented here with earlier historical measurements of the 

bubble population, the data must be time-averaged [19], and the results are given in figure 7. The graph suggests 
that, for a least-squares fit over the four points between 88 and 28 kHz (equivalent to 37 < Ro < 120 pm), the 
bubble distribution is fitted by n(Ro) = a~~~ where n(Ro) is the number of bubbles per cubic metre having radii 
between Ro and Ro+dRo, and a = 1.8 x 10l0 m-I and b = 2.3, with associated errors for log (a  I m) o f f  1.7 and for 
b o f f  0.9. This is higher than previous measurements, as would be expected in the surf zone. In deeper waters, the 
bubble population in the sea tends in the main to increase with wind speed and decrease with depth below the 
surface. 
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Figure 7: Comparison of time-averaged data measured in the oceanic surf zone with historical estimates, taken 
from references 141, 1241 and 1301. The error bars on the surf zone measurements mostly reflect an uncertainty in 
the measurement volume. The bubble population is expressed as the number of bubbles of a specific radius over a I 
p n  range, per unit volume. The equilibrium radii corresponding to the frequencies anticipated in the Channel tests, 
regime I ,  are also shown (arrowed). 

Optical investigations have indicated that most of the bubbles in the near-shore zone have equilibrium radii less 
than 100 pm [22]. Kolovayev [23] photographed and counted bubbles below breaking waves in the open sea at 
wind speeds of up to 13 mls, by allowing them to rise onto a transparent plate. Dissolution may have occurred [6]. 
At depths between 1.5 and 8 m the most common bubbles were those possessing a radius of around 70  pm, and 
very few bubbles were larger than Ro - 300 pm. Johnson and Cooke [24] photographed bubbles in situ in the sea, 
using a camera suspended from a surface float at depths of 0.5 to 4.0 m, and wind speeds of 8 to 13 mls. They 
observed that the distribution of bubble size narrowed with increasing depth, the larger bubbles disappearing. The 
number of bubbles greater than the minimum size they could detect (Ro = 17 pm) also decreased with increasing 
depth, decaying roughly exponentially over depth scales of order 1 m at wind speeds of I I to 13 mls, such that at a 
depth of 1.8 m the density of bubbles of a detectable size was 1.56 x lo5 m 3 .  They obtained a modal bubble radius 
in the size distribution of 40  - 50 pm. However Walsh and Mulhearn 1251 suggest that the photographic 
observations lack the resolution to accurately count the smallest bubbles. MacIntyre [26] suggests that in addition 
to the lower limit imposed by resolution, there is an upper size limit on the reliable data resulting from poor 
statistics, so that only the data for bubbles in the range 60  pm < Ro < 150 pm is reliable. Medwin [27], making 
acoustic observations in situ through examination of attenuation at various frequencies, suggests that there is 
higher proportion of much smaller bubbles. Medwin and Breitz [28] confirm that the peak in the size spectrum 
occurs at a bubble radius less than 30 pm, and Su et al. 1291 suggest that the peak is around 20 pm. Farmer and 
Vagle [4] deployed an upwardly-pointing four-frequency echo sounder (28, 50, 88 and 200 kHz) to investigate the 
bubble size distribution. Time-of-flight of reflected acoustic pulses gave a measure of distance, with a 10 cm 



resolution for vertlcal samples. The backscattered lntensrtles at the four frequenc~es for each vertlcal sample gave 
polnt measurements of the bubble populat~on at four s p e c ~ f ~ c  radu ~n the range 15 < Ro < 100 pm These were then 
employed In an lteratlve calculat~on to glve the slze dlstr~butron of the whole populat~on They speculated that an 
upper bound on the slze spectral peak occurs at Ro= 22 pm, the true peak berng closer to 20 pm 

Medwin and Breitz [28] have previously made measurements at depths less than 0.5 m, and they have used the 
variation in Q of several modes of a floating acoustical resonator to determine the bubble spectral size distribution 
at a depth of 0.25 m below a spilling oceanic breaker. The one-dimensional resonator consisted of a flat transducer 
facing a reflective plate 126 mm away, so that modes could be set up in the water between these. Bubbly water 
could flow in readily between the plates from the environment. From resonance broadening measurements for nine 
specific bubble sizes in the range 30  pm < Ro < 270 pm, Breitz and Medwin 1301 found an average bubble density 
of n(Ro) = 7.8 X lo8 iRoI ~ m ) - ~ . ~ .  In the same radius range the maximum bubble density detected was n(Ro) = 1.6 
X lo9 ( R o /  p~n)-~. ' .  Both distributions agree with the Tunstall data, with respect to the value for the exponent b 
(within the ascribed error limits), but as  expected the total population densities are higher in the surf zone 
measurements. Medwin and Breitz 1281 however found that only the larger bubbles in the range 60 pm < Ro< 240 
pm followed a n(Ro) .c ( R o /  pm)-2.6 distribution: the population of smaller bubbles (30 pm < Ro < 60 pm) decayed 
with depth as n(Ro) .c (Ro/  ~ m ) - ~ .  The size of the error bars associated with the Tunstall data prevent this kind of 
fine distinction. A (Rot  ~ m ) - ~  model distribution fits most of the data obtained by bubble counting reasonably well 
[5]. It was observations such as these that lead to the choice of frequencies employed in the Channel test. For the 
first regime, ten frequencies have been chosen (Table I), corresponding to bubbles in the range 195 pm > Ro > 16 
pm. The spacing of pump frequencies was chosen to allow resolution of the peak in the population density, which 
is expected to be at Ro - 20 pm (figure 7). With ten pump frequencies, the temporal resolution is one sample every 
3 s - this resolution is improved to a value of 0.85 s in the second test regime by restricting the number of pump 
frequencies to two (Table 1). 

5. Conclusions 
This paper described how a combination-frequency technique can be calibrated to give absolute bubble counts. 

Written after one trial and just prior to a second, it described how the apparatus could be adapted to allow the test 
to be designed to suit the environment and data requirements. Sensing volume, bubble radii investigated, and the 
degree of temporal resolution were all adjustable. For the surf zone measurements in the North Sea, a small sensing 
volume was required. The uncertainty associated with this volume was the main source of error in the final results. 
Four specific pump frequencies were investigated to enable comparison with historical data, and such a comparison 
is reported elsewhere [19]. Time-resolved data from such a test is presented here. 
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Abstract 

Sonar images from multibeam echosounders are submitted to various degradations, partly due to the sensor 
itself: Signal artefacts and corresponding corrections are presented, both for signal processing and for array 
directivity effects. The corrected image is processed using a segmentatiotl method accounttng for angular 
variations of backscattering strength, allowing to compensate effects of specular reflect~on and bathymetry These 
various points are illustrated by experimental data shown at various processing stages. 

1. Introduction 
A strong analogy exists between works in geology on the continental shelf, and those undertaken onshore; often, 

main geological structures continue into the sea, in particular on the inner shelf. The main difference between 
onshore and offshore is sediment dynamics which strongly re-mould the sea floor. For studies of seafloor structures, 
side-scan sonar imaging has been routinely exploited for years by many scientific teams. More recently, modern 
multibeam echosounders have appeared allowing deeper investigation thanks to the simultaneous acquisition of 
bathymetry and reflectivity data by the same sensor. 

For the geologist, obtalnlng a mosalc In whlch the actual lnformat~on represents materlal and Interface roughness 
variat~ons, 1s an essentlal tool for a further rlgorous Interpretation Typically, lntormatlon IS collected from varlous 
dlstlnct sources geoacoust~cal sensors (mainly s ~ d e  scan sonar and selsmlc retlect~on), or by sampllng and photos 
At thls stage, the geolog~st analyses the sonar mosalc by mak~ng a one-to-one correspondance between a mean grey 
level and a geologlcal unlt The synthesis document IS a map establrshed w ~ t h  methods tdent~cal to those used tor 
terrestrial geologlcal maps 

The work presented here deals w ~ t h  two aspects of mult~beam echosoundel data processing Correctrng the 
artefacts brought by the echosounder Itself 1s an essentlal requirement, In order to make the Image correctly 
Interpretable Segmenttng the sonar rmage rel~es on an expert geologlcal advrce tor the trarnlng phase, relevant 
lnformatlon IS used when dellm~ting the learnlng zones The segmentation produces a cartography ot d~fferent zones 
whose acoust~cal character~st~cs are srm~lar to those estlmated In the tralnlng stage T h ~ s  procedure 1s slm~lar to the 
one undertaken by the geolog~st. It produces a mosalc whose parameters are objective because havlng been r ~ d ,  as 
far as poss~ble, of artefacts brought by bathymetry and sensor ~mperfect~ons A further stage would conslst rnfi t t~ng 
a model w ~ t h  the backscattered s~gnal  characterlstlcs estlmated In the learn~ng tones 

The method presented below will be illustrated using exper~mental data glven In F~gure  1 These data were 
obtained on the Atlantic inner shelf in the Bay of Biscay, using a high frequency multrbeam echosounder. The 
extract presented here shows an interesting geological variety, featuring soft sediments alternating with harder 
deposits and rock areas. 
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Figure 1. Sonar image from a 95 kHz multibeam echo sounder in shallow water (Bay of Biscay - water depth 15 
to 45 m - zone area approx. 5.5 x 4 km) 

2. Signal processing and corrections 
After a quick presentation of the echosounder, it is shown that its signal processing and array characteristics may 

lead to undesirable effects in the obtained sonar images. Careful analysis of these effects leads to a correction 
procedure, indispensable before any image interpretation or processing. 

2.1 Basic echo sounder signal processing 
We consider in the following signals and data obtained with a Simrad EM950 multibeam echosounder [I]. This 

system emits pulses of duration 0.2 or 1 ms (according to water depth; the above data correspond to 0.2 ms) in a 
150' vertical fan at about 225 dBIpPallm level. In reception, beamforming allows to create 120 beams; note that 
only 60 beams are formed for every other ping. The same array is used for transmission and reception, leading to 
individual beamwidth of 3.3Ox3.3". The signals inside each formed beam are used for bathymetry measurements: the 
arrival time is measured directly from the signal envelope for the near-vertical beams; for oblique incidences, every 
beam is divided into two half-beams for an interferometric precise measurement of the arrival time and angle. The 
measured time is finally converted into depth using the raypath geometry and the sound speed profile. Individual 
time signals from each beam are simultaneously exploited to create side-scan sonar images. 

The various processing steps inside the echo sounder are as follows. After reception on the listening 
transducers, a time-varying gain (TVG) is applied on raw signals, aimed at compensating the high dynamics between 
returns from vertical and lateral incidences, both due to transmission losses In water, size of the ~ n s o n ~ t ~ e d  area, and 
backscattering strength (at its higher at the vertical, and strongly decreasing at shallow angles). The compensation 
law in the echo-sounder accounts for the first two effects using simple formulae. The BS angular variations are 
compensated by a Lambert's law in cosZ0 for shallow grazing angles, and a gain varying linearly with angle around 
the vertical; the value of the latter correction adapts from one ping to the next one, and its amplitude is recorded 
along with other parameters of the ping. These various corrections, concentrated in a single TVG law, are intended 
to limit the dynamics of the incoming signal to the processing chain, and to homogeneize its level when presenting 
it as a sonar image. 



Beamforming is processed by summing weighted contributions from rows of elementary transducers along the 
U-shaped array, the active row sliding along the circumference for angle scanning. In extreme sectors on both sides 
(60" to 7S0), beams are formed using conventional beamforming techn~ques on a fixed row of transducers. 
Sidelobes are lowered by using a Dolph-Chebyshev shading. Time s~gnals  from the varlous beams are then 
processed on the one hand for the bathymetry measurement, and on the other hand they are presented in rows for 
sonar image display, digitized at a 0.2 ms rate; note that the amplitudes are rounded to integer values in half-dBs. 

2.2 Beamforming directivity effects 
2.2.1 Artefact descriptions 

The partial sonar image presented in Figure 1 (left), recorded on a 30 meter depth gravel seabed, allows to 
identify several echo sounder artefacts, despite image resolution and deceptive grey scale dynamics. This image is 
presented as corrected by the echosounder, and hence is supposed to reflect only the backscattering strength of the 
seafloor coupled with bathymetry effects. The corresponding averaged amplitude is presented on the right side, 
giving a better idea of the order of magnitude of the phenomena. 
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Figure 2: (Lefr) Sonar image obtained on a 30 m water depth, gravel seafloor (note that the whole swath is not 

presented). (Right) Corresponding averaged signal amplitude vs  angle given by the echosounder 

First of all, for emitted angles greater than 50°, slow variations affect the backscattered level: art~ficial grey tone 
contrasts appear on the corresponding sonar image. These artefacts are thought to der~ve  from uneven array 
sensitivity andlor electronic gains applied to the signal emission and reception. Secondly, strong fluctuat~ons (with 
extinction depths down to -20 dB), whose amplitudes become greater and greater as the angle tends to zero, appear 
parallel to the vessel track in the sonar image. The stable shape of these artefacts corresponds to the uncompensated 
directivity diagrams of each one of the 60 reception beams. Finally, the backscattered level IS susp~cious In the 
specular region: even after the specular effect compensation has been removed, the backscattered Intensity collapses 
whereas the physics predict an intensity peak. To  understand this third phenomenon, we had to detail the TVG law 
implemented in the sounder, and in particular, the insonified area compensation. 

2.2.2 Phenomena analysis. - 
The estimated backscattering strength BS(B) is usually obtained from the classical "sonar equation" and 

basically computed as: 

ss(e)=~olog J ~ B S , , ( ~ ) W ~ ( B ) ~ A  - I O I O ~ A F I  (1) 
A ( e )  

where the integral term is the target strength of the actual insonified area A(8) at angle 8, featuring BS,,, ( 8 )  the - 
backscattering strength value in natural unit and ~ ' ( 0 )  the beam directivity diagram, ~ ( 0 )  being the estimated 
insonified area at angle 0. The actual BS estimation in our echosounder is based on the following approximations, 
which are discussed below: 
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the integrand in (1) varies slowly enough to be taken out of the Integral; 
the insonified area is approximated by 

- CZ H 
~ ( 0 )  = -8,- 

2 cose sine 
where z is the pulse duration, and H the water depth. 
For shallow grazlng angles, the above approxlmatlons are acceptable, only the dlrectlvlty compensatlon should 

take Into account a s l~ght  angle s h ~ f t  corresponding to half a pulse duratlon Apart from thls mlnor correctlon, no 
deformat~on of the observed beam d~agrams 1s expected, thls justltles to use a method of llnear corrections of 
dlrect~v~ty dlagrams for off-specular emlsslon angles 

On the other hand, when the emission angle tends to vertical, the lnsonlfied area A(8) comes to be llm~ted by 
beam aperture instead of pulse duration 7; hence its actual value becomes much smaller than ~ t s  estlmatlon A(B) - 
based solely on pulse duration limitation. The measured ~ ~ ( 8 1  should be increased by an amount of: 

whenever this term is positive. Moreover, in this case, the increase of A(8) precludes the simplification of the 
integral term in (1) and leads to quite intricate effects. These will be detailed in a further paper [ lo] ,  with signal 
simulations to evaluate their importance and to determine the validity limits of the correction procedures. 

2.3 Artefacts compensation method. 
To get rid of the sonar image defects, since no array calibration measurements were available to US, we 

developed a post-processing correction method using data from a "learning" seabed chosen as flat and homogenous 
as possible, such as those presented in Figure 2. 

1. The various echosounder processing algorithms are compensated as described above. The Lambert's law 
correction and the specular effect processing provided by the echosounder are removed, and the insonified area is 
corrected using (3), in order to recover physical BS values. At this stage one should have a correct estimation of 
BS(0) mixed with the array directivity effects. 

2. Assuming that beam directivity patterns are only slightly deformed by backscattering. an ideal BS(8) model is 
fitted on the beam central samples. We use for this purpose a simple functional form BS,(0), Gauss-like near 
vertical, and Lambert-like at oblique incidence: 

BS, ( 0 )  = l0log(~exp(-ol8 ) + ~ c o s '  8)  (4) 
This implies that a form such as (4) correctly describes BS variations with angle; although this assumption is 

usually correct, this may be not always the case. The result of such a fitting is given in Figure 3. 
3. If one substracts BSA0) from the measured BS(8). the resultant pattern is expected to be the actual array 

directivity diagrams and should be independent of the seabed nature. In a further step, one may use a realistic 
directivity model according to the actual array shape and processing, and fit it to the estimated array directivity, 
beam after beam; this allows to smooth the obtained directivity patterns. 

4. The whole image can now be corrected from the directivity effects, using the emission angle and beam 
number of each pixel. This leads on the one hand to sonar images free of directivity artefacts, on the other hand it 
allows a correct estimation of BS(8) from new homogeneous zones. 

Results are presented in Figure 3: the left side shows the "raw" BS(8) corrected from Lambert's law, specular 
effect and insonified area, and fitted with the ideal BS(8) given by (4); the right side presents the directivity pattern 
obtained from three different seafloors (gravel, rock and sand). It is clear from these results that this approach 
provides remarquably stable directivity patterns, thus justifying a posteriori the method validity. 

Shortcom~ngs appear nevertheless for beams close to vertlcal details ot the o~c~l la t tons  are not correctly 
compensated, and should result In res~dual fluctuations In the central part ot the sonar Image, note that thls problem 
IS restr~cted to the [- loo,  1O0] sector around the vertlcal, hence concerning a mlnor part of the lmage Moreover, and 
more penallslng for further ldent~ficatlon operations, specular level st111 remalns unexpectedly low after the various 
compensations have been appl~ed,  meanlng that correctlon (38 has not been sutflclent to get a correct estlmatton of 
the BS level Most presumably, thls 1s due to tlme undersampllng close to the vertlcal and In shallow water, signals 
associated wlth a glven beam may last not more than one tlrne sample Further analysls of the central beams are 
presently under study [lo], but ~t seems awkward to get fully lnformatlve data ~nslde thls angle sector 



Figure 3. (Left) Averaged BS(0) after compensation of echosounder processlng (full) and f~tted to an Ideal BS(€J) 
(dashed) - (Right) Array directivity pattern obta~ned from gravel (upper),  rock (middle) and sand ( lower)  seafloors; 

the two lower curves have been shifted downwards I0 and 20 dB 

3. Sonar image segmentation 
The purpose of image segmentation is to del im~t homogeneous zones according to acoust~cal signal properties, 

namely backscattering strength level. Due to the fact that BS 1s both strongly dependent on the s~gnal  lnc~dent angle 
and on the seafloor properties, and that data are b~ased by the sounder character~st~cs, t h ~ s  precludes deallng 
directly w ~ t h  the raw sonar Image; hence removlng the sonar artefacts and estlmatlng BS(@) on representative zones 
were the first tasks to be conducted. We propose In the following a sonar Image processlng method accounting for 
the physlcs of the problem. 

3.1 Measurement of angular BS 
The practical measurements of BS have been partly described In the prevlous sectlon The output s~gnals  from 

the various beams have first to be corrected for propagat~on losses, and for array dlrectiv~ty effects. The actual 
incident angle on the seafloor has then to be computed, accounting for two dlst~nct effects 

refraction inside the water column: raypath angles (related to vertical) at the array and on the seabottom are 
related by the classical Snell-Descartes' law, 
local topography: data from the local Digital Terrain Model, obtained from bathymetry measurements, IS to be 
used for computing the seafloor slope, both in the acrosstrack and alongtrack directions. 

The exact insonified area may then be computed, l ~ m ~ t e d  e~ther  by the pulse durat~on or by the beamw~dth, and 
taking into account the local seafloor slope. Flnally, for a given signal sample, the obtalned BS value 1s affected to 
the corresponding effective incident angle. 

3.2 Image pre-processing 
The EM950 s~gnal  is sampled at a constant trme rate, producing an irregularly spaced sampled s~gnal  on the 

seabed Mosaicklng then conslsts in projecting t h ~ s  s~gnal  onto a regular g r ~ d .  At shallow grazlng angles, all raw 
sonar samples located In a same mosatc p~xel  are averaged; alternat~vely, near vertical, sonar samples are duplicated 
to compensate for the poor spat~al resolut~on of the echosounder [3] From th~b conbtructlon process, three levels of 
representatlon are produced 

a chronolog~cal mosalc where pings are plled up w~thout taklng Into account shlp navlgatlon, headlng or 
interping distance, but where lateral projection IS appl~ed, 
a cartographic representatlon, where plngs are relocated In a cartograph~c mosalc, 
an interpolated representatlon obtained from the previous mosaic 
The following segmentation method has been developed for chronolog~cal mosalcs, on the one hand, 

ne~ghhourhood computatlon IS easler w ~ t h  thls representatlon than w ~ t h  the cartograph~c lepresentatlon, on the other 
hand, ~nterpolation Introduces p ~ x e l  correlat~on therefore rendlng the model of the Interpolated Image complex [6]. 
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3.3 Image segmentation 
3.3.1 Segmentation using Markov Field theory 

Segmenting means associating a label to each pixel in order to partition the image into homogeneous regions 
conditionally to the observed image. Mathematically, this involves max~mlsing the a posteriori probability 
P(X = w 1 Y = y) ,  where X i s  the estimated label image, and Y is the observed mosalc. 

Analysis of the backscattered signal shows that data is noisy, that the signal contains angular acoustic variations 
and at the same time contains bathymetric effects [3]. Since images are produced from a projection of the signal 
onto a regular grid, mosaics are in fact, a degraded view of the seabottom. Hence, the deformation that leads from 
X to Y is known and is expressed by the conditional probability P(Y = y 1 X = w ) .  We also have before hand 
knowledge of pixel interactions or existing correlations. This is described by the a priori probability P ( X  = a ) .  
Using Baye's rule, the a posteriori probability is then expressed by: 

where P(Y = y) is a constant. 
The Markov Random Field theory (MRF) [4] is particularly interesting in the sense that only a local model is 

sufficient, which means that there is no need to take into account the whole image when analysing a specific pixel, a 
set of local neighbouring pixels will suffice. It is then clear that defining an adapted neighbourhood system is an 
important step in the Markov modelling. In addition, the Hammersley-Clifford theorem states that the probability 
law of a Markov Random Field is a Gibbs distribution: 

where U(w) is the energy funct~on defined over the neighbourhood 0 and Z the partltlon funct~on, a normal~z~ng 
constant. X, X/Y and Y/X are all MRF's and therefore 

where U,(y 1 w) is the energy function translating the deformation from X to Y, and U , ( w )  the component due to 
the spatial interaction of the labels. So, the maximization problem has now become the minimization of the energy 
functions. An extensive computation of all configurations is impossible due to the large number of possibilities. 
Therefore, in order to find the optimum configuration, we use a standard optimization algorithm (Iterated 
Conditional Mode) which computes the marginal probabilities for each pixel of the image and iterates over the 
image until satibilization of the process. The advantage of the algorithm is its speed, which is an important feature 
when dealing with images as large as we do. But, on the other hand, this process needs a correct initialisation in 
order to converge to a suitable solution. Finally, we work in a supervised framework; training zones delimited 
before the segmentation are essential to determine the number of classes in the image, and characteristic features of 
each label. These learning zones must be carefully chosen and sufficiently distinguishable so that the process may 
achieve a satisfactory segmentation. 

3.3.2 Characteristic features of the labels 
Because of angular variations and bathymetric effects, a homogeneous seafloor will not present a uniform grey 

level image. In this paper, we have considered the characteristic feature of a homogeneous zone is the estimated 
angular reverberation 121. In this manner, we are substracting bathymetric effects from the signal and we are 
looking to segment according to seafloor nature. 

3.3.3 Modelling the interaction energy 
The segmentation process is applied to the chronological mosaic. The interaction energy is described by a 

classical function, which counts the number of similar labels in the pixel neighbourhood. In order to compensate for 
the interping distance and geometry which have been dropped in the representation, information is re-injected into 
the i~teract ion energy . 

a rectangular neighbourhood in the mosaic IS taken so that in reality a square ne~ghbourhood 1s cons~dered on 
the seabed, 
the influence of a pixel is weighted by the inverse of its relative distance on the seabed. 
Interaction energy is then described by the following equation: 

where c,,, is the weighting coefficient and 6(a,b)=1 if a=b ,  and 6(a,b)=0 i f  a&. 



3.3.4 Modellrng the deformatron energy 
Analysls of ptxel d~strlbutlons show that we do not have a homogeneous nolse over the entlre Image Probabll~ty 

d~stributrons vary w ~ t h  the posrtlon of the plxel according to vertrcal ~ncldence Prevlous works wrth a 13 kHz 
multibeam system have proven that raw amplitude data follow a truncated Rayle~gh law [5], [ h ]  Equivalently, 
intensltles follow a truncated X2(2)  probablllty dlstrlbutlon whlle averaged observat~ons are modelled by a we~ghted 
,$ law where degrees of freedom depend on the number of averaged observat~ons Consequently, the deformat~on 
model 1s described by 

where y, is the pixel intensity, x, is the label intensity, and n ,  the number of averaged observations. 
We have considered that this is still a reasonable assumption in the case of our high frequency echosounder. 

Obviously, the model can be improved by taking into account specific aspects linked to the EM950, such as 
probability laws including textural diffraction (K distributions), texture features, or spectral parameters. 

4. Real case application results 
The leg we are presenting here (Figure 1 and 4) is an extract from the survey PLABAS where a EM950 

echosounder was employed aboard the IFREMER R N  Thalia off the Basque coast (France). We have also acquired 
supplementary data on the same zone: side scan sonar, VHR seismlcs, samples, photos. The substratum is is a layer 
cake of calcareous layers and marl; each layer is less than 1 meter thick. These ancient rocks were folded, faulted 
and then eroded. The fold fault forms a cliff approximately 10 meters high visible in F, the full line A B  is very close 
to its axis. Recent sedimentary deposits partially recover the substratum. These sediments are mainly constituted of 
fine to coarse sands and gravels. The spatial organization of these sediments is controlled by storm currents and 
tides which are very strong in this area (dunes, macrowaves). In the yellow region (S), fine sands have been 
deposited in a relatively shallow depression. The ocher zone corresponds to to coarse sands, and the green zone 
includes cobbles and gravels. 

The segmented Image was cons~dered to be quite sat~sfactory by the geolog~sts, and correctly reflect~ng thelr 
interpretat~on of the physical reallty. Some part~cular polnts are to be hlghl~ghted 

Most of the specular effect present on Figure 1 has been removed on Figure 4. Some reliquates are found on the 
upper part of the fine sediment area; note that they correspond to very strong and wide specular stripes on the ~- ~ 

original image 
The varlous local features present on Flgure 1 have been respected by segmentatlon, e g \mall sedlment areas 
on the extreme left of the Image; although the llghter area on the upper r~ght  corner may have been tnsuffic~ently 
ldentrf~ed by segmentatlon (it mlght have been interesting to Introduce one more seafloor claq\) 
The distinction between fine and coarser sediments has been clearly established, although it was not at all 
evident on the original image. 
The stratified texture of the lower left corner of the image was the most challenging part of the process; it is 
comforting to see that it was most correctly segmented, globally respecting the concentric textural features of the 
geological structure. 
Together with the segmented image, the BS(B) curves obtained from the various test zones are presented in 

Figure 5. Their general shapes and levels are in good accordance with other observations found in the litterature. 
However the pattern shapes for the two soft sediments are remarkable, featuring an unusually slow decay in the [ lo -  
30'1 sector. Obviously this is in contradiction with the general shape proposed in (4); note that our directivity 
pattern estimation was not affected by this effect since it proved to be the same for three different seafloors 
described using (4). Further studies are under progress for identifying characteristic features of the BS(0) curves, 
and fitting them with physical models. 
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5. Conclusions 
We showed in this paper that, provided that a correct compensation of echosounder artefacts is applied, sonar 

images can be efficiently segmented using the physical phenomena knowledge. Results obtained in a complex 
shallow water configuration appear quite satisfactory, leading to a segmented image in excellent accordance with 
the geologist perception, although it is clear that validation of information revealed with this method can only be 
fully achieved selectively with sample analyses and photos. This was obtained despite somehow penalising 
performances of the echosounder, especially around the vertical. 

The emphasls should be stressed on a careful and relevant select~on of the test zones as a preliminary to 
segmentation processing All the above was presented with backscatter~ng strength as the only character~st~c 
phys~cal feature to be used for segmentation, other s~gnal  characterlstlcs are known to be potent~ally usable for high 
frequency echosounders used In shallow water (amplitude statistics, spectral and textural features ), and thls 
should be checked In the future Another Important dlrect~on to explore, and also presently under study, IS the 
identificat~on of the measured BS(6)  w ~ t h  a theoretical model, and the p o s s ~ b ~ l ~ t y  ot extracting objective seafloor 
parameters from such a fit 
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Figure 4. Segmented image corresponding to the sonar image of Figure 1 .  
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Figure 5. Backscattering Strength vs incident angle, for the five test zones used in segmentation 
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Abstract 
In thzs work a comparzson zs presented between 80 kHz reverbemtzon statzstzcs obtazned at shallow water sates 
amund Sardznza and Szczly. The  data znclude measurements f m m  several dzstznct bottom provrnces, zncludzng sates 
wzth Posedonza Oceanzca sea grass and sztes covered wzth Ezve shellfish The reoerberatzon statzstars dzd not always 
exhabzt a Raylezgh probabzlzty dzstrzbutzon functeon (PDF), but exhzb$ted stntzstzcul drstl-ubutzons wzth longer tazls. 
Seveml more approprzate models of reverbemtton PDF mere examzned zn order to better descrzbe the measured 
amplztude dzstnbutzons. The  Rayleagh mzxture and the IS models were found to be the most robust zn descrzbtng 
the observed data. 

1. Introduction 
The detection and identification of objects on the seafloor is made more difficult by qeafloor reverberatlon. While 
the problem of understanding and predicting high-frequency background reverberatlon level or mean energy scab 
tered per unit area of the sea bed has received considerable attention, studies of high frequency reverberation 
statistics are relatively scarce. Of these studies, many have dealt with scattering from more or less homogenous 
seafloors in terms of bottom type [I, 2, 31. Most shallow water areas, however, wlll not be homogeneous but will 
have patchiness in space and time, which is often a result of biology. An example of spatial inhomagene~ty are 
shellfish which often do not exist uniformly oil the seabed but are distributed in clumps of varylng density The 
motion of seagrass due to swell or currents causes a constantly changing number of scattering s~tes  which can be 
thought of as time varying patchiness. Clutter 1s the acoustic expression of the non-uniform~ty of these types of 
seafloor environment. 

When the effective numbers of scatters in the resolution cell of a sonar is large enough, the amplitude distribu- 
tion is expected to be Rayleigh as the central limit theorem holds resulting In gaussian in-phase and quadrature 
components of the received signal. The changes in density of scatterers commonly found In shallow water suggests 
that this model might not always be appropriate especially when the area ensomfied by the transmlt and recelve 
beam patterns is not large enough to encompass enough of the patches of differing scatter density. More general 
distributions for addressing amplitude statistics of scattering from heterogeneous seafloors are the Weibull, K ,  and 
Rayleigh mixture distribut~ons each of which has the Rayleigh distribution as a submember. The I( distribution, 
used to succesfully describe the statistics of radar sea surface clutter [4, Ti], can be described as be~ng the product 
of two components; a rapidly fluctuating Rayleigh (or 'speckle') distributed component and a chi distributed com- 
ponent. The physical interpretation is that the Rayleigh distributed component is from many scatterers that are 
modulated by large scale (time varying) structure. The Rayleigh mixture model [GI 1s a combinat~on of Rayleigh 
random variables with each component having its own power. This distribution can be thought of as describing 
scattering from two (or more) different types of materials in a manner similar to that put forward by Crowther 
[TI. 

This paper presents acoustic data collected at  80 kHz at shallow water sites around Sardinia and S~cily. 
Fifteen sites were examined and results from seven of the sites are presented in terms of system ~ndependent site 
characterization. The sites studied included a variety of bottom types, including s~ te s  w ~ t h  Poszdonza Oceanzca 
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sea grass and sites covered with live shellfish. Examples of three of the types of seafloor studied are shown in 
the video stills seen in Figure 1. The diversity of sites studied allowed an ~scellent opportunity to examlne the 

(a) Posidonia covered sand 
bottom - station RR06 

(b) Sand bottom - sta- 
tion RR12 

(c) Shell covered sand 
bottom - station RR13 

Figure 1: Examples of the nonhomogeneous nature of sand seafloors. 

statistics of reverberation from a wide var~ety of seafloor environments Reqults of stat~stical analysis are cast 111 

terms of mean power value or backscattering coefficient as well as analys~s of the ainpl~tude s t a t~s t~cs  Rayle~gh, 
Weibull, K, and 3-component Rayleigh mixture PDFs are compared to measured data and a non-parametric test 
is used to describe the goodness of fit between modeled and measured amplitude d~s t r~bu t~ons .  

2. Data Analysis 
The 80 kHz acoustic system used in t h ~ s  study has been fully characterized agalnst reference hydrophones at  the 
SACLANT Undersea Research Centre to quant~fy source level and beam pattern System gains were measured 
while at  sea. Using the transducer calibration value (pressure to voltage transfer funct~on), processing gain and 
system gains, the absolute received levels at the hydrophone were recovered from the recorded data In order to 
get quantitative seafloor information out of the received level, three effects that may mod~fy the sound pressure 
level as the pulse travels from the source to seafloor and back to the receiver have been talteil lnto account 
These three factors are the effects of the beain pattern, transmisss~on loss, includ~ng both spherical spreading and 
absorption, and equivalent ensonified area. With the above described components, seafloor bacltscattering strength 
as a function of time can easily be calculated using an inverted form of tlie sonar equat~oii with a knowledge of the 
source level, transducer calibration and logglng callbration. The backscatter~ng stieugth as a function of grazlng 
angle can then be obtained from knowledge of the transducer height and the sound speed of the sea water In 
data processing only grazing angles within the 3dB down points of the one-way beam pattern were considered. 

From each experimental site, returns from 200 lms  pulses at each of four t ~ l t  angles (measured relative to 
the main beam axis) were analyzed. The 20 degree beamwidth of the tra~~sducel allowed scat,ter~ng strength 
measurements versus grazing angle to be taken with these four tllt angles (for most sites tlie range of grazing 
angles from which data were obtained was from 10' to 80'. Every 15th data poult of scattering curve was used 
for the amplitude statistics study as correlation analysis determ~ned these to be ~~rdependent. Data at  each 
grazing angle were normalized by the mean power of 200 pings In order to rrmove grazing aogle dependence 
Data was grouped in 20 degree grazing angle b~ns ,  to increase the nuinbcr of data po~nts for statlst~cal analys~s 
Amplitude data was tested for stat~onarity using the Mann-Wh~tney test as 111 [2, 31 For a two talled test at  95% 
confidence, values less than 1.96 and greater than -1.96 are cons~dered to be froill the same d~str~butlon.  Data 
that fell out of this range was excluded from the analysis. The top graph of Figure 2 shows an example of the 
normalized amplitude for 200 pings in a 20 degree grazing angle bin, while the bottom two graphs illustrate the 
Mann-Whitney results for comparisons of groups of 20 pings and comparisons between grazing angle respect~vely. 
Rayleigh, Weibull, K ,  and Raylelgh mixture dlstnbutions were compared to thc pxper~mental PDFs Fittlng the 
model distributions to the exper~mental results entailed estimating the parameters of each of the cand~date CDFs. 
Maximumlikelihood est~mates obtained using an ~ t e ra t~ve  algorithm [8] were used for the parameters of the Weibull 



Figure 2: Sample results from the Mann - Whitney slat,ionarity trst 

distribution, method of moments estimates were used for the parameters of t,lle I i  dist.ribution, matching t.he mean 
and variance, and for the Rayleigh mixture model the maximum likelihoocl parameter est,imat.es were obtained 
using the expectation-maximization (EM) algorithm [9]. 

Backscattering strength resulting from the inversion described above from four sit8es is shown in t,he t,op graphs 
of Figures 3 - 6. Because all system dependent factors, as well as measurenient grometry effects (including 
spreading loss and absorption) and the ensoiiified area contribution have been re~noved from t,he original raw 
data,  the resulting inverted values represent the t,rue quantitative acoustic response of t,he seafloor (bacltscattering 
strength.) Thus, in the graphs, quantitatively correct values indicate t.he rliffcrrnt scat,tering properties of the 
three sites. The general patterns of the curves for the measurement sites arc consistent with values reported near 
this frequency in that  they approach a maximum as they near normal incidence, fall off t.o a nearly constant level 
over a wide range of grazing angles, then decrease a t  low grazing angles. In some of our sites the signal to noise 
ratio is too low to  give reliable scattering strength estimates at  the smallest grazing angles as seen by figure 3. 
The shellfish covered site had extremely high levels of backscatter at 80 ItHz as did the positlonia covered site. 
Surprisingly the sand and mud sites shown in these examples had similar levels of backscatt,ering, suggest,ing that, 
absolute level is not sufficient to  separate different bottom types. 

Also shown in Figures 3 - 6 are visual examples of the the experimentally observed reverberation PDFs along 
with the fitted models. The non-Rayleigh nature of the distribution is easily seen in t.he high grazing angle shellfish, 
posidonia, and sand data.  The distributions tend to Rayleigh a t  lower grazing angles. A simple explanation for 
this effect is tha t  as a consequence of the height of the transducer remaining constant the re~olut~ion cell of the 
sonar will increase a t  the smaller grazing angles. More patches of seafloor are incluclecl in the b ~ a m  at  low grazing 
angle which drives the amplitude distribution toward Rayleigh as the centra,l limit becomes valitl. C:hotiros [1] has 
discussed similar effects of the resolution cell (receive beamwidth). A quant,it,at,ivr t,able of gootlness of fit of the 
observed d a t a  to each of the model distributions will be shown in the next scct,ion. 

3. Results 
To evaluate the flexibility and accuracy of the models in representing the reverberat,ion from t,he different seafloor 
types, the Kolmogorov-Smirnoff (K-S) test statistic pvalues were used to compare real da ta  to   nod el clist~ributions 
[lo]. These values provide a measure of the goodness of fit between the lilodel clistrihutions a.nd t,he observed 
distributions. Results are presented for each of seven sites and are grouped in terms of grazing angle. Table 1 
shows bottom type, average scattering level, and K-S pvalues for the 60' to 80' grazing angle, 'Table 2 for 40' to  
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Figure 3: Posidonia statistics - station RR06. The dashed-dotted line is the Rayleigh dist.ibution, the dotted is 
the Weibull, the dashed is the K,  and the solid is the Rayleigh mixture 
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Figure 4: Shellfish statistics - station RR13. Line types as in Figure 3 
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Figure 5: Sand statistics - Station RR12. Line types as in Figure :3 
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Figure 6: Mud statistics - station RR09. Line t ,ypes as in Figure 3 
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60" grazing angle, Table 3 for 20" to 40" grazing angle, and Table 4 for 10' to 20' grazlng angle. Any gvalues 
above 0.7 are shown in bold to highlight the best fits to observed data. Quant~tatlve agreement is seen with the 
qualitative assesment of the last section. The highest grazing angles are usually not well descr~bed by the Rayleigh 
distribution. The Weibull, Rayleigh mixture, and K distributions all do a better job of matchlng the observed 
distribution than a standard Rayleigh. The fact that this is true is obv~ous as each of the other distributions has 
more parameters to  tweak to fit the data. The Rayleigh mixture and K distributional models are inore robust in 
fitting the observed data and work over the entire range of grazing angles ( re~olut~on cell size) The scattering 
levels are not generally separabIe by bottom type. In general the muds give the lowest scattering level, the sands 
give medium scattering level, and the shellfish and posidonia covered botton~s give the highest levels. 

4. Conclusions 
Rayleigh PDFs were often found to  not be accurate descriptors of the shallow water 80 kHz reverberation analyzed, 
especially at  high grazmg angles. This more than 11kely is due to the number of patches of d~fferiilg scatter density 
or strength included in the sonar resolution cell at  a given grazing angle Raylelgh M~xture or I\: distributions are 
the best in fitting the observed distributions over all bottom types at hlgh grazing angles and, a s  these contain 
the Rayle~gh distribution as a submember, also work very well at  low angles A bcomponent Rayle~gh mixture 
model was used in this analysis but could be expanded easily to more to include more components which would 
allow it to fit almost any distribution. 
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Table 1: Results for selected sites and for 6O0-80° grazing angle. Values oker 0.7 are g i ~  en In bold 
Statzon Bottom Type Scattertng Level Raylezgh M/ezbz~ll Raylezgh Alzxture I< 
RR06 posidonia covered sand -20.0 dB 1.04 x lo-' 0.667 0.983 0.933 
RR09 mud -23.5 dB 0.902 0.986 0.998 0.999 
RRlO coarse sand/shell hash -20.4 dB 0.818 0.843 0.818 0.747 
R R l l  coarse sandlshell hash -23.0 dB 0.992 0.999 0.997 0.999 
RR12 medium sand -28.9 dB 3 42 x 10-l2 0.543 0.977 0 123 
RR13 shell covered sand -13.8 dB 1.57 x 0 440 0.850 0.802 
RR16 mud -25 7 dB 0.026 0 473 0.999 0.875 

Table 2: Results for selected sites and for 4O0-GO0 grazlilg angle 
Station Bottom Type Scattemng Level Raylezgh Mkzbull Raylezgla Allxttirr Ii 
RR06 posidonia covered sand -21.0 dB 1.28 x 10V7 0 367 0.989 0.996 
RRO9 mud -23.8 dB 0.827 0.979 0.999 0.999 
RRlO coarse sand/shell hash -21.2 dB 0.978 0.853 0.978 0.984 
R R l l  coarse sand/shell hash -24.4 dB 0.953 0.941 0.953 0.969 
RR12 medium sand -28.2 dB 4.25 x 0.716 0.881 0.615 
RR13 shell covered sand -13.5 dB 0.002 0 608 0.963 0.866 
RR16 mud -25.4 dB 0.246 0.785 0.951 0.965 

Table 3: Results for selected sites and for 2O0-40' grazing angle 
Statton Bottom Type Scatterzng Level Raylezgh IVezbull Raylezgh hrlzxture I< 
RRO6 posidonia covered sand -21.8 dB 0.955 0.982 0.955 0.794 
RRO9 mud -27.0 dB 0.941 0.886 0.941 0.974 
RRlO coarse sand/shell hash -23.7 dB 0.803 0.983 0.952 0.980 
R R l l  coarse sand/shell hash -26 1 dB 0.812 0.871 0.986 0.885 
RR12 medium sand -29.5 dB 0.070 0.927 0 (j 1 Ci 0.749 
RR13 shell covered sand -16 2 dB 0.014 0 328 0.888 0.863 
RR16 mud -26.2 dB 0.888 0.924 0.888 0.877 

Table 4: Results for selected sites and for 1O0-20' grazing angle. 

Statzon Bottom Type Scatterzng Level Raylezgh Weibedl Raylezgl~ hIzlttire K 
RR09 mud -30.1 dB 0.995 0.999 0.995 0.876 
RRlO coarse sandlshell hash -24.7 dB 0.970 0.997 0.999 0998. 
RR12 medium sand -29.0 dB 0.204 0.915 0.902 0.912 
RR13 shell covered sand -21.1 dB 0.939 0.999 0.968 0.992 
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Abstract 
A new method of szgnal appmmmatzon zs presented whzch has the capabrlzty to model complex aetarie returns due to 
reverbemtzon. The method explored herezn zs data adaptzve zn the sense that hzgh resolutzon pmcesszng zs attempted 
where necessary, whzle fast ~lgorzthms are used to estzmate the remaznang components. The baszc goal as to achzeve 
accurate and unbzased estzmatzon of the delays and tame scalrngs of a group of cclo~ely spaced szgnal returns. A 
secondary goal zs to achzeve thts estzmatlon performance wzthout sacrzjicsng the cornputatzonal eficzency of the fast 
algonthms avazlable. 

1. Introduction 
We will be treating the problem of feature extract~on from high frequency sonar data, generated by an act~ve 
transmission. Our yiewpoint will be that the portion of returning signal due to backscattering in the environment 
can be adequately approx~mated as the sum of frequency shifted (time scaled) and delayed rephcas of the transm~t.  
This is to be contrasted with the statistical approach taken in references [l, 21. We w~ll  present means to make 
signal approximations with these assumptions, motivating alternative post-processing a lgor~thn~s  which use these 
features vice the original data sequence. 

This type of approximation becomes more valid for the higher acoustic frequencies of the problem considered 
here. In particular, for the frequency range of interest, 15 kHz to 25 kHz, propagation can be approximated by ray 
models, and propagation through the bottom is of diminished importance. Interaction of a ray with the surface 
or bottom can be approximated as an attenuation of the path, along with the direction change and poss~ble signal 
inversion Target returns, under these conditions, will arrive at the recelver w1t11 the same tenlporal relationships 
within the return as were generated at  the target. This will also hold true for returns due to prominent features 
in the scattering environment, due to structured discontinuities on the bottom or surface. Wavelengths are on the 
order of magnitude of 114 foot, which in combination with the wider bandwidth signals be~ng transmitted, result 
in resolution of target features down to 5 feet with traditional processing methods. 

1.1. Signal Model 
With these considerations m m ~ n d ,  the returned signal will be assumed to be a sampl~d,  vectorlzed representation 
of the signal 

The signal xs, and the interference XI, are both modeled as l~near colnb~nat~ons of tnlle delayed (7%) and time 
scaled (Q,) replicas of the transmit, s .  The s~gnals modeled will be taken a.s a co~nplex valued (111 general), as is 
typical for sonar systems processing in a single sideband. The signal and interference amphtudes, delays, and t ~ m e  
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scaling factors will be considered to be determinist~c but unknown parameters, the ampl~tudes .A, complex valued. 
The noise will be assumed to be complex Gauss~an, i.e. 

n - N (0, (u2/2) I) + jN (0, (u2/2)1) (2) 

1.2. P a r a m e t e r  Es t imat ion 
For the case of the measurement noise of equation 2, the maximum likelihood e ~ t ~ ~ n a t e  of the signal para~neters 
can be made by maximizing the compressed likelihood function (CLF) 

searching over the dimension 2(I<s + I ~ I )  space of the vector model parameters a and r The compressed likelihood 
is a compact notat~on descnbing the likel~hood that glven the data sequence x ,  parameters [n , ,  T,] generated the 
sequence. Maximizing the compressed likelihood function results In the nlaxlmum hkel~hood estimates for the t ~ m e  
scale and delay of the components The ampl~tudes are funct~onally related to the t ~ m e  scale ancl delay est~mates, 
in fact, glven the maxmum l~kel~hood est~mates of [a,, T, ] ,  the maximum l~hehhood est ~inates of the ampl~tudes 
(vector notat~on) are 

[ '41 ' 4 2  AKs+Kr ] I  = ( H ~ H ) - ~ H ~  * ,I- (4) 
A complete treatment of the topic is offered In reference [3] Here, H  is the conlb~~led signal and ~nterference model 
matrix, formed by stacking together in columns time delayed and scaled trailsm~t replicas 

Since both the signal and the interference are modeled in exactly the same way, it will not be necessary to 
distinguish the components, and we will refer to the model matrix a s  siinply H. 

1.3. P a r a m e t e r  Es t imat ion a s  Fea tu re  Extrac t ion  
We will make the somewhat unorthodox assumption that all signal components 111 H, due either to target returns 
or environmental scattering, are high s~gnal to noise components. A more typ~cal approach would be to focus 
on the strength of target components with respect to some measure of the strength of the reverberant field. In 
our work, we seek to est~mate all components due either to reverberat~on or target srattering, and as such, they 
compete only against the measurement noise (and each other). The nol5e w~l l  be s~mple measorement notse, such 
as is generated by analog preamplification and 16 bit sampling. With this v~ewpo~nt,  we refer to to~nponents due 
to the reverberant field as 'features' of the field, in the sense that any post procesqing desired can use the extracted 
features in lieu of the data itself. 

2. Cramer-Rao Lower Bound on Variance of Model Parameters 
Given the high s~gnal to noise ratlo of the model components, very arculate estnnat~on of 'q~ngle' components 
is possible, that IS components that are orthogonal to all other components For more compl~rated port~ons of 
the signal, for example a target w ~ t h  several closely spaced h~ghl~ghts,  e s t ~ ~ n a t ~ o n  becomes more d~fficult To 
illuminate this, the Cramer-Rao lower bound on variance of estimated model parameters for a palr of linear 
frequency modulated s~gnals has been calculated The signals modeled are s ~ i n ~ l a r  to that transm~tted 111 sea trials 
here in Narragansett Bay, presented later in t h ~ s  paper. Each signal component IS of the form 

The function w(a,n - T,) is a real valued w~ndowing function, a, and T, t ~ m e  scale and delay the i lh signal 
component. The parameters c and d are selected to sweep the fm signal by a rate of k = 2d = (Q2 - Ol)/(N - I), 
from digital frequency 621 to O2. The bound can be calculated by evaluat~ng F~sher's Infor~nation Matrix for 
complex processes [4], 

For our example, the covariance matrix C ,  (5) does not depend on the n~ocleling parameters [, 111 fact C ,.([) = a21, 
which simplifies the evaluation of 7. The rema~ning parameters are 



The partial derivatives, neglecting minor perturbations due to the w~ndowing, will be 

1 !!!@ = -s(A,,$,,a,, tau,) 
dA, A, 
- - - 3s(Al, 4%) a,, T*) 
84% 

!!!@ = 327r (cn + 2dain2 - 2dnr,) s (A , ,  b,, a,, T,) 
da, 

= j27r (-c - 2da,n + 2dr,) s(A,, 4,, o , ,  T,) 87% 
The variance bounds are found by inverting 7, 

An example has been prepared, using a 50 sample fm signal, sweeping from digital frequenc~es Q = -0.2 to 
0 = +0.2. Two components are placed close together, and the variance bound of the first component's parameters 
calculated as the second component is moved closer. The first component has a time scale of n l  = 1, and a delay 
of TI = 0. Both components have real amplitude A = 1, and the signal to no;se ratio is 0 dB. These figures 

1 
1 2 9 4 5 6 

intsrfedng component poslllon (sam~lar) 

Figure 1: Variance of time scale parameter (left) and time delay parameter (right) of a ro~nponent placed at  
(a = 1, r = O),with a second component in the vicin~ty. Abscissa is the separation of the components, a family of 
curves are shown for d~ffering values of the second component's time scale, a2. Signal to no~se ratio is OdB 

are shown on an expanded scale for the separation of the two componeuts, to show some of the structure on the 
variance bounds Basically, as the second camponent moves closer to the cornponer~t of ~nterest, the variance of 
the estimated parameters increases. If the two conlponents have d~ffering time scale parameters, the degradation 
of the estimation is less severe, since the two signals will not become congruent even as the separat~on goes to zero. 
A second case was run, to calculate usable bounds on estimation for the data presented later in this paper. Two 
components were again placed close together, this time each with a signal to noise ratio of 9OdB, each component 
at  a time scale of a, = 1. The results are summarized in table 1, where component separat~ons resulting in the 
Cramer-Rao bound exceeding a given error tolerance (standard deviation) are shown. 

3. Estimation Biasing When the Number of Compoilents is Ullkl1ow11 
In the previous section, estimation variance bounds were calculated for the situation where all the components In 
the model were accounted for. If an unknown component is present, the problem becomes more dficult ,  since the 
error bounds are functionally related to the pos~ t~on  and parameters of the unknown co~nponent One approach 
to calculating the Cramer-Rao bounds on the known component would be to treat the parameters of the unknown 
component as random variables, and calculate expected values for the bot~nds We w~ll not pursue this result 
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UA = 0.1 
a4 = 1 deg 
a, = ,001 ,0021 

r a, = ,0076 ,0076 

Table 1: Typical resolution performance for a 40% band 50 sample LFM Signal, 90 dB above ~neasurement noise. 
Units for separations and r are in samples. 

here, that is we are more interested in detecting situations where an unltaown component may be present, and 
concentrating the effort of the estimation algorithms in these areas 

With this in mind, we have calculated the estimation biasing which occurs whpn an 1ink11o~11 rompolielit nears 
the location of a component whose parameters we are estimating. This b~a~smg occurs because (111 general) 

arg max { x ~  * H ~ ( H E H ~ ) - ' H ~ ~  * x }  jl; {xt  * H I , ~ ( H :  ?HI,~)-'H:,? * 2) , a l ,  TI a l , ~ ~  

where is the model matrix with a second component added. Cont,inu~ng the analys~s of tlie 50 sanlplc LFM 
signal we are rnterested in, we have run Fast Maximum Likelihood Estimation on a series of simulated returns, when 
a second unknown component is present. Tlle measurement noise for this esalllple IS zero, as we are interested in 
the biasing of the estimation an the first component. This is equivalent to evaluating the rlght zicle of equation 12. 
Figure 2 shows why it is dangerous to take literally the time scale estimates of a Maliinlum Llkehhood Estimation 

. l 0 ~ ~ ' " " ' ' ' ~  
0 1 2 3 4 5 6 7 8 9 1 0  

2nNaferiw compemnt poshon (samples) 

- 1 O ~ " " " ' J  - - 
0 0.2 0.4 0.6 0.8 1 12  1.4 1.6 1.8 2 

lnlerlerinp component p i t i o n  (sampCes) 

Figure 2 50 Sample FM Pulse, -0.2 to +O 2 freq Top left are the delay estllnates and bottonl left ale the time 
scale estlrnates for the first FML component. A second unknown is placed near the e~tlmated component, at the 
indicated delay separahon. The correct estimates of the first component are (a  = 1, r = 0) in all cases On the 
right are clos-ups of the  b~asmg 

procedure. If target or channel features are present with closely spaced time delays, and the estimakon is forced to 
model these features with fewer eomponents than required, the time scale est~lnates can he sign~ficantly biased. In 
this example, two zero Doppler components can generate an estimate with a time scale approaching a, = 1.02, wh 
ich, for the sonar s y s h  we are modeling, corresponds to a feature moving at appromate ly  50 feet per second. 

4. High Resolution Parameter Estimation 
With the fundamental limits on parameter variance and bias in mind, the basic problem to be solved is to decide 
if any single component of an approximated signal may actually be due t,o two underlying components. We have 
shown that two very closely spaced components can generate an estimate of a single component with a radically 
biased time scale estimate, even though the Cramer-Rao bounds on variance (for tlie t.wo underlying components) 
are quite low. We will attempt to exploit this situation, by detecting unusual t.ime scale est,imat.es, and making 
appropriate substitutions. 



One simple approach would be to let the Fast Maximum L~kel~hood 111ethod contnlue to acld cornponei~ts to 
the estimation, until the signal is resolved. This may result, however, in excesbivc coinpon~nts being added to 
the model, before the features we are ~nterested In are resolved We propose an a l t e rna t~v~  method, based on 
maximum posterior probability, a test 

We will apply this test to components generated from a Fast Maximum Likel~hood analysis, focusing on estin~ates 
which have unlikely time scale parameters. This situation, of course, drives the right hand side of equation 13 down 
This test checks, component by component (so), whether it is more likely that two co~uponents (s1+s2),  generated 
the data sequence z. The notation LH (zlp(ao)) means the likelihood function, nlodified for a probabilistic prior 
on the estimated parameter ao. We are now heating the time scale parameters ( I ,  as randonl variables, with a 
multidimensional probability density function with the following propert~es, 

probability is concentrated near ai = I 

unlikely that two very closely spaced components have dissimilar time scales, i.e. a1 sz (12 

This situation would apply when data were collected with a relatively s t a t~c  platform, in calm seas Reverber- 
ation highlights could have some Doppler (time scale), but since nearby highlights would be n~oving in unison, the 
time scale parameters for each highlight would be identical. Let H o  = [so], H1 = [ sl s? 1, and the parameter 
ve ctor 5 be broken up into the linearly entering parameters Ro = [AoeJ@o], R1 = [ AleJ61 . 4 3 e ~ @ ~  I t ,  and the 
non-linearly entering parameters to = [ ao r o  I t ,  and El = [ a1 71 a2 r z  I t .  Then, 

Then, the test 13 would be equivalent to, letting C = a21, 

where €1' = [ a1 71 a l  rz ] t .  This test has been re-written by not,ing that the maximizat~on of In p,(a,) does 
not depend on 8,, and substituting the maximum likelihood estimate (MLE) for 8, into each side of the equation. 
It is well known that substitution of the MLE will maximize this form, see for example [5]. This likelihood test, 
equation 17, will be the test we are primarily concerned with. The simplest case would be a uniform prior on the 
time scale parameter, p,(a) = (ao - aL)-'U(aL, av) .  For t h ~ s  case, tlme scale estimates outs~de the l~mits  of p,(a) 
drive either side of equation 17 to -to, and the likelihood test is reduced to, dropping the record keeping on the 
different likelihood thresholds 'k', 

max l l ~ ~ , x 1 1 ~  > k + max l l p ~ ~ z l l ~  
n l , r l , ~ ~  ~ O , T O  

5. Data Analysis 
We have applied our algorithm to a data set collected In Narragansett Bay, in November of 1994 In tlns test, 
a serles of linear frequency modulated signals were transm~tted agalnst a field of targets s~tuated in about 120 
feet of water This was a s t a t~c  test, that is neither the transm~tter, receiver, or the targets were moving We 
have chosen a transmit which, in the dec~mated s~gnal domain, lasts about fifty sampleq, and sweeps from chgital 
frequencies of approximately R = -0.2 to R = +O 2. Records of reverberation data were extracted from the raw 
data by beamforming the data away from the targets, and select~ng data segments of manageable record sue We 
have implemented the equation 17 test as follows . 
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Perform Fast Maximum Likelihood estimation on a data record. 

Identify 'singleton' components with unreasonable time scale. 

Perform the l~kel~hood test, equation 17, searching over 2-d space of ( A T ,  a ) ,  where TI = r o ( n )  - 1 / 2 A r ,  and 
rz = r o ( a )  + 1 / 2 A r  Replace the s~ngle component with two components, if the test 17 15 sat~sfied TO 1s n 
funct~on of a ,  and follows the l~kelihood r~dge passing through the single coinpoi~ent's lo( a t~on  

Figures 3 and 4 show a typical result of the analysis. In figure 3, the reverberat,ioii signal has been approximated 
using Fast Maximum Likelihood. The analysis has been purposely stopped short,, t,liat is oilly the nlost significant 
components of the signal were approximated to avoid over-resolving the signal. A prior probability on the time 
scale parameter was not invoked, the algorithm was free to fit using any time scale bet,ween ai = .98 and ai = 1.02. 
Figure 4 shows the result of implementing the likelihood test of equation 17. We chose the time scale threshold 
to be lai - 11 = .005, and the noise parameter u to be equivalent to the residual of the Fast. Maximum Likelihood 
analysis. The left hand side of figure 4 shows the wide band cross ambiguity function of t.he reconstructed signal, 

-0.011 ' ' I 
0 50 1W 150 200 250 300 350 4W 450 

sample 

Figure 3: Fast Maximum Likelihood Analysis Result of High Frequency Reverberation Data. Left is w~de-band 
cross ambiguity function of a section of return with the transmit. Right are the delays and time scalings wh~ch 
represent this signal. 

Figure 4: High Resolution Analysis Result of High Frequency Reverberation Data. Left is w~de-band cross 
ambiguity function of reconstructed signal with the transmit. Right are the delays and trine scalings which 
represent this signal. 



to be contrasted with the left hand side of figure 3. The high resolution test has replaced two of the Fast Maximum 
Likelihood components with closely spaced components at  more likely t ~ m e  scales. The reconstructed signal retains 
the important features of the original signal, especially the highly structured nature of the w~de  band ambiguity 
function. 

6. Conclusion 
We have shown a method to extend the performance of Fast MaxlmumL~l~ellhood estimation, by perform~ng local- 
ized likelihood searches on individual signal components. This method can be used to ~ntroduce prlor probability 
information to the estimation procedure, particularly information related to propagation and the environment 
We hope to extend this work to address probahilistic scattering models for structured targets present 111 the 
reverberation. 
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Abstract 

A maximum likelihoodmethodfor estimating remote surface orientation from multi-static sonar images is presented. It is 
assumed that the sonar images are corrupted by signal-dependent noise, known as speckle, arising from complex 
Gaussianfieldflucatations, and that the surface rejlectance properties are effective& Lambert~an. The minimum number 
of independent samples necessary for maximum likelihood estimates to be asymptotically unbiased urrd attain classical 
estimation theory's lower bound on resolution are abo derived. 

1.  Introduction 
Sonar images of remote surfaces are typically corrupted by signal-dependent noise known as speckle. This noise arises 
when wavelength scak roughness on thesurface causes a random interference pattern in the sound field scattered from it 
by an active system. Relative motion between source, surface and receiver causes the received tield to fluctuate over time 
with circular complex Gaussian random (CCGR) statistics [I]. Underlying these fluctuations, however, is the expected 
radiant intensity from the surface, from which its orientation may be inferred. In many cases of practical importance, 
Lambert's Law is appropriate for such inference because variations in the projected area of a surface patch, as a function of 
source and receiver orientation, often cause the predominant variations in its radiance. Maximum likelihood estimators for 
Larnbertian surface orientation are derived. These are asymptotically optimal when a sufiiciently large number of 
independent samples is available, even though the relationship between surface orientation and measured radiance is 
generally nonlinear. Here the term optimal means that the estimate is unbiased and its mean-square error attains classical 
estimation theory's lower bound, the inverse Fisher information matrix, which is also derived by analytic means By 
evaluating this bound, it is found that optimal resolution varies significantly with illumination direction and measurement 
diversity. In a particularly compelling example, it is shown that the minimum error in estimating the angle of incidence 
with respect to a Lambertian surface is at best proportional to the cotangent of this angle, so that surface orientation varies 
from irresolvable at normal incidence to perfectly resolvable at shallowest grazing. General expressions for the requisite 
number of independent samples necessary for asymptotic optimality of the maximum likelihood estimate are derived. 
When evaluated, this number is also found to vary significantly with illumination direction and measurement diversity, as 
may be expected from b e  inherently nonlinear nature of the surface estimation problem. A far more detailed account of 
this material will appear in Reference 2. 

2. Radiometry 
The flux d@, received in a sonar beam of solid angle d p ,  is related to thearea of the resolved svrface patch dAp, the local 
surface radiance Lg, and the solid angle subtended by the sonar aperture d R ,  by the linear equation 



340 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

The solid angle subtended by the sonar aperture, from the surface patch ~ A P ,  is d n  = cosy/, &lr2, where dA is the 
area of the aperture, cosfi is  the foreshortening of the surface patch with respect to the receiver, ylr is the scattering angle, 
and r i s  the range to the aperture. The intensity of the received beam is then 

d@ cos yl, IP = - = ~ A ~ L @ -  dA r2 ' 

Assuming that the sonar is of sufficiently high resolution that it resolves an elemental surface patch dAp that is 
locally planar and small enough so that 

COS 'Y, d p  = dAp - 
r2  ' 

surface radiance can be directly measured by the sonar as 

For a Lambertian surface, 

so that the radiance measured in a sonar image of the scene Lp is independent of the viewing direction y/,. It follows a 
linear relationship with the foreshortening cosy, of the surface patch, the surface irradiance E, and the surface bidirectional 
reflectance distribution function p which is IIzfor  a perfectly reflecting Lambertian surface. Here fl is the angle of 
incident insonification and E is defined as the incident flux per unit area on the surface of albedo np. 

3. Measurement Statistics 
Let the stochastic measurement vector R contain the independent statistics Rk whose expected values ok(a)=<Rk> are 
linearly related to measured surface radiance for b1 ,2 ,3  ... N, where the vector a contains the surface orientation 
parameters a. to be estimated from the measurements R forj=1,2,3 ... N,. More succinctly, let O(a) = <R>. J 

Assuming the Rk are corrupted by CCGR field fluctuations, the conditional probability distribution for the 
measurements R given parameter vector a is the product of gamma distributions [ 1][3] 

The quantity pk is the number of coherence cells in the measurement average used to obtaih Rk [I ][3]. This number is 

equal to the signal-to-noise ratio (SNR) (R,)'/((R:) - ( R ~ ) ' ) .  For example, pk equals the time-bandwidth product of 

the received field if eachRk is obtained from a continuous but finite-time average. Additionally, pk can be interpreted as 
the number of stationary speckles averaged over a finite spatial aperture in the image plane or the number of stationary 
multi-look images averaged for a particular scene [3]. 



4. Classical Estimation Theory 
The maximum likelihood estimator 2 ,  for the parameter set a ,  maximizes the likelihood function for a.  The likelihood 
function for a  is the conditional probability PR(Rla) evaluated at the measured values R .  If InPR(Ria) is differentiable, the 
maximum likelihood estimate i can be found by solving the equation 

dln ~ , ( R l a )  
.=p 

Forsufficiently large pk, the maximum likelihood estimate asymptotically obeys the Gaussian distribution 

where Jis  the Fisher information matrix, with elements 

followingReferences [1][3]. In this limit, the estimate i is unbiased and attains classical estimations theory's lower bound 
J-' on the mean square error of any unbiased estimate of a .  In the deterministic limit pI  + m ,  where the Rk are obtained 
from exhaustive sample averages, Pi (;la) becomes the delta function 6 ( i  - a ) .  

5. A Higher Order Asymptotic Approach to Inference 
I have recently developed higher order asymptotic methods for determining the sample sizepk necessary for the maximum 
likelihoodestimate to be effectively unbiased and attain the classical bound on mean-square error. These are derived in 
detail in Reference 2. Assuming uniform sampling, ,u=,u~, and letting g((S) = ; ( ( R ) ) ,  the bias of 2, will be negligible 
when 

and the mean-squm ermr covkance ((2, -a , ) ' )  will attain the lower bound [ J - I ] , ,  when 

where the denominator of this expression merely equals [ J - ' I l i .  



342 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

6.1 PROBLEM STATEMENT 
Formeasurement k, a collimated source with known unit incident direction sk irradiates a planar Lambertian surface with 
unknown unit normal vector n .  For each measurement, the receiver measures Lambertian surface radiance from any 
hemispherical observation position within view of the surface. For convenience, a Cartesian coordinate system (x,y,z) is 
adopted where the ultimate viewing direction is aligned with the positive z axis. Because surface ilradiance Ek is presumed 
known, given knowledge of source power, directionality, and transmission characteristics to the surface, it is 
deterministically scaled out of the measured surface radiance leaving OLk=<Lk>lEk When signal-independent additive 
CCGR noise of intensity oNkdPkEk is also measured with the radiant field from the surface, the expected measurement 
vector&> becomes O(a) = O,(a)+O,(a) .  

Lambert's Law for the expected radiometric component of the data is then 

where the matrix S is defined by 

and the vector X equals pt. 

The general problem is to detrmine bod~ the Labertian surface normal vector n and the albedo np from the 
fluctuating measurements R. The surface normal is typically expressed in terms of the surface gradient components 

where 

m at pn =- q =- 
ax' " ay ' 

or in te rm of spherical coordinates 

nT = [cos @, sin 8, sin @,, sin 0, cos @,, I .  
6.2 THE ANGLE OF INCIDENCE 
Suppose that the angle of incidence y is to be estimated from a single measurement R, with variance 0 2 / ~  given that the 
albedo pnis known. From (9), the resulting mean-square error bound is 

for any unbiased estimate @, which becomes 



when the signal-independent noise is negligible. These expressions show resolution of the incident angle to be highest 
when the Lambertian surface is illuminated at shallow grazing and lowest when the surface is illuminated near normal 
incidence. This can be motivakd physically by noting that for shallow grazing angle illumination Lambert's Law has a 
first order dependence that is proportional to the incident angle. Conversely, for illumination near normal incidence 
Lambert's Law is independent of the incident angle to first order. It is also significant that when the rms-error bound is 
finite, it can bereduced in proportion to the square-root of the number of independent samples averaged to obtain the 
radiometric statistic R. 

The maximum likelihood estimate for the the angle of incidence is 

Many of the potential benefits and difficulties associated with maximum likelihood estimation can be illudrated by 
examining the statistical properties of @. 

For the remainder of this section, let (ZN be negligible, as may be expected in practical imaging systems except at 
shallow grazing where ylis very near m2. First of all, because R is a gamma variate and can take on any positive definite 
value, the estimate @ is real for OIRlpll and imaginary for Rlp>l. The probability that @ is real is found to be @, 
CI/cosv)Ir@) by appropriately integrating PR(Rlv). But this leaves finite probability r @ ,  jdcosyl)/T(p) that @ is 
imaginary. More specifically, thestatistic @ is distributed according to 

for @ real, and 

Pi( @I v) = psinh @PR(p cosh @I y )  

over 0 2  @ < n / 2 ,  

over O < @ C W ,  

for @ imaginary. The probability r (p ,p /cos  v ) / ~ ( p )  that @ is imaginary decreases as the angle of incidence v and the 
sample size p increase, as does the bias of @. 

Apparently, CCGR fluctuations in h e  radiant field can lead to unphysical maximum likelihood estimates of the 
incident angle yl. This can be remedied by reconditioning the maximum likelihood estimate, given ancillary information 
[4] that is @ real, so that 

Forsufficiently large samples p, the relationship between maximum likelihood estimate @ and data R approaches 
linearity, so that obeys the Gaussian distribution 

with bias vanishing and variance equaling the inverse Hsher information. 

Following Section 5, @ is effectively unbiased when 
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and effectively attains the boundS1 when 

As these expressions show, the number of samples necessary for @ to behave as a minimum variance unb~ased estimate 
varies nonlinearly from unity at shallow grazing angles to an arbitrarily large number near normal ~ncidence. 

Even if the location of the surface is known with respect to the source of illumination, knowledge of the angle of 
incidence only places the surface within a cone about the incident vector s. At minimum, a second measurement is 
necessary to determine the orientation ofthe surface in this cone, and a third is needed to determine the albedo. 

6.3 SURFACE ORIENTATION AND ALBEDO 
The 3-D parameter vector X is to be estimated from the potentially over-determined N-D measurement vector R. From 
(9) and (12), themean-square error bound on any unbiased estimate X is 

where [J , ]  = 6,p,,/a,2 is infinite when all incident vectors sk are tangent t o n  in the absence of signal-independent 

noise. 

More generally, such as for surface gradient a T = [ ~  q r] ,  or polar coordinate aT=[8 g p] parametrizations, the bound 

becomes singular when all the sk are coplanar but not tangent to the surface for non-zero ON, or when the Jacobian - 1z1 
is singular. When (S,vanishes, l ~ ~ l ~ l ~ ~ l - ~  can be interpreted as the effective weighted volume of incident vectors sk 
Forexample, whenR is a 3-D vector, thebound is 

so that I J , I ~ I J ~ I - ~  simply is the volume (sl .s2 xs,) of the parellelepiped of incident vectors. Behavior of the Jacobian 

1$1 depends upon the final coordinates a, as can be seen from the respective form (p' + + lP2 and 

1 / ($ sin2 8 )  for the surface gradient and polar systems. 

The maximum likelihood estimate, given linearity between X and 6, 



is unbiased and attains theerror bound J;' . 

1 - 1  A 

Given this information, the maximum likelihood estimates for albedo nb = B X  , surface normal n = i / b ,  cone and 

polar angles b =  cos-I h3,4, = tan-' %, and surface gradient components j,, = ->.B,, = -$, however, are not 
"1 "3 "3 

generally unbiased and do not generally have minimum variance except for sufficiently large sample sizes. 

A 

Taking the case where R is a3-D vector and ON is negligible, for example, the joint distribution for X is 

which leads to the respective joint distributions 

pprod ( j n  in rjl~n3 qn3 P )  = 

P; ( - j j n ( l  + j: + ~ j i ) - ~ / ~  , - j i n  ( I  + j: + +d:)-1/2,1j(l + b: + 4: ) - ' / 2 1 ~ )  

1jZ (1 + F; + 4: )-3/21 

and 

pi(icos4, sin bfi ,bsini ,  sin b , , , b c o s 6 , , ~ )  
p P , , ~ r ( ~ n ~ 6 n , P l e n , d b n , ~ ) =  (j2 sin2 6"I 

for the gradient and polar coordinate maximum likelihood estimates. 

Returning to thegeneral case when R is an N-Dvector, the asymptotic maximum likelihood distributions for surface 
orientation and albedo follow (8) when (10) and (1 1) are satisfied. 
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Bound and Asymptotic Sample Sizes for 
Gradient Component a,=p 

Figure 1. A visualization for a corresponding to the surface gradient parametrization for a 3-D measurement vector R 
with ON negligible and Lambertian surface defined by the polar coordinate parameterization (8,=n/4, @,,=d4, p=l). 
Incident vectors s, and s2 are fixed by cone and polar angles (e1=d2, $,=0), (e2=d4, G2=d4) but s3 1s allowed to vary as 
in (a) where the positive z-axis is central and polnts out of the page. (b) The bound P;'lI on the x-gradient a,=p, 
including full 3-D coupling. Only values where s3 . n  is positive and the Lambertian surface is in view from the positive 
z-axis are shown. Optimal resolution occurs when s3 is tangent to the Lambertian surface along the x axis (horizontal), for 
the p-bound, and the y axis (vertical), for the q-bound (not shown), with stgn so as to maximlze the volume of incident 
vectors. Poorest resolution occurs when the volume of incident vectors app~oaches zero, as realized along the dark arc. 
(c) The number of samples necessary for the maximum likelihood estimate 61 = jl to be effectively unbiased, from (10). 
(d) The number of samples necessary, from (1 I ) ,  for f i  to effectively attain the bound glven In (b). 

These computations exhibit the dramattc nonlinear variations in sample s ~ z e  necessary to first obtain an unbiased 
estimate and then a minimum variance estimate of Lambertian surface orientat~on and albedo from multi-sta~c sonar 
images corrupted by signal-dependent speckle noise. 
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Abstract 
Remote sedtment classzjicatzon through acoustzc methods zs of great znterest for a few years The attenuatzon 
coefficzent of the transmztted wave zs an tmportant feature to chamcterzze physrcal sedznzent layers pvopertzes. 
Hence, an zmproved spectral mtzo method for the estzmatzon of the chzrp sonar szgnal attenttotzon zs proposed zn 
the paper. A new tame-hequency based on technrque to  compute the least squure lzne as outlaned. Fznally, the 
method rs tested on synthetzc data and some results are dzscussed. 

1. Introduction 
Remote sediment classification through acoustic methods has the potentla1 to reduce the cost and effort that cur- 
rent methods requlre usmg coring for seafloor classification. But over the past two decades of illar~ne subbottom 
exploration, the reflection profiling technique has been used primarily to delineate geological and stratification 
structures. To date, seafloor properties have been determined by sampling the sediment followed by laboratory 
analyses. This process not only fails to obtain undisturbed samples but also is estre~nely slow, very expensive, 
and provides information only at  discrete sites. A remote acoustic sediment classification system would eliminate 
most of the present needs for sediment sampling, while generating cont~nuous profiles of sediment properties. A 
quantitative analysis of the reflected signal to characterize subsurface sediments 1s proposed for a few years, but 
it is still far from be~ng effective in practice. 

The attenuation coefficient can be used to classify sediments and to estimate physical sediments properties. Sev- 
eral attenuation measurement techniques have been proposed both in the time and frequency domains : rise-time, 
spectral ratio, spectral shift, and matched filtering [I] [2]. For the spectral ratio method, overlapping reflections 
produce errors in the spectral estimates of the different echos. That's why we propose in t,liis paper a new approach 
to  improve results yielded by this classical method. 

The subbottom profiler used, transm~ts a FM pulse, that is linearly swept from 4 5 kHz to 2 5 kHz dur~ng 25 ms 
This pulse is compressed using a matched filter which correlates the leturn signal with a replica of the outgo~ng 
FM pulse. Owing to a 2 kHz frequency bandw~dth, the compressed ch~rp  width IS 0.5 ms, which provides a forty 
centimeters vertical resolution. It's a monostatlc configuration in normal ~ncidence 
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2. Classical Spectral Ratio Method 
2.1. Sea bottom model 
The sea bottom is modeled as a layered medium. Unlike the Goup~llaucl 111odel [3], the one way travel-time in 
each layer need not be equal. The assumpt~on ~nvolved are: 

1. The layers are parallel and laterally homogeneous. Normally, this can be cluantlfied In tenns of the roughness 
scale, which should not be greater than the wavelength measured at the central frequency of the FM pulse. 

2.  The interface reflection coefficients are frequency independent. 

3. Phase dispersion and pulse spreading due t,o attenuation can be neglect.wl. However, t,he loss of signal energy 
due to attenuation is accounted for in the model. 

4. The acoustic wave travels through the layers as a plane wave at  nolmal ~nrlclence The ~eflected slgnal can 
be wr~t ten  as the convolut~on of the source slgnal with the Impulse response of the medlnm 

2.2. Attenuation model 
When the sonar pulse travels through an absorbent sea bottom, ~ t s  ene~gy IS r~cluced in several ways. All the 
mechanisms lead to  the attenuation coeffic~ent a Attenuat~on w ~ l l  cause the ampl~tude  of a plane wave to fall off 
exponentially with the distance traveled The pulse ampl~tude  losses are evalnated 115. e sp  ( - n r  ) ,  where r is the 
traveling time. 
Hamilton [4] has compiled an ~mpor tan t  part of the ava~lable da ta  publ~sl~cd on sea bottom effect~vc attenuatlon 
T h ~ s  author concludes that  a varies I~nearIy w ~ t h  frequency If this asbumptlon was sometnneq debated, ~t 1s 
usually allowed in tlvs frequency range Hence, a can be written as followz 

Note that  p is the  attenuation coefficient of the compressional wave 111 dB/wavelength (8 686 = 2010glo(e)) 
Typical values of P range from 0.1 to  1 0  dB/wavelength. Let us cons~der a ~ i i e d ~ u m  with two sed~ments layers, 
and assume that  the second one 1s semi-inhlte In other words, the lower bouncl ~nterface of the second layer, is 
not caught by the sonar, because of sediment attenuatlon and layer tlnckness Reflected slgnal 111 the frequency 
d o m a n ,  can be w r ~ t t e n  : 

where Al (f) and A2( f )  are the amplitude spectra of the seabed echo(reflected by t lip water-sediment interface) 
and the first reflector (reflected by the interface between the first and the second subbottom layer) Hence we ~nfer  
the equation (2) tha t  links together the spectral cont r~but~ons  of the two echos 

where f stands for frequency, t l  and 12 are respectively the locations of the seabed and the first reflector echoes, 
and r = t 2  - t l .  G is a frequency independent factor that  allows for change in pulse magnitude due to  reflection 
and transmission coefficients ( Rlz, R23,Tlz and Tzl). 

2.3. Estimation technique 
Equation (2) can be rewritten as (3), taking the logarithm of the Spectral Rat , ioAz(f) /Al(f)  

The  linear dependence af In Az( f ) /Al  (f)  versus frequency makes poss~ble the at tenuat~on coeffic~ent (P) est~matlon,  
by simply plotting the left slde of equation (3) versus frequency The least square.: hne fitted through the plotted 
da ta  yields an estlmatlon of the at tenuat~on coeffic~ent P, because t l  and t 2  call be estlmatecl from the peaks of 



the reflected signal envelope, after the matched filtering. 
This rnethod provides good results if pulse reflecttons produced by sednnent layers are well separated, allowing 
good spectral estimation for Al(f) and Az( f )  Wtth a 25 ms pulse width, the first layer th~ckness should be 
larger than 19 m (25.10-~ * 150012) to avo~d overlapping of the two echoe6 Fortunately the reflected signals 
are processed by matched filtering so that the compressed ch~rp w~dth is 1 ins Good estimation of @ can then 
be expected, for a delay between the two echoes larger than 1 ms. But, as we will see in the s~mulat~on results 
section, the spectral information of the first reflector is corrupted hy the presence of the reflection on the seabed 
a few rns before. In fact, although the side lobes are very small w ~ t h  respect to the correlated signal maln lobe, 
their influence disturbs the spectrum estimation. Also bad est~mations of A z ( f )  can provide for P a value whtch 
is really d~fferent from the real one. That's why an improved spectral ratio method IS proposed 

3. Improved Spectral Ratio method 
In order to improve the previously presented method, we develop a time-frequency analysis of the compressed 
chirp, and prove that overlapping reflections produce disturbance only in a limited frequency band. 

3.1. Time-frequency analysis of the correlated signal 

Reflected signal spectrum Smoothed Pseudo Wigner-Ville Distribution of the reflected signal 

Reflected signal 

Time (ms) 

Figure 1: Reflected signal representations in time, frequency and time-frequency clot~lains 

Different properties of a signal are revealed ~f ~t is represented In the ttme or III the frequency clomatn But the 
most complete manner for the v~sualizat~on of ~ t s  behav~our is the t~me-frequency analys~s For ~nstance, thls IS 

particularly adapted to subbottom echoes, because it can d~splay the evolution of the frequrncy content versus 
time, i.e , versus propagat~on distance, which does not appear when cla.ss~cal spect~al analys~s is used 
A lot of time-frequency analysis tools was developed In the last few decades Ainong them, the W~gner-V~lle 
distribut~on is a quite powerful instrument w ~ t h  excellent properties concerning the temporal and frequency support 
preservation and the compatibility with the 6lter1ng and modulat~on operators It 1s defined [5] by. 
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+m 
W D ,  ( t ,  U) = lm s ( t  + I) s* ( t  - I )  e-J2"rdr  2 

where s(t) is the original signal. Its popular~ty among the Cohen's class clistnbutions 1s clue to the fact that it 
achieve the best trade-off between the temporal and frequency resolution for a glven signal and it allows an exact 
pursuit of the CHIRP instantaneous frequency. 
Its main disadvantage concerns the existence of the cross components which can lead to difficulties of interpretation. 
Hence, a modified version, named Smoothed Pseudo Wigner-Ville distribution (SPWD) given by. 

S P  WD, ( t  , v )  = g ( t  - u )  s ( u  + I.) s " ( u  - F) ( ( ( I  F - ~ ~ * ' ' ~ ~ / T  
2 2 ( 5 )  

has been used in the paper. The introduct~on of the two windows, h and g, leads to a smoothing of the cross 
components in the time-frequency domain. In order to improve the leg~lxllty of the time-frequency image, the 
following parameter s have been used: FFT length: 128 points, window type: Hamm~ng, 11 window length: 128 
points, g window length. 33 polnts, with a 12 kHz sampling frequency 
The figure 1 shows the SPWD of the CHIRP correlated signal reflected by two layers subbottom Note that the 
two CHIRP components corresponding to the two reflections are well pursulted and the two c-orrelation maxima 
are well localized. This Image will be used In the section 3 3. to descr~be the improved <pec.tml ratio method 
principle 

3.2. Analytical expression of the correlated signal 
The autocorrelation function of the signal s(t)  is given by: 

with 

where the CHIRP signal expression is: 

Consequently: 

(f + T I 2  dt cos wo t + - cos wa (t + 7 )  + 7 ..(., = 1'-' ( ( 1 
where  : 

It was found that for compression ratios larger than 30, that is the case of this work, I? can be neglected Therefore: 

which can be expressed also as: 

1 sin WnT + p T T - $1 - sin (woT + q) - - - 2 
( 

PT 



The former equatlon ( 8 )  is the well known expression of the correlated s~gnal and lt hlghl~gl~ts the 'slnc' envelope 
and the oscillat~ng component at  the central frequency : 

This is the most commonly considered expression of the correlated signal when the CHIRP signal is used. 
However, for the time-frequency analysis, it is more interesting to conslder the second expressioil (g) ,  which shows 
that the correlated signal can be viewed as the superposition of the two CHIRP havmg opposed frequency variation 
slopes. The interpretation of the figure 1  can be now readily done 

3.3. Attenuation coefficient estimation 
A s~mpl~fied representat~on of the Smoothed Pseudo W~gner V~lle Dlstr~l~utlon of the ~eflet-tecl c~gnal 1, IS d~splayed 
on figure 2 

tl-w tl+w t2-w t2+w * 
I t l 12 Time - .... Seabed reflection 

- 
First reflector 

Figure 2: Simplified representation of the reflected signal SPWD 

Note that, around t2, the spectrum of the signal will be composed of two contributions . the foriner (the vertical 
one) provided by the reflector, and the second one due to the presence of two oblique lines. These latter correspond 
to the two chirps, that were highlighted in previous section, and whose equations are given by 

where r = t - t l ,  or in others words, t l  time arrival of the seabed reflection, is the time origin. Equations ( 1 0 )  
and ( 1  1 )  become : 
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by substituting parameters with the~r  numerical values, corresponding to the EPSHOM subbotto~n profiler used, 
i.e T = 25 ms, fo = 4500 Hz, and A f = -2 kHz p = 2a$ = -2n x 80000 Note that for the subbottom profiler 
used, p =< 0. We are dealing therefore with a decreasing frequency modulation Hence, t,l~e frequencies affected 
by the previous reflection, can be estimated after r estimation. More precisely, not only two frequencies are 
disturbed, but two little frequency bands. Actually, in order to est~mate Al(  f )  and A 2 ( f ) ,  a Nw-point recta~lgular 
window centered on the envelope peaks, is used (Nw=2*w+l, see figure 2 ) .  So we have to compute : 

Afterwards, lnAz( f ) /Al(f )  is computed, but the least squares line calculalion takes now into acrount in a different 
manner the part of the frequency band which is affected by perturbatloll and the valid part. That means that we 
not longer consider In A2(f)/Al (f)  values for fc[f2;, f2;] U [f2;, f2;], when the least squares line 1s computed. 

4. Simulation results 
We test our method on synthetic data generated with the model proposed 111 sect1011 2. Four sediment types 
are considered, for the first layer : silt, fine sand, sand and gravel. For the second layer, rock is also proposed. 
Sediment and rock acoustical parameters used [6]  are presented in table 1 More precisely, parameters presented 
in this table, are central parameters of each type of sediment, and we usually consider an interval around this 
central value. For each class the first layer is fixed, until the second layer fluctuates as shown In table 2 

Table 1: Sediment acoustical parameters used for generating reflected signals 

Density ($/ern3) 
Celerity (m/s) 

Attenuation (dB/lambda) 

Table 2: Different subbotom types considered when testing estimation methods 

Silt 
1.5 

1520 
0.15 

Classel  

Classe2 

Classe3 

Classe4 

Both classical and improved Spectral Ratio Method are tested on these d~fferent aubbottom. F~ratly, the subbottom 
composition is fixed, and only the time ~nterval T between the two reflect~ons IS varied That means that attenuation 
coefficient is estimated for various first sediment layer thickness. Figure 3 displays an example of these graphs for 
each class. The display has been limited to a 0.2 error, because we cons~dered that extra error values were too 
large. It's readily seen that estimation error provided by the second method is smaller than that provided by the 
former one. In order to take into consideration the random fluctuation of layer thickness between successive shots, 
these graphs have been moving average filtered. 
Secondly, for fixed r value, the attenuation coefficient is computed for different sobbottoms. Results are presented 
on figure 4. The dotted curve stands for theoretical attenuation value, until the 30lid and the dashed plots represent 
the first and respectively the second attenuation estimation method. The four regions of these graphs correspond 
to four different theoretical attenuation values of the first subbottom layer For each of them, second layer features 

Fine Sand 
1.75 
1650 
0.20 

First layer 

Silt 

Fine sand 

Sand 

Gravel 

Second layer 
Fine sand 

Sand 
Gravel 
Rock 
Sand 

Gravel 
Rock 

Gravel 
Rock 
Rock 

Sand 
1.95 
1750 
0.8 

Gravel 
2 

2200 
0.5 

Rock 
2.6 

4000 



. . 
0 2  - 1"'" 

g 0.1 

g o o 5  

Oo o w2 o . m  o.ow o.ms o.ot 0.012 
Tau (ma1 

Figure 3: Estimation error (IPeStimated - Ptheoriticall), with the spectral ratio method (solid line) and with the 
proposed method(++). Each subplot stands for a class of subbottom type. 

have been varied to better match practical situations. In any case the proposed method leads an improvement 
of the attenuation estimation. In addition, the estimation is less sensitive to the second layer type, because in 
each region, the solid line decreases progressively with the second layer variation, until the dashed line is nearly 
horizontal. 

5.  Conclusions 
In the case of overlapping reflections, bad attenuation coefficient estimations are provided by the classical Spectral 
Ratio Method. To overcome this difficulty,a time-frequency analysis of the compressed chirp is developed , and 
it is proven that overlapping reflections produce disturbances only in limited frequency bands, whose positions 
depend on the traveled time between echoes. Hence, we have proposed to modify the estimation method, taking 
into account in a different manner the frequency bands that are affected by perturbation, and the valid ones. This 
approach was tested on synthetic data, and results were compared with those of the classical one The estimation 
is not yet valid in any case, nevertheless the error is appreciably reduced. We plan to extend this improvement on 
real data. Other time-frequency methods are also being considered in order to relieve the spectral estimations of 
the other echoes influence, by separating the two echoes before the matched filter processing. 
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Abstract 

The Ocean Mapping Group has developed a full suite of software tools for the real-time or near real-time display, 
editing, quality control, interpretation and visualization of multibeam sonar data. The combination of detailed 
bathymetry and sonar imagery provides quantitative depth information and a qualitative description of the .spatial 
distribution of seafloor materials and textures. While the qualitative picture of the distribution of se~rfloor rypes is a very 
useful tool for a number of applications, our research efforts are currently aimed at atte~npts to extract more quantitative 
seafloor property information from the sonar record. These efforts include the cmalj~sis of the chnracteristics of the 
vertically incident acoustic waveform as well as evaluation of the angular dependence of backscatter. To facilitate this 
research, several interactive 2 - 0  and 3 - 0  software tools have been developed that allow for the simultaneous exploration 
of sonar data in both geographic and multivariate space. The ultimate objective of this work is to provide a robust 
approach to the remote classification of seafloor type as well as the tools necessary to easilj~ implement and utilize this 
approach. 

1. Introduction 
Over the past few decades, revolutionary changes have taken place in our ability to map and visualize the ocean floor. 

These changes, brought about by the concurrent, rapid advancement of sonar technology, positioning and vessel 
orientation technology, computer hardware, data bases, signal processing and visualization techniques, are beginning to 
result in detailed depictions of large pieces of the seafloor that are, in many ways, analogous to airborne or satellite 
derived images of the earth's surface. Just as the first airborne and satellite images of the earth resulted in a quantum leap 
in our understanding of earth processes, the newly produced seafloor images have the potential to radically change our 
knowledge and understanding of submarine morphology and processes. Just as satellite remote sensing studies 
progressed from an emphasis on the accurate depiction of a scene to the quantitative extraction of thematic data from the 
scene, so too are sonar studies progressing from the presentation of bathymetry and imagery to the extraction of more 
quantitative seafloor property information. 

At the core of these new technologies is the development of multibeam sonar systems which insonify large swaths of 
the seafloor while producing high resolution (both lateral and vertical) bathymetry and seafloor imagery (from acoustic 
backscatter). When collected in slightly overlapping swaths, multibeam sonars can produce a sonar data set that 
represents near 100 percent acoustic coverage of the seafloor. The Ocean Mapping Group of the University of New 
Brunswick has been pursuing research and developing tools related to multibeam sonar mapping for the past five years, 
with much of our early work focused on the development of real-time and near-real-time processing tools designed to 
ensure that high-quality bathymetric and imagery data was being collected. 

The detailed bathymetry and imagery produced by multibeam sonars allow the experienced observer to derive a 
tremendous amount of information about the seafloor, but while the bathymetric data extracted from the multibeam 
system provides a quantitative depiction of geomorphological relationships (slopes, roughness scales, etc.), the sonar 
imagery (even if derived from the quantitative measurement of backscatter that some systems provide) has historically 
been interpreted in a qualitative sense. In an effort to turn these qualitative interpretations into quantitative data, the 
Ocean Mapping Group is also pursuing research and developing tools for the remote classification of seafloor material 
type. These efforts include the analysis of the characteristics of the vertically incident acoustic waveforms as well as 
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evaluation of the angular dependence of backscatter. To facilitate this research, several interactive 2-D and 3-D software 
tools have been developed that allow for the simultaneous exploration of sonar data in both geographic and multivariate 
space. The ultimate objective of this work is to incorporate robust approaches to remote seafloor classification into easy- 
to-use toolkits that will greatly facilitate the application of sophisticated classification techniques and the interpretation of 
the resulting data. 

2. 0. M. G. Multibeam Sonar Processing Tools: 
As with all acoustic systems operating in the ocean, multibeam sonar systems are plagued by serious problems 

caused by the environment (noise, motion, refraction, etc.). The initial efforts of the Ocean Mapping Group focused on 
the development of a series of software tools that would allow the hydrographer to edit and verify the massive amounts 
of data collected by multibeam systems in order to produce a "clean" data set suitable for incorporation into hydrographic 
charts. While hydrographers have tended to process their data on shore well after the data was collected, our goal in 
developing new tools was to be able to process and display the cleaned data on board the vessel collecting it, in as close to 
real-time as possible. What has evolved is a suite of software tools that work in real-time, near-real time and for post- 
survey analyses. 

2.1 Real-time tool: 
In order to derive a complete solution for the relative position of each sounding produced by a swath sonar, a 

multibeam sonar system must also include ancillary sensors for the precise determination of ship's position, ship's 
heading, vessel motion (heave, pitch and roll) and the sound speed profile in the water column. Most multibeam sonar 
manufacturers provide some means of integrating the data from these various sensors and then produce a "data telegram" 
with the information necessary to determine the position of each sounding (or imagery pixel). Our real-time tool strips 
out the essential features of these telegrams to produce a computer display that shows, in real-time, a color-coded 
bathymetric map (or imagery mosaic, if selected) of the survey as it progresses. The advantages of real-time display are 
manifest. Shipboard scientists are instantly provided feedback on data quality and coverage; decisions can be made in 
real-time as to changes in the survey and sampling programs. Any area on the real-time geographic display can be 
expanded and, with the click of a mouse button, targets or features on the display selected and interrogated for geographic 
position. In addition, if historical data exists (e.g. previous swathmap or other digital data or even raster scans of existing 
charts), these can be loaded into the tool and used as a backdrop upon which real-time navigation and plots can be 
overlain. Using these tools, a vessel can he instantly and unambiguously directed to a seafloor target for sampling, 
photography or instrument deployment. 

2.2 SWATHED: Gridding and Mosaicing: 
Upon completion of a survey line, the data from that line is loaded into our SWATHED toolkit which facilitates the 

interactive editing of the data on a swath by swath basis. User selectable, automatic filters remove obvious outliers from 
the data and then the operator interactively selects further points for editing. While this process is subjective (and thus 
done with great care and scrutiny by hydrographers who have legal obligations about the data included in [or excluded 
from] their charts), for the purposes of geologic research, it can be done with great speed, typically in much less than the 
time it took to collect the data. Additional tools can be applied at this point that can help resolve problems with sound 
speed corrections and provide detailed insight into the quality of the sonar data. The final result of this process is a 
cleaned, tide and refraction corrected data set that is now suitable for gridding and mosaicing. 

One of the greatest advantages of multibeam sonar data is that, if used properly, multibeam systems can provide near 
100 percent coverage of the seafloor (at a data density that depends on the system, water depth, vessel speed, ping rate, 
etc.) and thus obviate the need to extrapolate beyond, or interpolate between, sparse soundings. The price we pay for this 
coverage is massive data rates -- an EM1000 in 100 m of water produces about 28 Mbytes of data per hour, an EM3000 at 
the same depth about 80 Mbytes of datalhour and EM3000 in 5 m of water produces about 450 Mbyteslhour (including 
sidescan imagery). The advantage of this dense database is that it can be used to create accurate digital terrain models 
(DTM's) and imagery mosaics of the seafloor. With our software this process is done on board the ship and is completed 
not long after each line is edited. Thus by the end of a survey day, an up-to-date, edited DTM and imagery mosaic can be 
produced and displayed in a variety of forms. 

3. SEAFLOOR CLASSIFICATION TOOLS: 

3.1 Vertical Incidence Tools: 
In recent years a number of investigators have looked at various character~stics of normally incident echoes returned 

from the seafloor in an attempt to derive information on seafloor type [I]- [5]. Each of these studies uses particular 
aspects of the returned waveform or its multiple to derive information about the composition andlor texture of the 



seafloor. In an attempt to evaluate the relative merits of these techniques as well as provide a means to implement 
classification algorithms that we have developed, we have built a modular software toolkit that easily accommodates 
multiple approaches to seafloor classificat~on. Thls package (TracEd) IS bullt around a serles of very robust event p~ckers 
that can track and display the seafloor return (as well as other hor~zons above or below the seafloor) and then analyze a 
number of character~stlcs of the returned acoustlc waveform (e g., amplitude, rlse-tlme, spectral character~st~cs, returned 
pulse length, length of reverberation, separation between layers, etc ) that may be lndlcat~ve ot varlous seafloor 
characteristics. Once a useful classifier is selected, the tool w~l l  then plot the d~s t r~but~on  of thls feature (and a second 
feature if desired) in geographic space provldlng a derivative map that may well represent an enhanced and quantltatlve 
display of the distribution of a particular seafloor property or properties. 

3.1.1 Event Picking: 
As with any analysis of acoustlc data, one of the key elements is the abll~ty to robustly track events. For a glven 

digitized vertical lncldent waveform, TracEd uses a combination of both edge and threshold detect~on to determine the 
location of up to 10 events in a given waveform. For each event, the posltlon of the leadlng edge, the peak amplitude, and 
the trailing edge (tail length) are determined and stored (Fig. I). Once selected, the shape of the event 1s compared to the 
shape of all other events in the previous trace (through a correlation process) and the relatlve correlation coefficients are 
stored. 

In order to determine whlch of the events represents the seafloor, all events are compared to a user-selected 
acceptance wlndow. Once an ln~tlal bottom plck IS made, thls wlndow 1s ma~ntalned automatically by uslng the mean 
depth of a number of previous seafloor plcks and the incorporation of a "pred~ct~on wlndow" that takes Into account local 
slopes. Once the acceptance wlndow IS establ~shed, the algor~thm checks the correlat~on coeffic~ents of all events In the . 
acceptance wlndow wlth the prevlous seafloor plck and chooses that event w~th  the h~ghest correlat~on coeffic~ent as the 
candidate bottom plck. It also checks whether a multlple exlsts at the depth predicted by thls bottom plck and, ~f all 
crlterla are met, selects thls event as the current bottom plck. If no events meet these crlterla, the pred~cted value IS used 
and the acceptance wlndow crlterla are re-evaluated T h ~ s  approach has proven extremely robust wlth a bottom-detect 
failure rate of less than 2% In practtce. 

A similar ping-to-ping correlation process is done on the multiple return and for up to 8 other "horizons" either 
preceding or following the bottom return; for each of these horizons, the leading edge, peak amplitude, tail length and 
correlation coefficients (with other events) are stored. A scrolling, graphical display shows a grayscale acoustic profile 
with the horizon picks superimposed and color-coded; a window can also be set up to show the individual waveforms and 
the position of the picks made on them (Fig. 2). 

Fig. I .  Picks of leading cdge, peak amplitude 
and trailing edge on an ~ndividual "event" in a 
return. 'fracEd will make similar picks on thc ten 
largest events in each return. 

The separation of the acoustic returns into a series of discrete events and the storage of a dataset that serves to describe 
each event presents us with the opportunity to evaluate a number of approaches to seafloor classification through 
waveform characterization. For example, given the described digital characterization of waveforms we can easily 
implement modules that use previous established criteria (e.g., area under multiple vs. area under tail of primary [2] or 
time envelope approaches [4]). It also presents the opportunity to explore alternative approaches to classification and to 
design specific algorithms for specific tasks. An example of this is presented in Fig. 2 where we were seeking to identify 
the distribution of seaweed known to occur in patches within a well-studied intertidal survey aiea [6]. Several waveform 
criteria were identified to be characteristic of returns from seaweed: 1- the sudden appearance of a strong return preceding 
the identified bottom; 2- a rapid rise of the leading edge of this return and 3- a multiple return that is d ~ s ~ l a c e d  in peak 
amplitude from its predicted location. We can select any one (or combination) of these parameters and plot their 
geographic distribution as the survey progresses. The resulting display (Fig. 2) looks like a standard sidescan sonar 
mosaic but is, in reality, a derivative product that produces an enhanced view of the geographic distribution of a particular 
parameter (in this case representing the distribution of seaweed). 
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Fig. 2. Screen dump from TracEd. Upper window is continuous scrolling display of profiler data (in this case 
from a 210 kHz Navitronics sweep system collecting data in an intertidal area of St. John Harbor, New 
Brunswick). Horizon picks are displayed as color-coded dots beginning about one-third along the window. The 
two lower graphics windows can be set to display a range of parameters including individual waveforms with 
picks (as in Fig I), or various characteristics or statistics of the waveforms in a geographic context. The text 
window in the lower right reports the statistics and details of the currently processed trace. In this example, the 
separation between the leading edge of the trace and the peak amplitude is displayed as a gray-scale intensity plot 
in geographic space. The resulting plots (plotted here with large separation as dark in left window and light in 
right window) produce a clear and accurate portrayal of the distribution of seaweed in the area. 

3.2 Lassoo 
In many of the classification methods mentioned above classification "rules" are established either theoretically or 

from empirically derived relationships between waveform characteristics and observed seafloor properties. To facilitate 
this relational process we have developed another interactive graphical tool (LASSOO!) that allows us to interactively 
explore the relationships between variables in both multivariate and geographic space [7]. For example, if we have 
performed an analysis on our acoustic dataset to derive waveform characteristics (e.g. E l  and E2 as in [2]) or we have a 
series of physical property measurements made on ground truth samples in a survey area, we can plot these data in 
multivariate space (as a scatter plot) and graphically establish natural groupings (Fig. 3). These groupings are then 
instantly displayed in geographic space (e.g. select all points with high sand content and/or high organic carbon content 
-- Fig. 4). Inversely we can select regions in geographic space and see how the samples from these regions group in 
multivariate space. 



Fig. 3. Acausdc or physical properties of survey 
displayed in multivariate spw. In this wmple 
paramtern arr! El (ma unbr  tail of primary ~~) 
and E2 (area wdcr seafloor multiple) derived from 
RoxAnn survey system used over area of dredge spoil 
dump sites off Quebec, TracEd @lows the interactive 
redefinftion of classes in muli3varia space. 

Fig 4. Redisplky ~ a f  Elm2 values in geagmphic 
space. The r e d e W  defioitions of E1/E2 classes 
muIted in a much clearer indication d dumpsite 
deposits. 

Most importantly, LASSOO allows us to view any of these data sets superimposed on an image (e.g. backscatter 
data - Fig. 5) .  We can outline these targets with a mouse-driven cursor (i.e., "lassoo" the data), extract all data points 
within this area, analyze the statistical properties of the extracted data points and assign them to a "class". These classes 
can then be assigned to all other data showing these same characteristics in either geographic or multivariate space. 

3.2.1 Application of LASSOO to assessment of dredge-spoil dumpslies 
As part of a long-term study on the impact of ocean dumping on fisheries habitat, a series of dredge-spoil dumpsites 

off L'Anse-a-Beaufils, Quebec were surveyed with both a RoxAnn system and an EM-1000 multibeam sonar. We 
evaluated the ability of each system to: 1- identify individual dump sites and; 2- "date" the sites, i.e , discriminate 
between sites deposited in different years. Our ~nitial data analysis revealed that whlle the EM-1000 imagery data 
clearly identified the dumpsites (Fig. 5) the shipboard classification produced by the RoxAnn system was not able to 
identify the dumps and neither the EM1000 imagery nor the RoxAnn system could discriminate between two 
generations of dump sites (1992 and 1994). We were able to use LASSOO however to interactively redefine the 
RoxAnn E1/E2 classes and establish a classification scheme that could distinguish the dumpsites from the surrounding 
seafloor but still could not separate the different generations of dumpsites (Fig. 4). We further used LASSOO in a 
training mode by "lassooing" the different dumpsites and extracting the backscatter data from these regions (after 
correction for a range of instrumental and geometric artifacts [S]) A simple histogram of backscatter (expressed as 
pixel value) revealed that the 1992 and 1994 dumpsites showed discernible differences and most importantly, the 
sequential surveys of these sites (1994 and 1995) revealed a consistent shift in the backscatter histograms indicating a 
decrease with backscatter with time (Fig. 6). 

While a simple examination of the distribution of the mean backscatter values proved a viable mechanism to 
distinguish seafloor characteristics in this survey, it is important to note that the targets in this region were quite 
distinctive from the surrounding seafloor and that we needed a prrorr knowledge of the location of the different dumps 
to train the classification techtuque. Additionally, the "aging" issue lends itself to a general shift in mean backscatter 
as the dumped material is winnowed and smoothed by bottom currents (a conclusion supported by grain size analyses) 
[9]. The development of an absolute classification scheme, if at all attainable, will depend not only on the approaches 
described above but also on the development of more quantitative techniques to extract as much additional information 
as possible from the acoustic record. 
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Fig. 5. LASSOO in the training mode. Superposit~on 
of physical or acoustic property data on top of sidexan 
sonar imagery. Here RoxAnn data (ElIE2) is 
superimposed OR 95 kHz backscatter data from EM-IOOO 
multibeam sonar. The EM-1000 imagery clearly defines 
the dredge-dump sites (two areas in the central region) as 
well as regions of gravel, bedrock and background 
substrate. LASSOO allows these regions to be selecwl 
and assigned classes. 

Fig. 6 -- Comparison of histograms of mean 
backscatter values (expressed as pixel value) derived 
from EM- 1000 backscatter data and extracted with the 
LASSOO tool from the two areas outlined on left. The 
two regions represent two generations of dumps (1992 
and 1994) and were surveyed in two sequential years 
(1994 and 1995). Both the differences between the 
sites and a consistent shift (to lower backscatter) is 
clearly discernible. 

4. Multibeam Classification: 
Along with our development of tools for uslng vertical incidence acoustic data for seafloor class~fication, we are 

also taking advantage of the addit~onal information provided by the wide swath over which multibeam sonars insonify 
the seafloor. Both theoretical and field studies have established that acoustic backscatter from the seatloor should vary 
in a predictable (Lambertian) fashion as a function of the angle of incidence of sound on the seafloor [lo]. If all other 
factors were held constant, the shape of the backscatter versus angle of angle of incidence curve should vary as a 
function of seafloor type. Using this approach, we are developing techniques to minimize the instrumental and 
environmental artifacts in multibeam backscatter data and then to extract and d~splay (either in real-t~me or in post- 
processing) backscatter as a function of angle of Incidence across the swath. This approach is discussed in detail in [ l  11. 
Future studies will hopefully combine both our vertical incidence and multibeam approaches. 

5. Interactive 3-D Visualization: 
The tools described above provide the shipboard scientist with an accurate dep~ct~on of the 2-D bathymetry, an 

areal distribution of backscatter, and an ability to extract the geographic distribution of potentially more quantitative 
parameterizations of seafloor characteristics. The capabilities that lead to the production of these data represent 
tremendous advances in our ability to acquire and process seafloor acoustic data but the volume and complexity of the 
information represented by these data sets present fundamental challenges to us in terms of interaction, integration and 
interpretation. To help meet these challenges, we have chosen to take advantage of the ultimate signal processor (the 
human brain) and the rapidly advancing capabilities in computer hardware and have developed a 3-D visualization 
software package ("Fledermaus") that allows for the interactive exploration of very large data sets in a natural, intuitive 
yet quantitative fashion. Through artificial sun-illumination, shading, and 3-D rendering, Fledermaus presents digital 
bathymetric data (DTM) in the form of a natural looking and easily interpretable landscape. Color can be used to 
represent depth or other parameters (like backscatter) which can be draped over the DTM. The user can "fly" around 
the data and view it from all angles through the use of a 6-degree of freedom mouse ("bat") that transforms simple 
hand motions into a data exploration tool; with special LCD glasses, the scene can be seen in true stereo. Data entry is 
very simple and 3-D interaction can take place within a few minutes of the production of a DTM or sonar mosaic. Thus 
if these products are produced on board the vessel, 3-D interaction can be used for quality control and mission planning. 
This mode of exploration allows complex interrelationships between bathymetry, morphology , backscatter and other 
parameters to be easily discerned. 



While interactive 3-D data exploration greatly aids in interpreting complex spatial data sets, Fledermaus also 
preserves all the quantitative aspects of digital data in that the displayed datasets are fully georeferenced and 
interrogatable in 3-D for position, depth, and other attributes (Fig. 7 imagery draped over 3-D bathymetry, has proven to 
be extremely useful to those interested in planning submarine cable or pipeline routes (Fig. 8). Multiple, georeferenced 
layers can easily be added to a scene as well as other objects like subsurface seismic lines, borehole data or high- 
resolution sidescan data. When applied to sediment classification studies, 3-D visualization allows one to gain an instant 
understanding of the complex relationships between seafloor morphology and a range of parameters that can be 
extracted from the acoustic data (e.g., components of the angular response of backscatter as discussed in [ I l l ,  Fig. 9). 

Fig 7. Single frame from interactive flight through 
EM-1000 multibeam bathymetry collected over 150 m 
long wreck of freighter British Freedom outside of 
Halifax Harbor demonstrating ability to pick, make 
measurements, and interrogate points in 3-D -- picked 
points are marked wlth cross-hairs. Attributes of latest 
point are displayed in lower left of screen and can be 
saved to file for later reference. 

Fig. 9. 3-D visualization of 
two of the twelve parameters 
extracted by Hughes Clarke [ l l ]  
from the angular response of 
backscatter data from a 30 x 27 km 
area of Stellwagen Bank National 
Marine Sanctuary. Each is draped 
over bathymetry and displayed (in 
original) with color coding. Lower 
figure (A) represents slope of 
segment of backscatter curve 
between 75 and 30 degrees grazing 
; upper figure (B) represents mean 
backscatter between 50 and 40 deg 
grazing. Parameterization of the 
backscatter curve may provide 
important insight into the 
distribution of seafloor properties; 
visualization in this mode shows 
the direct relationship between 
these parameters and the seafloor 
morphology. See [ I l l  for details of 
analysis. 

Fig. 8. 2-D component of pipeline and cable-route planning 
tool. Multibeam sonar imagery is draped over bathymetry 
providing simultaneous depth and seafloor property information 
for route planner -- prospective routes can be interactively 
explored with cross-sections, gradients and segment lengths 
displayed. The example above is from an application where 
real-time navigational information allowed the progress of the 
cable laying vessel and the plow (cross hairs) to be monitored 
within the context of previously collected multibeam sonar data. 
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6. Conclusions 
Concomitant advances in sonar technology and theory are providing us with the raw information necessary to address 

the critical questions of acoustic seafloor classification. With a knowledge that the most likely path to successful seafloor 
classification will involve the simultaneous application of multiple techniques, the UNB Ocean Mapping Group has 
developed a series of interactive software tools that are designed to assure the quality of the collected data and allow the 
user to integrate a range of approaches utilizing both vertically incident and angularly varying sonars. Our tools permit 
the exploration of acoustic datasets in both multivariate and geographic space and, most importantly, allow complex 
derivative datasets to be interactively explored in a 3-D environment. The ability to view the spatial relationships of 
various parameters with respect to seafloor topography, while taking advantage of our innate ability to see and understand 
complex data relationships in 3-D, is proving to be a very powerful interpretation and analysis tool whose limits have just 
begun to be explored. 
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Acoustic Characterization of Submerged Aquatic Vegetation 

Elena McCarthy 
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Abstract 

The acoustic characteristics of submerged aquatic vegetation (SAV) were investigated in order to enhance 
the performance of mine-hunting and weapon sonars in littoral reglons. The specres of seagrass initially 
studied was Zostera marina. Laboratory measurements of target strength and backscatter were made under 
controlled conditions in an acoustic tank. Experimental target strength measurements compared well to the 
theoretical value. Target strength for an individual blade of Zostera was measured to be approximately -21 dB 
from 300-700 kHz. No frequency dependence was found in this range. Beam patterns for rndividual specimens 
were also generated and displayed a strong dependence on blade orrentatron. In-situ measurements were 
carried out in the shallow water eelgrass beds of Narragansett Bay wrth both side-scan and szngle beam sonars. 
These experiments clearly illustrated the backscatter and potential masking effects of submerged aquatic 
vegetation in the 100-400 kHz frequency range. This experimental data will ald in the verification of 
theoretical models and in the development of methods to enhance the performance of mine-hunting and weapons 
sonars. The data will also supply environmental input to range-dependent sonar models and enhance tactical 
and environmental databases. Another application of this research zncludes remote sensing of seagrass beds to 
monitor pollution and aid in species distribution and density studies. 

1. Introduction 
The US Navy's emphasis on shallow water research dictates the need for improved range dependent sonar models 

and a better understanding of bottom interactions. This project was initiated after naval operations in littoral regions 
indicated that acoustics were often ineffective in finding mines in part due to extensive seagrass beds [ I ] .  Seagrass is 
known to adversely affect the Navy's ability to detect mines, thus compromising shallow water mine 
countermeasures. Backscatter from seaweeds and seagrasses creates interference with sonars and could mask the 
presence of a mine during mine-hunting. Some foreign mines are designed specifically to exploit this backscatter 
effect. 

In Tarut Bay, in the Arabian Sea, a survey of fifty locations yielded an estimate of 66% grass cover for the entire 
bay; i.e. 175 sq. km of seagrass coverage [2]. In the Gulf of Oman, Sargassum aquifolium , a seaweed, may grow to 
a length of about 1.50 meters and produce dense masses of plants. The leaves contain hundreds of tiny air sacs (radii 
from 0.02 to 0.17 cm.) and act as  effective sound scatterers; their air sacs are resonant at frequencies of 5 to 20 kHz 
at pressures of 2 to 5 atmospheres [3]. This may have a significant effect on many mine-hunting systems. In 
addition to physically creating interference with mine burial during placement, algal fouling can create problems for 
mines which have been deployed for some time (weeks to months) as it can plug arid interfere with the acoustic 
detonator. This can damp out signals and make the mines ineffective against targets 141. 

1.1 Previous Work 
There is no published literature on the physics of wave scattering by submersed vegetation. Overwhelmingly the 

literature consists of papers which investigate acoustics of marine mammals, plankton or fishes. An informal study 
was carried out by the Army Corps of Engineers which used acoustics to determine the presence of "nuisance 
species" in estuaries [5]. More recently a Russian effort attempted to develop physical models for estimation of 
scattering [6]. 
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1.2 Approach 
The Naval Undersea Warfare Center Dlvls~on, Newport, RI (NAVUNSEAWARCENDIV NEWPORT) recelved 

fund~ng In F~sca l  Year 1996 from the Deputy Assistant Secretary of the Navy (Environment and Safety) to lnltlate a 
prellm~nary lnvest~gatlon of the acoustlc characteristics of submerged aquatlc vegetatlon for env~ronmental 
mon~toring a p p l ~ c a t ~ o n s  The vegetatlon lnlt~ally lnvest~gated was Zostera marlnu, a well-documented seagrass 
w h ~ c h  was chosen because ~t 1s w~dely  studled and abundant In the local waters of Narragansett Bay. Commonly 
called eelgrass, ~t 1s broadly d~s t r~buted  In both the northern P a c ~ f ~ c  and Atlant~c Oceans It extends from the 
lntert~dal zone to the subt~dal ,  often In extensive meadows In clear waters ~t can be found In water depths as great as 
30  m. [7]. 

The shallow water eelgrass beds of Narragansett Bay, Rhode Island created an ideal testbed to gather experimental 
data. This allowed for the development of a methodology which could later be applied to other areas of strategic 
importance such as the Persian Gulf and the Adriatic Sea. The experience ga~ned  from studying eelgrass can be 
carried over to other types of submerged aquatic vegetation such as kelp and Sargassum which will likely have even 
more pronounced acoustic signatures. 

1.3 Physiology of Zostera marina 
The plant is composed of a rhizome 2-5 mm wide with numerous roots and a leaf at each node. The leaf blade is 

up to 2 m. long and 1.5-12 mm wide [7]. Gas pockets or tubes called lacunae run the length of the plant. These 
lacunae are shown in Fig. 1. Any backscatter created by the plant IS prlmarlly a volume-scattering phenomena l~ke ly  
caused by these gas-filled lacunae. 

Fig. 1. Lateral cross-section of Zostera lacunae. The lacunae run the entire length of each blade. 

2. Experimental Approach 
It was proposed to carry out acoust~c measurements In controlled condlt~ons In the laboratory to determlne the 

fundamental acoustlc character~st~cs of eelgrass These experiments were carr~ed out on a s ~ n g l e  speclmen of grass In 
order to lnvestlgate frequency response and determlne resonance Aggregate testlng was then car r~ed  out In large 
tanks of eelgrass (mesocosms) w h ~ c h  prov~ded testlng of the grass as ~t I S  tound ~n-sltu but pt~ll under controlled 
c o n d ~ t ~ o n s  The f ~ n a l  component of experlmentatlon lnvolved f ~ e l d  testlng In Narragansett Bay uslng varlous sonars 
In exlstlng eelgrass beds and ground-truth referenc~ng by a d ~ v e  team 

2.1 Tank Testing 
Monostatic target strength measurements were made in controlled conditions in the acoustic tank at the Naval 

Undersea Warfare Center in Newport. An individual blade of healthy Zosrera approximately 30 cm in length was 
suspended in the acoustic tank which measures 20 meters long by 13 meters wide by 12 meters deep. The location of 
the grass within the tank was accurately measured. Due to the specimen size and the high frequencies being used, the 



majority of the experiments were carried out in the near field. The reflected sound from the grass was measured and 
recorded at a range of frequencies from 300-750 kHz. The grass was then removed and a 20 cm. radius, solid 
aluminum sphere of known target strength was then positioned in the tank in the same location and its backscatter was 
measured. The target strength of the eelgrass could then be determined. This was carried out at a range of frequencies 
in an attempt to determine frequency dependence. Little frequency dependence was found in the range of 300-750 
kHz. The average target strength over this range was measured to be -21 dB. This figure compares well with fish of 
the same size; the size of the eelgrass lacunae can be compared with the similarly-sized swim bladders of these fish. 
The ensemble of cylindrical-shaped gas-filled lacunae are the dominant scatterer and the overall target strength level 
in the 300-750 kHz frequency range is consistent with scattering by a similar number of air-filled cylinders of the 
same dimensions. Fig. 2 shows the target strength of the eelgrass as a function of frequency. 
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Fig. 2. Target strength of eelgrass blade as a function of frequency. These values are calculated from a 2 
cycle sample FFT for rms value. 

Beam pattern at a fixed frequency was also plotted during these tank tests to investigate the backscatter intensity 
from various angles of incidence. The blade of grass was rotated in 0.5 degree increments over a 12 hour period to 
cover 200 degrees. There was a strong return when the blade was insonified on its main axis (broadside) and a sharp 
drop-off beyond this angle. The results are shown in Fig. 3 

Fig. 3. Beam pattern of eelgrass blade at 400 kHz. Each division on the polar plot represents 5 dB. 
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2.2 Mesocosm Testing 
Mesocosm testing allowed for examination of grass behavior in beds as it is found in-situ. The experiments were 

carried out in the University of Rhode Island mesocosm tanks which are designed to grow communities of eelgrass 
for biological and ecological experiments. These tanks measure approximately 1.5m square by 1.2 meters deep and 
contain approximately 15 cm of sediment. The bottom of each tank is densely covered rn Zostera (Fig. 4). 
Monostatic measurements were made in increments of 50  kHz from 200-750 kHz. The backscatter measured was 
significant. As demonstrated earlier in the acoustic tank tests, backscatter was again pronounced throughout the 
frequency range but no clear frequency dependence was found. 

Fig. 4. Mesocosm tanks at the University of Rhode Island. 

2.3 In-situ Testing 
During August 1996 a brief field study was conducted in the East Passage of Narragansett Bay in an area with 

well-established beds of eelgrass. Several types of hydroacoustic measurement equipment and sampling procedures 
were deployed from a shallow-draft, coastal vessel. A team of Navy divers made visual inspections, took underwater 
video imagery, and collected eelgrass samples at ground truth locations. 

2 3 1 Ground truth samplzng 
Four locations of varylng dens~ties of eelgrass were selected based on a prellmlnary survey wrth the single 

beam sonar The vessel was anchored above the selected location and statronary depth sounder measurements were 
collected An anchor and buoy marked the rnsonrfied area and a d ~ v e  team then placed a 0 25 square meter quadrat 
on the bottom in the marked area and measured the rn-sltu he~ght  of eelgrass and then removed all vegetation w~thin 
the quadrate at  the base of the plants The area and sampl~ng operation were frlmed by a d ~ v e r  wrth an underwater 
video camera and sedlment samples were also taken Eelgrass samples were Iced and stored In darkness until 
laboratory measurements were performed the next day Laboratory measurements rncluded blade count, blade length, 
wrdth and thickness, and wet and dry we~ghts. Sample means for blade densrty ranged from 500-1200 blades per 
square meter with the average blade length ranglng from 30 to 70  cm Sedrment samples rndrcated a sand bottom 
composed prrmarily of fine sand (54.3 %) In thls area. 

2.3.2 Single beam sonar 
A single beam 420 kHz, 6 degree beam width sonar (Biosonics, Inc., Seattle, Wash~ngton) was integrated with a 

differential GPS to yield a digrtized file of amplitudes as a function of latitude and longitude. Figure 5 illustrates the 
return from the eelgrass in a bed at a depth of approximately four meters. The eelgrass can be clearly seen growing 
up from the steep slope in the 2-4 meter water depth. 



Fig. 5. Bottom return and eelgrass bed off Rose Island, Narragansett Bay, Rhode Island. 

2.3.3 Side-scan sonar 
An EG&G 272TD dual frequency side scan sonar was used to map known eelgrass beds in Narragansett Bay. 

The tow fish was deployed from a small shallow draft coastal vessel and operated at 100 kHz. Figure 6 illustrates an 
image from the starboard channel of the sonar. The bottom appears quite hard and well defined in the deeper water. 
Rocks and distinct features can be seen here. The grass bed begins to show in the 4 meter water depth. At this 
point, the sonar image is quite fuzzy and the grass can be seen growing up from the bottom. If a mine were located 
in this area, it would be acoustically masked and likely not detected by sonar. In addition to diver observations, 
underwater video confirmed the presence and boundary of the eelgrass bed just as shown in the sonar images. 

Fig. 6. The starboard trace from a side-scan sonar showing the boundary of an eelgrass bed and the 
backscatter it creates. 
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3. Model development 
Presently no model exists which explains the acoustic behavior of submerged aquatic vegetation. This is the first 

effort to gather experimental data in support of model development. Based on the data from these experimental 
measurements and the fundamental physical acoustics, a model is under development for a single blade of Zostera 
marina. Due to the large volume of gas in the grass, the blade can be modeled as a small air-backed structure. The 
model will be parameterized by frequency, water depth, blade size, and orientation. An aggregate model which 
combines the effects of the many blades which are found in a bed of eelgrass can then be develop 

4. Future Work 
Future research would support model development and allow for field testing with mine-like objects. Additional 

efforts are also required to measure target strength and backscatter from seagrasses at lower frequencies (20 - 200 
kHz). The development of new signal processing techniques and waveforn~s may be required to specifically exploit 
the unique characteristics of seagrasses which in turn would help distinguish mine returns from seagrass acoustic 
effects. Finally, in-situ experiments should be carried out with operational mine-hunting sonars to further quantify 
the effect of the seagrass on actual fleet hardware. 

5. Dual Use Applications 
Eelgrass meadows are critical to the health of their ecosystem; they provide sanctuaries for many fish, reduce 

shoreline erosion by slowing currents, clean the water by filtering nutrients and particles, and provide food for 
crabs, ducks, and other marine life. Eelgrass beds are six times more productive than any other bottom cover. 
Other applications of this research include tracking seagrasses acoustically to monitor pollution and help 
biologists carry out distribution and density studies. Discussions with the Environmental Protection Agency 
(EPA), National Oceanic and Atmospheric Administration (NOAA), National Marine Fisheries (NMFS), and 
Army Corps of Engineers (among others) indicate that a reliable, cost-effective method for monitoring and 
locating eelgrass beds in regions of turbid water (i.e. Boston Harbor) is required. Conventional methods 
involving aerial photography can be difficult and expensive if water clarity is not sufficient. Physical techniques 
for detection and characterization are labor and cost intensive and provide little insight into spatial distribution. 

This eelgrass acoustics study has been identified as a Coastal America Program which integrates the 
capabilities of existing resources with those of federal, state and local agencies and non-governmental concerns. 
It is expected that the same technology that the Navy develops to eliminate the "noise" from seagrass during 
mine-hunting operations will be used to locate and track seagrass for environmental projects such as the National 
Estuary Project. 

6. Conclusions 
Results from initial laboratory and in-situ testing have indicated that seagrass may adversely affect the Navy's 

ability to detect mines by creating backscatter or acoustic interference with mine-hunting sonars. A more thorough 
understanding of the acoustic properties of seaweeds and seagrasses is therefore essential for optimal performance of 
mine-hunting sonars in littoral regions. 

Research to date has provided for experiments with side-scan sonar and conventional single beam sonars which 
have clearly shown the backscatter effects of submerged aquatic vegetation in the 100 - 700 kHz frequency range. 
No frequency dependence was found from 200-700 kHz although backscatter is significant in this region. The target 
strength measured approximately -21 dB. The acoustic response of a single specimen of grass was found to be 
largely dependent on orientation. 

It is hoped that these measurements will aid in the development of methods to enhance the performance of 
mine-hunting and weapon sonars. The data should also supply important environmental input to range- 
dependent sonar models and enhance tactical and environmental databases. 

Acknowledgments 
The author would like to thank Robert Tompkins, Dr. Bruce Sandman, Dr. Tom Wettergren, Jason Gomez 

and Walt Boober from the Naval Undersea Warfare Center in Newport, Rhode Island. She would also like to 
thank Steve Granger, Sue Sherwood Dr. James Miller and Blaine Kopp from the University of Rhode Island, 
Ken Rocha from the Environmental Protection Agency in Narragansett, RI  and Bruce Sabol from the Army 
Corps of Engineers, Waterways Experimental Station, Vicksburg, MS. 



References 
[ I ]  R. Alberte, Office of Naval Research, e-mail from R. Alberte to E. McCarthy, 6 June 1995. 
[2] Basson et al, B i o t o ~ e s  of the Western Arabian Gulf., Dhahran, Saudi Arabia, Aramco Dept. of Loss 

Prevention and Environmental Affairs, 1977. 
[3] Naval Research Laboratory, Report NRLlAEl7 170-93-0001, May 1994. 
[4] R. Alberte, Office of Naval Research, e-mail from R. Alberte to E. McCarthy, 11 Oct. 1995 
[5] B. Sabol. and R.E. Melton, "Development of an automated system for detection and mapping of submersed 

aquatic vegetation with hydroacoustic and global positioning system technologies, Report I: The submersed 
aquatic vegetation early warning system (SAVEWS)-System description and user's guide (Version 1.0)." 
Joint Agency Guntersville Project Aquatic Plant Management, 1995. 

[61 E. Shenderov., Research and Development Institute, "Morfizpribor", St. Petersburg, Russia, unpublished 
[7] R. Phillips and E. Menez, Seagrasses, Washington, D.C., Smithsonian Institution Press, pp. 30-33 1988. 



370 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 



Terrain Mapping With Forward Looking Sonar on Unmanned 
Underwater Vehicles 

Michael R. Medeiros and Robert N. Carpenter 
Naval Undersea Warfare Center 
1176 Howell Street 
Newport, Rhode Island 02841-1708, USA 
medeirosmr@tech.npt.nuwc.navy.mil carpenterrn@tech.npt.nuwc.navy.mil 

Abstract 

In the future, successful reconnaissance operations conducted in shallow water with Autonomous Underwater 
Vehicles will rely heavily on a high performance, high resolution, forward look sonar coupled with terrain 
mapping algorithms for object detectton, localization and classcfication, sea bottom mapping and feature 
extraction. This paper describes in detail a terrain mapping algorithm based on an advanced forward look 
sonar design. The development is illustrated with in-water results. 

1. Introduction 
In the future, successful reconnaissance operations conducted in shallow water with Autonomous Underwater 
Vehicles (AUVs) will rely heavily on a high performance, high resolution, forward looking sonar (FLS). These 
mission functions include object detection, localization and classification (DLC), sea bottom mapping and 
feature extraction for navigation guidance and control (NG&C) and obstacle avoidance. For several years, the 
U.S. Navy's Advanced Systems 62. Technology Office (ASTO) and Office of Naval Research (ONR) have 
sponsored the development of NUWC's high resolution array (HRA). The HRA is a planar array designed for 
operation in a 21-inch diameter vehicle. Its current design consists of half-wavelength elements of 1-3 composite 
material configured in a 20 wavelength circular aperture. Recently, NUWC has embarked on the development of 
algorithms that rely on the wide transmit coverage and narrow receive beams of the HRA to provide images of 
seabed topography, objects on the bottom and objects in the volume. This paper focuses on two aspects of this 
effort: a terrain mapping algorithm and the small object localization performance of the HRA. The paper is 
organized as follows. First, a brief system description of the HRA will be given. Next, the terrain mapping 
algorithm will be discussed in detail and will include processed results from in-water data collected with the 
HRA. Finally, theoretical bounds on the variance of target angle estimates made with the HRA will be reviewed 
and compared with in-water results. 

2. HRA Overview 
The HRA is a forward looking planar array designed for operation in a 21-inch diameter vehicle. It has evolved 
from a prototype 40x40 receive-only array constructed from polyvinylidene fluoride (PVDF) [ I ]  to its current 
design consisting of 1272 half-wavelength elements of 1-3 composite material (PZT-5H) configured in a 20 
wavelength circular aperture (design frequency of 87 kHz) [2]. A subset of the elements consisting of two rows 
of 32 elements each are chosen to provide single ping transmit coverage of approximately 80 degrees in azimuth 
by 40  degrees in elevation with a source level of 210 dB. Wide angle azimuthal transmit coverage is achieved 
by means of element phase shading. Receive beams are formed from a subset of 5 11 of the remaining 1208 
elements. These elements were chosen and fixed during the design process to yield the lowest peak sidelobe 
level (A 20 dB down from the peak mainlobe level) while constraining the mainlobe to be approximately three 
degrees wide for beams steered over the transmit coverage region [3]. 
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3. Terrain mapping algorithm 
The terrain mapping algorithm is designed to provide single ping, wide swath seabed topographic data from 
FLS's. In this section, a detailed description of the functional flow of the algorithm is presented. In order to 
best illustrate the various steps of the algorithm, a series of intermediate results based on a set of in-water test 
data collected with the HRA will be presented. 

3.1 Test d a t a  description 
The HRA was deployed at a 9 meter depth in 21 meters of water (nominally). The array was mounted on a 
panning mechanism at the end of an elevator of the Gould Island Test Facility, located in Narragansett Bay, 
Rhode Island. A sidescan sonar map of the area is shown in Figure 1. The test area is characterized as a nearly 
flat, silt bottom bowl, with a seven meter high, curved rim to the south and east of the facility. The rim is 
clearly evident along the bottom and right-hand sides of the sidescan image. The elevator with the panning 
mechanism and the array are located at the northeast corner of the pier complex seen near the lower left-hand 
corner of the figure. The origin of the coordinate system is centered on the array. The array was mechanically 
panned so that its t 4 0 "  transmit beam was directed towards the rim and a 10 mS, 3000 Hz linear stepped FM 
waveform was transmitted. The mapping coverage is depicted as the solid white lines emanating from the 
elevator. To  better illustrate the terrain mapaing algorithm, detailed results will be presented along a single scan 
line, indicated by the dashed line in Figure 1, as well as the entire single-ping map subtended by the solid lines. 

--- 
RANGE EAST (METERS) 

Figure 1: Sidescan sonar image of the Gould Island test area. 

3.2 Algorithm functional description 
The functional flow diagram is shown in Figure 2. Each numbered functional block will be detailed separately 
and example results presented where appropriate. 



Figure 2: Software functional block diagram. 

1. Read Data Sample: A single, complex-valued data sample is retr~eved from each receive element. All system 
gains are removed so that incoming data values represent pressure at the face of the array (re I pPa). 
2. Matched Filter: A complex-valued, unity norm, basebanded digital replica of the transmit waveform is used. 
3. Shade: Two-dimensional Chebyshev weights are applied to the data 
4. Horizontal Steer: Complex phase delays are applied to each element (5 11 elements) to steer the array to a 
given azimuth. The elements in each row are then summed to form horizontal staves. 
5.  Vertical Beamform: 256 vertical beams are formed via FFT and beam powers are computed. Figure 3 
depicts an example vertical beamscan, steered horizontally to the dashed line in Figure 1. The sonar array is 
located at 0 meters range and 0" vertical angle. Positive valued vertlcal angles are down. The echo from the 
bottom is clearly seen starting roughly 45" below the sonar. A small bump 1s ev~dent  in thls bottom echo trace at 
a range of 120 meters from the sonar. This bump is due to a portion of the rlm at the test slte. Note that Figure 
3 shows the vertical beam powers for an entlre plng receive cycle (many consecutive time samples), and that the 
method presented here operates systolically (one sample at a time), the entire beamscan is presented for clarity. 
This conve'ntion will be used in other illustrations. 
6. Find Detections: For each time slice, the average beam power across the 256 vertical beams is computed. 
Detections are defined as those beams with power exceeding the average by 6 dB. Figure 4 shows those beams 
from the vertical scan that exceed the threshold. Next, In order to determ~ne target directions, detection peaks 
are found from beams whose power is larger than that of thelr ~ m m e d ~ a t e  neighbors. F ~ g u r e  5 ~llustrates 
detection peak localization at a range of 120 meters from the sonar. The rim (at +5O) and a reflection of the 
bottom off of the surface (at -10') are the sources of the two detection peaks shown In the figure. 
7. Refine Detections: The raw detection peak powers are refined by fitting, via least squares, a parabola to the 
peak and the two values on either side of the peak. 
8. Store Detections: The refined angles are accumulated into 512 equal angular vert~cal bins (spanning *9O0). 
Only the maximum power response is maintained in each angular bin, together w ~ t h  its corresponding refined 
angle and sample number. Steps 1 through 8 are repeated until all rece~ved data samples from a sonar transmit 
cycle have been stored into the 512 equal angular vertical bins, this concludes systolic operation. Figure 6 
depicts the stored refined bottom detection angles versus range, overlaid on top of the set of detections from 
Figure 4. The bottom profile is cluttered with outliers caused by nolse (volume reverberat~on and sidelobe 
returns). The post-systolic filtering performed in steps 9 through 13 reject clutter from the raw bottom profile. 
9. Reject Noise: A nine sample moving average filter is run along the stored power estimates, starting from the 
maximum stored downward angle and proceeding to the minimum stored angle. If the power of the point under 
inspection is more than 10 dB lower than the mean power, the point is considered noise and rejected from the 
profile. Figure 7 illustrates the bottom profile after noise rejection. 
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Figure 3: Example vertical beamscan. 

10. Convert to Cartesian: The stored, noise rejected, bottom profile is converted from vertical angle versus 
sample number to depth versus horizontal range, and the overall slope of the bottom profile is determined (via a 
linear fit) for later use in slope rejection. Two methods have been employed to perform this conversion. One is 
based on straight-line propagation and one is based on ray theory. The sound speed profile at the test site was 
nearly isovelocity; therefore, the straight-line propagation conversion method was used. Figure 9 displays the 
bottom profile after conversion to depth below the sonar versus horizontal range. 
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11. Reject Spikes: The converted bottom profile presented in Figure 9 shows a nearly flat bottom 12 meters 
below the sonar. Clearly seen is a portion of the rim 120 meters away from the sonar. This profile is 
contaminated by single sample spikes due to volume reverberation (spikes point toward. the sonar) and sidelobe 
noise (spikes point away from the sonar). Noise spikes are especially prevalent in the area close to, and almost 
directly under, the sonar, where the transmit beam is weak. Spike removal is accomplished by running a six 
sample comparative filter (three samples before and after the point under inspection) along the profile displayed 
in Figure 9. If the horizontal range to the point under inspection is greater than, or less than that of its six 
immediate neighbors, the point is rejected as a spike. Figure 10 shows the example bottom profile after spike 
removal. 
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Figure 4: Example detections 
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Figure 5: Example determination of detection peaks. 
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Figure 6: Example stored bottom profile at the conclusion of systolic operation. 
12. Reject Slope: The point-to-point slope is computed between each pair of points in the bottom profile. If the 
slope differs from the overall slope (step 10) by more than 60°, the rejection flag is set. If the slope differs from 
the overall slope by more than 30°, the profile is examined for an upward or downward trend. If a directional 
trend exists, points are allowed to pass (up to the 60' point-to-point slope limit), otherwise, the rejection flag is 
set. If the rejection flag has been set, the current depth point and the previous 9 depth points are averaged, and 
the point furthest from the mean is rejected from the profile. The example bottom profile after slope rejection is 
presented in Figure 11. 
13. Smooth: A three sample moving average filter smoothes the bottom profile (Figure 12). This concludes the 
processing of one azimuth. 
14. Change Azimuth: The azimuthal steering angle is incremented, and steps I through 13 are repeated until all 
desired azimuth angles are processed. The HRA has a &40° horizontal transmit beam, and a 3" wide receive 
beam. Processing azimuth angles from -40" to +40° in 2" increments covers the transmit angular swath with 
adequate spacing to minimize scalloping loss. An entire single ping, forward-looking terrain map is presented in 
Figure 13 in which a large section of the test area rim is clearly seen. The corresponding echo level (previously 
referred to as beam power) map is shown in Figure 14. Note the rise in backscatter levels due to the face of the 
rim, and the fall in backscatter levels as the range from the sonar increases. This drop in echo level versus range 
is expected and is caused by transmission loss and decreasing grazing angle versus range from the sonar 
(assuming a flat bottom). Details on multiple ping map construction can be found in (41. 
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Figure 7: Example bottom profile after noise rejection 
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Figure 9: Example bottom profile converted to rectangular coordinates 

Figure 10: Example bottom profile after spike removal. 
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Figure 11:  Example bottom profile after slope rejection. 

Figure 12: Example bottom profile after smoothing. 

150 ! ; + ;  ; 

Gi 
C 
!i 
I 
,- : 

.rm-i ...........; .........,, : ,,,........ . . . . . . . . , .  . . . . . . . :  ........: ....... -. 
-50 0 50 1W 150 2W 250 3W 

RANGE EAST (METERS) 

Figure 13: Example single ping bathymetric map. 
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Figure 14. Example single ping echo level map. 

4. HRA angle estimation accuracy 
In addition to terrain mapping, the HRA is ideally suited for detecting and localizing small objects. The 

theoretical detection performance of the HRA can be found in [5] and a detailed development of the theoretical 
bounds on target position can be found in [6]. In this section, a brief review of those bounds will be given and 
compared with in-water results taken against small spherical targets. The geometry of interest is shown in 
Figure 15 where the array is located in the x-y plane and the point target of interest is located at x,,y,,z, 
( r . 8 , ~ ) .  Given the return from an arbitrary transmit signal s(n),n=O,l;..,N-1 (baseband samples), the 
Cramer-Rao bound on the variance of any unbiased estimator of 9 can be calculated as follows (note that for 
values of iy = 0 or n, 0 represents azimuth angle). Let SNR, denote the array output signal-to-noise-ratio due 
to the point target. Define the mean square bandwidth of the signal as 

yU:ls(k 1' 
MSB = '-" 

y l s ( k l 2  )=o ' 

2lrkB 
where S(k) is the k'"FT coefficient of basebanded signal and w, = - , with B the bandwidth of the 

N 
waveform. Also, define the mean square aperture function of the array as 

where xm is the x value of the m"' element in the array (the array is assumed to have mirror symmetry about the 
x and y axes), A(m) is the amplitude of the mf"eelment and c is the speed of sound. The Cramer-Rao bound 
for any unbiased estimator 6 of 9 is 

var(B )̂> (~SNR,MSA(O; + MSB)~OS~ 

where w, is a measure of the center frequency of the signal. 
A set of 48  measurements were taken with the HRA using a 10 mS, 6000 Hz linear stepped FM waveform in 

the Gould Island test area against an air-filled steel sphere target located at approximately r = 1 10 m, 9 = 5" 
and iy= 0". The data were processed as follows to estimate the value of 8 .  A set of vertical staves were formed 
from the unweighted element level data and phase-shift beamforming was implemented via an FFT to form 128 
beam outputs steered in azimuth. The peak beam output from the target was compared to the data immediately 
before and after the target to determine SNRA. The average value over the 48 data sets was 22 dB. The peak 
beam output of the target return also provides a coarse estimate of 0 .  A refined estimate is derived by least 
squares fitting a parabola to the peak and three values on either side of the peak. The mean and standard 
deviation of the refined angle estimates were calculated to be 5.12 " and 0.14" respect~vely Figure 16 shows a 
comparison of the standard deviation of the estimates with the bound derived in (3). The ~n-water result matches 
fairly well with the theoretical result. 



Figure 15: Geometry 
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Figure 16: Comparison of theoretical angle estimate bound and in-water result 
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Abstract 
The presence of mzcmbubbles can have a szgnzficar~t effect otr so1111d crttr ~rootlorr I <  fro[ trorr r11rln rslon ro~d  phase 
Juctuatzons dunng hzgh frequency propagatlo12 111 constcil I O ~ ~ C I S  1;10111/ I (  \rrr~,(li IIIJ \ t r ld~~rI$  rrl tht IT,? Nat~al 
Postgraduate School measured large popnlatior~s of corrstal bubblea, ~ L ~ J ~ J U I T  I I I~IJ  qi r r i  rrrlid /JI/ broloqrrrrl octrozty an 
nearly calm condztzons, that appeared to be ori~nrpr~seiat catthi~z IIIUIIIJ I I I I  11 1 \ of Ilri 61 tr rr11 f t r i ~  Thtse btogenzc 
bubbles supplement the bobbles due to mol nnd brtcrX~ng I I Y ~ I F ~ ,  ~rhrrh htrr I I I ~ I  11 iiI IIIIIIII trtlr I I / I O ~ J  rcrt-ntltl 

1. Introduction 
In the 1960's a program of student exper~nlental research mas ~ n ~ t ~ a t r t l  C I I  I l li .  I \ \ ,I\ nl I'o~tgrntluatr School 
to  answer the question asked by a IJ S Nav) Oceanographer 'Do 111~1z1l)lr I 3 1 i l ) l > l r ~  I : ~ I Y I  I I I  thr  Sea"" The 
answer turned out  to  be an emphatic "yes" The research was cotltluctrcl I)ctnrrn I001 nntl 1074 I>v a succession 

of ten students, each w ~ t h  a d~fferent euperl~nental project mh~ch se~vctl to I11lhll 111, t lrrzls ~ c c l ~ n ~ r r n r ~ ~ t  for the 
M.S degree The methods used were stancla~cl phvslcal acousticz trc l in~( l~ l f~s  c 0111111011 t o l r ~ l ) o ~  n t ~ i y  rtudtes of 
structural and molecular character~sttcs of gases. I~qulds, and sohds the znnlc I \  I)(' of ~ i i r n ~ n r ( ~ ~ ~ ~ r n t s  III the ocean 
were inverted to  y~e ld  bubble densittes, sound speed dlspers~on, and phase flu( t11,3t1on. 

These first measurements of bubbles at sea nere s u m t ~ ~ a r ~ z e d  111 [l-41 'Iltr 11111>11( a(1011s (l('nlt w ~ t h  the ~nter-  
pretation (as due to  zn-sztu bubbles) of excess sound at tenuat~on,  d~sperq~on ant1 1,lla.c Ilurtuat~ons on rxpertment 
depth, frequency, t~me-of-day, season, presence of sea shcks, ~nstantanror~z \\a\ r Iirl~,ht and n lncl sperd The early 
research, most of wh~ch was conducted for convenience In shallon coastal \\atc.lq tl11111ig 11rarly (ah11 seas, revealed 
very large numbers of bubbles The exper~mental evrdence of these omnlprr*ent ~mpula t~ons  of coastal bubbles of 
resonance frequenc~es from 20 to 200 kHz, s trongl~ suggests that the! are clue to I)~olog~ral ar t l \  ~ t y  In the volume 
and a t  the bottom. Some bubbles may also be caused by cont~nental ae~ozols n hen the! fall tnto the sea 

To  our knowledge no one has gone beyond these coastal bubble nleasurrmrnt- n Inch were puhl~shed over two 
decades ago 

2. Bubble Theory 
A bubble of gas ratio of spec~fic heats y, and radius a in water of amb~ent clens~t! p~ at ambient pressure pa, 
can resonate to  an incident acoustic wave of frequency fb because of its osc~l la tn~g  111nss (the water In the skin 
surrounding the bubble) and its stiffness (due to the compressibility of the gas). The result is a natural pulsation 
frequency given by 
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which allows one to specify the radius of the bubble resonating to the incident frequency f .  Linear theory shows 
that there will be a frequency-dependent bubble damping constant at  resonance dR of order 0 1 due to thermal 
conductivity, shear viscosity, and reradiation of the sound. At resonance, this w~l l  cause a scatter~ng cross sect~on, 
absorption cross section, and extinction cross section, of order lo2 times the geometrical cross section. (The 
backscattering cross section is the ratio of the backscattered power to the inc~dent ~ntensity The scatter~ng IS 

omnidirectional at resonance.) The result is backscatter and excess attenuat~on compared to bubble-free water 
Linear theory also shows that the compressibility of a bubbly medium leads to a complex propagat~on constant 

with velocity dispersion as well as attenuation, see Fig. 1. The dev~at~on of the sound speed from that measured 
by asound velocimeter (which operates in the megahertz range) depends on the bubble density and the ratio of the 
incident frequency to the bubble resonance frequency. At frequenc~es much greater than the resonance frequencies 
of the predominant bubbles, the speed is equal to the value obtained from a sound velocimeter At frequencies 
much less than the resonance frequency of the largest bubbles, the speed depends on the void fract~on of the 
medium and can deviate by tens of meters per second from the bubble-free med~um. There will be a fluctuat~on 
in the phase of transmitted sound that depends on the variat~on of the number of bubbles per u n ~ t  volume c(u) as 
well as the change of resonance frequency [i.e., due to a change of ambient pressure c ( z )  In (I)]  and the damp~ng 
constant bR. See bottom of Fig. 1, which is based on theory in reference [13]. 

3. Measurement Techniques 
The first measurements of bubble densities at  sea consisted of photographlng and then countnlg and slzlng the 
bubbles in a volume of about one cubic centimeter 151. We then proceeded to the more promising acoust~cal tests. 

The linear acoustical techniques for measuring ocean bubble dens~ties depend on the appropriate inversion of 
the distinctive effects of insonified bubbles [6] and consist of employing many frequencies to determine bubble 
densities for many radii in the range 20 pm to 200 pm. In the period from 1964 to 1974 they included. 

a) excess attenuation in a pulse-echo system in which a low Q, 30 cm diameter, mylar transducer faced a 30 
cm diameter rigid reflector at  a separation of about 100 cm; the transducer radiates a t.one burst and then 
is switched to receive the series of echoes which follow; 

b) measurement of the relative backscatter compared to reflection in the pulse-echo system; 

c) travel time between echoes, for different frequencies in the pulse-echo syst,em, 

d) ratio of amplitudes at  two point receivers at  separation of the order of meters in the field of a frequency- 
variable source; 

e) difference of phase at  two point receivers separated by one to five meters in the field of a frequency-variable 
source. 

Much later an effectwe one-dlmens~onal multl-frequency acoust~cal resonator techn~que was p~oneered by Bre~tz 
and Medwin [7,8] for measurements close to the surface of brealnng waves The device has recently been ~mproved 
by others and used to obtain much data under a variety of break~ng wave cond~tions at  sea It could also be used 
in coastal waters, of course 

In the early 1970'9, measurements were also made of the spectral denslty of sound phase n~odulat~on dur~ng 
propagat~on in bubbly water [2, 31 Prominent bubble populations cause phase shifts that illimic the spectral 
density of ocean surface wave d~splacements, whlch are the source of amb~ent piessure changes that create sh~fts In 
the bubble resonance frequenc~es descr~bed by (I), see the 95 6 kHz data In Fig 2 On the o the~  hand, randomly 
variable vo~d  fractions cause a Gausslan spectrum of phase fluctuat~ons as demonstrated by 24 4 kHz 111 Fig 2 

4. Empirical Bubble Densities in Quiescent Coastal Waters 
Based on measurements by Medw~n [I, 41, and separate analysis by P J Mulhearn [0], and J C Novalln~ and G 
V. Norton [lo], ~t IS poss~ble to describe the form and speculate about the causes of bubble dens~ties as a funct~on 
of bubble radius and depth in quiescent coastal waters. F~gures 3 and 4 tell a co~llplex story Figure 3, from [4], IS a 
summary of results, measured In mid or late afternoon, at approx~mately the same depths, during d~fferent months 
of the year, under similar meteorological and oceanographic condit~ons, 111 Monterey Bay, CA and San D~ego Bay, 
Ca, approximately 700 km to the south. The slope of bubble dens~ty vs rad~us changes at approvimately 40 to 
60 microns bubble radlus. F~gure 4 shows that there IS a depth dependence that is d~fferent for high frequencies 



(small bubbles) and low frequecies (larger bubbles). Using both figures, the density can be described by 

n(a)dn = K ( a )-2(z)-1/2 for 200 pm > a > 60 pm ' s o  
n(a)da = K2, ($)-4 r-'1' for 1 0 p n  < a < 60pm 

where 

a = bubble radius in microns; 
n(a)da = number of bubbles in a 1 micron increment, per meter3; 

L = small bubble folding depth E 7 m; 
z > 1.5 m = depth in meters, 

and 1<1 and Ii2 are constants that depend on the time of day and season. 
Figures 3 and 4 show rough averages based on many measurements. There appears to be a definite dependence 

on season, as would be expected for biological sources of bubbles. The fact that sn~all  bubbles are more prom~nent 
in the daytime than at  night is ascribable to photosynthesis. The evidence that larger bubbles are more dense at  
night than in the daytime may be due to contiqental aerosols carried off-shore by mght "sea breeze" or may be 
due to increased biological activity at  the sea floor. To add to the complexity of the coastal situation, there is 
evidence that bubble densities will be greater under sea slicks and windrows, and are even affected by the presence 
of fog [4] Bubble densities in other locations with different flora and fauna wlll be very different There will also 
be a wind dependence and a dependence on distance from the surf zone due to breaking waves 

5. Conclusions 
Historical measurements of bubble densities and bubble-derived phase modulations of high frequency sound 
strongly suggest that the effects of biogenic bubbles should be included in propagation models even in nearly 
calm coastal waters. Once they are known, values of coastal ocean bubble densities may be used to obtain esti- 
mates of the acoustical parameters, sound attenuation, backscatter, and dispersion, by application of formulas in 
books such as references [l 1 , 121. 
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Fig. 1. Sound speed dispersion as a function of ratio of insonifying frequency f to bubble 
resonance frequency f~ for a mono-radius bubbly region. The bubble density N2>N,. The 
standard deviation of the sound speed depends on whether the speed change is due to change 
of the number of bubbles, c(u), or due to change of pressure c(z). See Reference [I31 for 
details. 
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Fig. 2. Spectral density of the phase change due to a mixed population of bubbles. The 
theoretical wind-wave height spectrum for a Pierson-Moskovitz sea is the solid line. The 
phase spectral density is nearly Gaussian when the source of change is the random change of 
void fraction (at 24.4 kHz). It is closely correlated to the wind-wave height spectrum when 
the phase shifts are due to pressure changes (at 95.6 kHz). See Reference[3] for details. 
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Fig. 3. Seasonal change of bubble density at low wind speeds and 3 to 8 meter depths in late 
or mid- afternoon. See Reference[4] for details. 

192 kHz (Night) . - 
' E :  a ,)I52 kliz(Day)~ 
7 10 r 
E >  Sk 152 kHr (Nigl~t) 

Fig. 4. Bubble densities in coastal waters as observed by high frequency acoustical 
measurements, as a function of in-situ depths from 1.5 to 13.7 m during day and night 
experiments in February 1965. See Reference[l] for details. 



Seabed Survey by VHR Multichannel Seismics: GEOSIS 
Project 

J. Meunier*, J.C. Dubois**, H. Kuhn***, Th. Desvalli&res****, A. Puech ***** 
*IFREMER, Centre de Brest, BP 70, 29280 PLOUZANE, FRANCE 
**IFP, 1 et 4 avenue de Bois PrBau, 92500 RUEIL MALMAISON, FRANCE 
***Elf Aquitaine Production, CSTJF, 64018 PAU, FRANCE 
****TOTAL, Tour Total, 92069 PARIS LA DEFENSE, FRANCE 
*****GBodia, 205 avenue Georges ClBmenceau, 92000 NANTERRE, FRANCE 

Abstract 
Szte surveys przor to the znstallatzon of offshore faczlztzes are requzred to obtazn shallow sozl structural and geotech- 
nzcal znformatzon. The French project GEOSIS was azmed at zmprovzng both geophyszcal and geotechnzcal znves- 
tngatzon methods and at  prourdzng a valuable methodology for the zntercon-elatzon of the results The GEOSIS 
methodology for zntegrated son1 znvestngatzon zncludes the followzng ztems VHR multzchannel sezsmzc survey, fine 
gmzned geotechnzcal boreholes (conng and zn-sztu tests) and vertzcal sezsmzc profilzng (P and S waves) Thns paper 
describes the acquzsztzon and processzng stmtegzes and thew applzcatzon to a sate survey zn the western Medzter- 
mnean Sea (Monaco) Correlatzons establzshed wzthzn the project between geophyszcal and geotechnzcal propertzes 
are dzscussed 

1. Introduction 
Offshore site surveys are mainly carried out in the domain of oil industry prior to the ~nstallation of platforms or 
sealines, but also in coastal and harbour domain, as well as in mineral resources evaluation and in sedimentary 
studies. The GEOSIS project was aimed at improving site survey methodology in the view point of the integration 
of the geotechnical and the geophysical data The GEOSIS methodology includes the following steps: 

Very High Resolution multichannelseismic survey (in lieu of conventional single channel seismic survey) which 
will provide a metric accuracy whereas P wave velocity information will he recovered using multichannel 
technology, 

Geotechnical fine grained boreholes including coring and in-situ tests, 

Vertical seismic profiling in order to link borehole information to the processed seismic lines. 

The purpose of a GEOSIS survey is to establish correlations between the geotechnical parameters obtained in 
boreholes and the geophysical properties within the first 100 m. 

The ultimate step in data processing is to adapt the techniques of stratigraphic deconvolution routinely used 
in reservoir studies to quantitative extrapolation of some geotechnical properties around a borehole along seismic 
profiles. The paper describes the tasks to get both sets of data ready for the stratigraphic deconvolution (which 
is not presented here). 

2. Acquisition System at Sea 
2.1. Multichannel survey 
We are referring to the term "Very High Resolution" (VHR) seismics as the ability to obtain a one meter accuracy 
both horizontal and vertical. Therefore the entire acquisition system and the layout must be tailored in order to 
meet our specifications. 
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2.1.1. Sezsmzc source 
The source must be able to provide a seismic signal with a frequency bandw~dth adapted to the expected metric 
definition. The P-wave velocity law, within the upper sediments, typically ranges from 1500m/s (water) to about 
3000 m/s (consolidated sediments) Therefore the frequency content of the signal should range between 0 5 and 
3 kHz. This implies that the source must be towed within 20 to 40 cm below the sea surfare In order to avoid 
destructive summation (ghost). The source must be able to provide a repetitive signal. 

During the Monaco experiment described later in this paper, both a 15 cubic inch airgun and a 1500 Joules 
sparker were used. 

2.1.2. Dedzcated multzchannel setsmzc streamer 
The GEOSIS streamer has to be designed regarding two different constraints F~rs t ,  ~t should allow the computation 
of the P-wave veloc~ties within the sediments, therefore both its length and the number of traces must be adapted 
to the target Second, the trace spacing within the streamer must be carefully adapted to the frequency content 
of the slgnal in order to avoid destructive summation in the stacking process due to spatial ahasing Again the 
immersion of the streamer should be kept very close to the sea surface In order to avoid ~nterference with the 
reflected ghost. 

The speed of the vessel towing the streamer ranges from 2 to 4 knots The shot rate ranges froin 1 and 4 shots 
per second depending on the speed of the vessel and the water depth 

During the Monaco experiment, a 48 metre long streamer including 24 traces (2 metres apart) was used, the 
trace itself consisting in 6 hydrophones. 

2.1.3. Acqvisztion system 
The high sampling rate (up to 8000 kHz) has needed to cope with the signal frequency content and the great number 
of channels. When the project was launched no such high performance recorder was available on the market. 
Therefore a recording and quality control system (Delph24) was developed by IFREMER together with ELICS, a 
French company already involved in single to dual channel VHR seismic acquisition. The main characteristics of 
the Delph24 are the following ones: 

number of channels: 24 
maximum sampling frequency: 12 kHz 
recording length: 312 ms at 8 kHz or 208 ms at 12 kHz. 
maximum shot rate: 4 shots per secor~d 
16 bit A/D converter 
internal or external trigger 
display of signals in control or profile modes 
recording of data under compressed Delph format or SEG-Y 

2.1.4. Positioning strategy 
In order to correlate seismic data to geotechnical borehole information, accurate positioning is needed. This can 
be easily achieved using either high performance D-GPS, land based beacons or la,ser theodolites. 

2.1.5. Weather condztzon requzrements 
Sea state conditions are of uppermost importance for such high accuracy seismic surveys. Whereas detrimental 
effects caused by large swell can be easily removed during the processing of the seismic data, choppy seas will 
dramatically deteriorate the quality of the data in terms of seismic Signal to Noise ratio as well as positioning 
=curacy. 

2.2. Geotechnical survey 
The geotechnical survey will include at  least two boreholes at the same location: one for sampling purposes and one 
for in-situ measurements. Information extracted from the latter as well as properties calculated on the recovered 
samples will be used to extrapolate geotechnical characteristics over the seismic lines. 

2.2.1. Laboratory analyses 
Conventional laboratory tests are carried out on the soil samples. The tests typically include sediment charac- 
terisation (density, water content, void ratio, grain size, ...) as well as the determination of mechanical properties 
(cohesion, internal shaft friction angle, consolidation stress, ...) Depending on the size of the samples, P-wave and 
S-wave velocities can be measured. 



2.2.2. In-srtu measurements 
The Cone Penetrometer Test consists in measuring the point and shaft resistances and the excess pore pressure 
generated by sharing during the penetration of the tool into the sediment. The CPT is operated through a wire-line 
tool which allows 3 metres of continuous measurement. The standard penetration velocity is 2 cm/s. 

2.3. Seismic measurements  i n  geotechnical borings 
The VSP experiment includes P-wave and S-wave measurements, acquisitions being carried out one after another 
for a given receiver depth within the borehole 

2.3.1. Sezsmzc sources 
In order to make the processing easier, the same P-wave high frequency seismlc source must be deployed for the 
VHR multichannel seismic survey and the VSP. 

The S-wave signals are generated by applying a horizontal force on the sea bottom. The devlce 1s placed on 
the sea bottom. 

Fig. 1. Seismic cone Fig. 2. VSP probe Fig. 3. Sonic probe 

2.3.2 Sezsmrc receavers 
The use of a Seism~c Cone Penetrometer Test 1s preferred because it ensures a very good coupl~ng w ~ t h  the so11 as 
it houses 3 pre-amplified geophones (X, Y, Z) In the cone (Flg 1 ) In-situ measurements and VSP can be carrled 
out m the same sounding Nevertheless, sasmlc acquisition should be recorded wh~le the tool 1s at rest In order 
to decrease the noise level. 

If a SCPT cannot be performed, a conventional VSP probe can be operated (Fig. 2.). The profiler is lowered 
inside the borehole and the measurements are performed continuously when rising the probe. The coupling with 
the soil is obtained using "arms" which strongly press the probe against the wall of the borehole. This technique 
requires the self stability of the borehole. 

In addition a sonic probe can also be used in a borehole. The veloc~ty of the surrounding soil is measured 
between a transmitter and a receiver 1 metre apart, while rising the probe (Fig. 3.)  

2.3.3. Recordang 
The same acquisition system (Delph24) can be used. X, Y, Z components are recorded separately as well as a 
Time Break signal in order to synchronize the different recordings During the Monaco exper~ment, a 10 kHz 
sampl~ng frequency and a 500 millisecond record~ng length were used. 

3. Data Processing 
The data processing was mainly carried out using conventional seismic software. Nevertheless, special attention 
was paid to the broad frequency content of the seismic signal as well as to the source and receiver motions. 

3.1. Multichannel seismic data processing 
Apart from the imaging process (Signal/Noise improvement, time imaging artefacts,...), the multichannel seismic 
data will be used for two different purposes: 

Determination of the P-wave velocity field, 
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Extrapolation of the geotechnical attributes determined from the borehole. 

The seismic processing includes the following steps: 

Data edition (band pass filtering, correction of spherical divergence,...), 

Corrections of the vertical motions of the source and the receivers. These corrections were evaluated by 
picking the seismic arrivals from the reflection on the sea-bottom, 

Sort in Common Mid Points gathers, 

Velocity analysis, 

Stack, 

Migration. 

From this processing sequence, we gain access to a depth section corrected for t.he t,ravel time artefacts. 
Furthermore, using the average velocity field extracted through the NMO analys~s, sl~ce velocities for each of the 
encountered sediment layer can be computed. 

3.2. VSP d a t a  processing 
The P-wave VSP will be used as the pilot trace to extrapolate geotecl~~lical attribute along the seismic llnes The 
S-wave VSP will allow the recovery of the S-wave velocity field and will selve for d~term~nat ion of the mechanical 
properties of the sediment. 

The VSP seismic processing includes the following steps. 

Data edition (band pass filtering, Time Break corrections, shot summation, ...) 

Separation of the down going waves and up-going waves using FI< filtering, 

Deconvolution of the up-going waves, 

Corridor stacking, 

Migration. 

4. Application 
The above methodologies have been applied offshore Monaco (Mediterranean sea) in water depths ranging from 40 
to 80 m. This application was carried out in the framework of geotechnical studies for the design of an embankment 
facing the harbour of 'La Condamine'. 

4.1. Tes ts  at sea  
Multichannel lines were run over previously drilled boreholes. Fig. 4. and Fig. 5.  display a scheme of two profiles 
(the first one parallel, the second one perpendicular to the coast). The vertical scale corresponds to a two way 
time of 250 ms and the length of the profiles is about 800 metres. 

The site is characterised by thick sedimentary layers built up by several successive stages of deposition and 
erosion: 

layer 1: soft to very soft clay with organic material, 
layer 2: cemented silt with strong reflectors, 
layer 3: homogeneous silt with local layers of sand or gravel (partially eroded), 
layer 4: silt with layers of gravels and pebbles (strong reflectors), 
layer 5: Cretaceous limestone. 

The location of boreholes P5 (SCPT), P'5 (coring and VSP) and P7 (SCPT) are shown on Fig. 4 and Fig. 5. 
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Fig. 6. presents the main results obtained in boreholes P5 and P'5: t,he penetrolnetric point resistance (a), 
P-wave (b - solid line) and S-wave (c) velocities measured using the seismic cone in borehole P6, P-wave velocity 
(b - doted line) measured using the VSP profiler, and the P-wave velocity rneasurecl by .sonic probe in the open 
borehole P'5. 
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Fig. 6. Point resistance and velocities in borehole P5 

4.2. Seismic and geotechnical correlations 
Three types of correlations within the data obtained on Monaco site are d~scussed below 

correlations seismics velocities (Vp or Vs ) +t penetrometric point resistance ( q , )  
correlations seismics velocities (Vp or Vs ) +t porosity (n) 
correlations point resistance (q,) tt acoustic impedance 



392 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

4.2.1. Correlatrons between velocgtres and pornt resrstance 
This type of correlation seems to be promising because of the visual similarity between the profiles of the seismic 
velocities versus depth and the penetrometric profile of point resistance q,. However, the establishment of a 
quantitative correlation is difficult because of the scattering of the values, their mode of acquisition (local values, 
mean values on a long range, artefacts,..) and the difficulties of the site due to the cementation of some layers. 

Correlations have been established using mean values of velocit~es and point resistances in each soil layer and 
in gathering the results of several neighbouring boreholes. 

Linear correlations between Vp and q, and between Vs and qe can be proposed (Fig. 7. and Fig. 8.): 

where Vp and Vs are in m/s and q, in MPa. 

vs  ( I d s )  

point resistance qc (MPa) point resistance qc (MPa) 
Fig. 7. Correlation Point resistance - Vp Fig. 8. Correlation Point resistance - Vs 

4.2.2. Covelatrons between velocitres and poroszty 
The values of porosity measured on samples are displayed Fig. 9. and Fig. 10. A trend to the decrease of Vp 
with the increase of porosity n seems to exist, but it would be audacious to propose a correlation because of the 
scattering of the data, and the low range of variation of the porosity in the encountered sediments. 

VP ( d s )  vs  ( I d s )  
3000. 3000. 

2500. 2500. 

2000. 2000. 

1500. 1500. 

1000. 1000. 

500. 500. 

0. 0. 

porosity n porosity n 
Fig. 9. Correlation Porosity - Vp Fig. 10. Correlation Porosity - Vs 



4.2.3. Correlations between point resistance and acoustic impedance 
As the values of point resistance display unrealistic high values, they must be processed (interpolation in zones 
containing no values and filtering) in order to obtain a smooth curve (Fig. 11.) 

The impedance profile is obtained using the sonic profile and assuming that the density is constant. This is 
acceptable because of the low range of variation of the density. This method is more accurate than the inversion 
of the VSP profile. The values of the two vertical profiles must be shifted of 1.7 m in depth in order to adjust 
the correlation as the data come from two neighbouring boreholes. Fig. 12. displays the correlation between the 
point resistance and the impedance. 

A linear relationship is found : 

q, = 8 . 9 . 1 0 - ~  * impedance - 24.0 

impedance = 112 q, + 2689 

where q, is in MPa and impedance in kPa/(m/s). 
In comparing this formula with formula Vp = 42.5 q, + 1500 (section 4.2.1) and in considering a constant unit 

mass of 2000 kg/m3 it gives: 

impedance = 85 q, + 3000 

These two relationships differ because, in the first one, q, was assumed to be equal to 0 in water in the upper 
part of the soil column. 

point resistance (MPa) 

-80. 

depth (m) 
Fig. 11. Filtered point resistance 
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Fig. 12. Correlation Impedance - Point resistance 

4.3. Point  resistance a s  a function of two way t ime  
In order to assimilate the values of q, versus depth to the values of impedance versus twp way time, to be used as 
input data into a stratigraphic inversion software, we tried to express q, as a function of the same time scale as 
the time scale of seismic data. 

This involves to define a fictive velocity law in order to find a relationship t = f (z) applicable to the values of 
q,. So, the extreme values of q, are forced to be equal to the values of impedance (at the top and at  the bottom 
of the sounding) to begin and to end on the same two way time. 

The law of variation was interpolated between the extreme values. The d~fference of time regarding the law of 
the sonic profile shows two zones with different slopes for the point resistance. The limit is located at  a depth of 
about 13 m, where a significative change in consolidation is observed on cored samples. (Fig. 13. and Fig. 14.) 
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real time (ms) fictive time (ms) 

depth (m) 
Fig. 13. Cumulated time from sonic mesurements 

depth (m) 
Fig. 14. Fictive time and sonic cumulated time 

The real t = f(z)curve is plotted on Fig. 13. This curve is repeated (doted 11ne) on Fig. 14. to show the time 
difference with the fictive q,-time curve (solid line). This highlights the fact that the equivalence between q, and 
~mpedance cannot be expressed by only one relationship for all the depths, hut needs to be split illto several laws 
(two in this case). In a later stratigraph~c inversion, the changes of the slgnal properties have requ~red the use of 
two windows having the same boundary So, the above procedure can appear as a quick approach to define several 
domains of q,-impedance relationship 

5. Conclusion 
A survey following the specifications of GEOSIS, by integrating the geophysical and the geotechnical data can 
provide extended mechanical parameters around boreholes and give a quantitative ~nterpretation of seismlc profiles 
The definition is about 1 or 2 metres vertically and horizontally with a penetration of about 100 metres, by water 
depths ranging from 20 to 80 metres. The next step would be the strat~graphic cleconvolut~on which allows the 
quantitative extrapolation of geotechnical data along VHR seismic profiles around boreholes. 
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Abstract 

The purpose of these studies was to investrgate some of the more important geoacoustrc parameters that might govern the 
use of high frequency sonar in muddy rivers, where they flow into the sea. Both environmental and acoustic measurements 
were made in an effort to identify which parameters were significant. The environmental measurements included water level, 
current, temperature, salinity, suspended sediment concentration and grarn size distribution, bottom topography, sediment 
composition, including gas content, and sub-bottom layering. The acoustlc measurements included absorption vs range, at a 
frequency of 200 kHz, and bottom backscattering vs grazing angle, at a frequency of 85 kHz. 

1. Introduction 

Several unique environmental factors should be considered at the contluence of a river w ~ t h  the sea. Depend~ng on the 
riverine discharge rate, there may be high currents, a suspended sediment load, a layered salt water intrusion, and a bottom 
containing sufficient anaerobic baterial action to produce gas. These effects may effect the attenuation and reverberation 
experienced by high frequency sonars. Some years ago we conducted a series of environmental and acoustical studies of the 
lower reaches of the Brazos River near its estuarine with the Gulf of Mexico. It was our first such study and it was done 
without any prior experience with the art. Existing riverine and ocean research tools were simply adapted. 

2. Riverine Environment 

The Brazos is a muddy river with a high discharge rate, draining approximately 44,000 square miles of southeast, central, 
and northwest Texas and New Mexico. Our study was made at the little town of Brazoria, approximately 20 miles upstream 
from the Gulf of Mexico, where the maximum water depth was 10 m., and the tidal fluctuations varied from 15 cm to 1 m. 
The river meanders extensively in this area, with many cuts and shoots. A generic cross section of the river is shown in Fig 1. 
A typical water current cross section of the river is displayed in the contour plot of Fig 2, which shows the currents to be in the 
0.4 to 0.55 knot range. Fig 2 also shows a contour plot of the suspended sediment concentration in the river, which is typically 
0.024% by weight of the water samples acquired. The sediment particles were determined to be quartz with a specific gravity 
of 2.65. An electron microscope photograph of the particulate matter carried by the stream showed that the particulates were 
quite rough and angular. The grain size distribution of the suspended sediment is shown in Fig 3, and shows a peak at 2.8 
microns. These data were obtained from an analysis of water samples by the settling technique; that is, the amount of solids in 
suspension was weighed as a function of their settling time after agitation. The procedure is based on Stokes' settling velocity 
for spherical particles, and yields an "equivalent spherical probability density" when the particulates are rough and not 
spherical. Over the period of the measurements, intrusion of a salt water "wedge" frequently occurred at high tide, sending salt 
water of up to 15 parts per thousand salinity up the river to mid depth. When this happened, the temperature of the saline 
wedge was typically 3 deg C higher than that of the fresh water flowing down the river, a consequence of the thermal makeup 
of the river and the gulf in the month of June, during which the measurements were made. 
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Figure 1 .  Schematic cross section of the Brazos river near its confluence with the Gulf of Mexico 
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Figure 2. Current and suspended sediment cross sections 
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Figure 3. Particulate grain size dishibut~ons, left . suspended sedlments, r~ght de-flocculated "fluff'layer sediments 

The river bottom was essentially featureless, with a maximum bottom relief of 2 - 5 cm. The river bed was cut in 
sediments of the Brazos River delta that was formed in the late Pleistocene era. These sed~ments conslst of distributary channel 
sand bodies that are lenticular in cross section, and vary in width from a few hundred feet to half a mile along the reach of a 
meandering loop. Recent point bar sand and channel sand overly the eroded bottom. This sand 1s fine to medium grand,  well 
sorted, with predominantly rounded subarkose g r a m  (5 to 25% feldspar, 75 to 95% quartz), and ~ t s  gralnsize distribution 
peaked at 400 microns. Soft, homogeneous, brownlsh grey mud overl~es the sand, varylng in thickness from several cm at the 
rlver boundaries to 1 m, in the center of the river channel. At the base of thls mud layer IS an organlc rich and very black sub- 
layer of mud, 2 to 5 cm thlck, containing fragments of decaying teresestlal plants. At the top of the mud layer, there is a 5 to 8 
cm layer of very fine, highly dispersible material that formed a "fluffy" Interface to the water column. It's density was 1.13 
g/cm3, very near that of water, and its .de-flocculated grain size distribution, shown in Fig 3, peaked at 3.0 microns. Gas 
bubbles of various sized were observed in all cores containing the mud layers. Analysis showed ~t to consist of methane - 50%. 
nitrogen - 45%. carbon dloxide - 2%. oxygen - 1.5%, argon - 1.2%, and probably a significant amount of hydrogen sulfide, 
which could not be measured with the apparatus used. The abundance of gas pockets in every core taken left the distinct 
impression that the bottom was essentially a "gas bottom," raising the questlon of the acoustical slgn~ficance of the sand and 
other sedimentary layers. Abundant concretions, cemented by calcite, were also found In all of the bottom layers, and these 
could be acoustically significant due to their dens~ty and size (1 - 10 cm). 

3. Acoustical Attenuation 

The first acoustical measurement was on attenuation, thought due to the presence of the suspended sediment carried by the 
river. Projectors and receivers were attached to tiltahle and tra~nable soundheads on mld-depth columns affixed to anchored, 
floating platforms. The transmission loss between projector and hydrophone was measured as a function of range, at a 
frequency of 200 kHz. The measurements were made In a body of water 6 m deep and 200 rn long so that for a transmitted 
pulse length of 75 psec we had enough path length difference to be Immune from Image Interference out to a range of 170 m. 

We focused on the attenuation due to the suspended sediment load, and we were fortunate that during the time of the 
attenuation measurements, the river was essentially   so thermal (at about 29 deg C) and isohaline (at less than 0.2 of a part per 
thousand) with uniform sound velocity over the acoustic propagation path. The presence of fresh, muddy water durlng the 
time of these measurements was due primarily to the fact that large quantities of water had been released from a dam several 
hundred miles upstream a few days before, and this influx flushed out the usual salt wedge intrusion with a large volume of 
high energy water. 
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Figure 4. Transmission loss vs range at a frequency of 200 kHz 

Fig 4 shows the measured propagation curve and environmental data. Each propagation data point shown has been 
referenced to the first measurement which was made at a range of 30 m. The spherical spreading curve is also shown. It can 
be seen that a surprisingly small amount of attenuation was present. When the spherical spreading term is removed from the 
data, the resulting attenuation curve shows a slope of 1.5 dB per 100 m. This amount of attenuation compares to a value of 
about 7 dB per 100 m for sea water, so that the dB value of attenuation measured in this river is only about 20% of what one 
should expect from sea water. The attenuation in clear fresh water is about 0.6 dB per 100 m so that we measured a dB value 
that was roughly 2.5 times greater in this river than one would expect from a clear, freshwater lake. 

4. Backscattering 

When suspended particulates meet a salt wedge intrusion normally present in the lower reaches of riverine estuaries, they 
are flocculated onto the river bottom in an upper layer of recent deposition. It was this uppermost layer of predominately fine, 
recently flocculated particulate matter that the reverberation or acoustic backscatter had to traverse. This fluff layer had a 
density of 1.13 glcc, a velocity of 1506 mlsec, a temperature of 32.4 deg C (4 degrees higher than the water column). It also 
had a very high attenuation of 0.27 dB per wavelength at a frequency of 300 kHz. As mentioned above, the mud beneath this 
layer was saturated with gas that was visible as cm size voids in cores brought to the surface. This gas undoubtedly bubbled 
through the fluff layer as well. 

The reverberation experiment was done in the center of the channel. A piston transducer with a 10 deg half power 
beamwidth at 85 kHz was used in conjunction with a transmit-receive switch to study the backscattering coefficient for 500 
psec cw pulses as a function of the grazing angle the acoustic axis makes with the bottom. The transducer was positioned near 
the bottom on a column mounted on an anchored boat, and rotated in azimuth during data acquisition. The data were reduced 
according to a simple sonar equation, making the scattering coefficient referenced to the calculated area of insonification on 
the bottom. 
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Figure 5. Backscattering from the river bottom 
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The backscattering results are shown in Fig 5. Each of the six experimental data points shown is representative of 36 
measurements taken over a 360 deg azimuth angle in adjacent 10 deg sectors. A rough measure of the deviations is shown in 
the figure. The backscattering levels for these sediments fall in the very low range of scattering coefficients expected for fine 
mud and reported by others, notably McKinney and Anderson [I], for similar sediments in coastal areas. The data at the high 
grazing angles suggest a secondary "dip" in the scattering strength, which could represent an angle of intromission. It could 
also be due to increased bottom penetration at angles of incidence greater than the critical, or to a decrease in velocity with 
depth in the sediment. It was not possible to measure the velocity gradient in the mud layer beneath the fluff layer because the 
attenuation was in excess of 120 dB/m at 300 kHz, presumably due to the presence gf gas. However, there was a negative 
temperature gradient of 4.5 deg C per meter of depth, and this could have easily provided for an overall velocity decrease. 

5. Summary, Discussion, and Conclusions 
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In summary, our study of the Brazos River delineated a number of significant environmental parameters pertinent to high 
resolution sonar operating in a riverine estuary. The acoustic measurements showed a relatively small amount of attenuation at 
a frequency of 200 kHz and a rather low level of bottom reverberation at a frequency of 85 kHz. 

We expect the small amount of attenuation to be due to the suspended particulate matter carried by the river. One would 
like to have a theoretical understanding of the mechanisms contributing to this attenuation. The viscous drag resulting from the 
motion of the particulates induced by the sound field is thought to be the predominant mechanism, although scattering could be 
expected from the very large particles. Some early researchers making laboratory measurements of particulate absorption at 
high concentrations, and at very high frequencies, have used a model for spherical particles developed by Lamb 121. Urick [3] 
reported some measurements that showed agreement between high concentration, very high frequency measurements, and 
Lamb's model for irregular particles. The variables in our Brazos River study were at the other end of the spectrum from 
Uricic's laboratory measurements in that the concentration of particulates was very low, on the order of several hundredths of a 
percent instead of several percent, and our frequency was in the kilohertz rather than the megahertz frequency range. The 
results of our Brazos River field measurements did not compare to the predictions of the Lamb-Urick math model. That model 
predicts an attenuation of 6 dB per 100 m while our experiment showed only 1.5 dB per 100 m. Recent theoretical and 
experimental work by Thorne [4] is more extensive and includes a computer based model of much greater accuracy, and it will 
be interesting to compare the results presented here to Thorne's model. 

' ' ' ' 

The low level of backscattering we observed may be due to the highly absorpt~ve, uppermost layer of fine, gas infiltrated 
mud, which may also be a poor backcatterer, making this type of river bottom less reverberant at low grazing angles, despite 
the presence of a large gas concentration in the underlying mud. It appears that backscattering from estuarine river bottoms 

I , , ,  I I , , I ,  I , ,  I I 
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like this one may be predictable from measurements reported in the literature for similar bottoms in coastal areas. The 
variation of backscattering strength as a function of discharge rate, and consequently of the degree of bottom scouring should, 
however, make an interesting subject of future study, as would the effect of the entrapped gas in the intermediate mud layers. 

The supporting environmental measurements in this study on the sediment load and bottom material content may be useful 
to those modelling high resolution sonar performance, specifically on issues relating to attenuation and backscattering. 
Unfortunately, it is very difficult to acquire meaningful in situ measurements on gas content in mud. The question remalns as 
to what environmental measurements are really necessary to characterize the medium in a way that will advance the science of 
high frequency sonar. A concurrent question remains as to what techniques should be exploited for rapid assesment for 
operational requirements involving mine countermeasures sonar. 

There are undoubtedly newer measurement tools available today that facilitate the acquisition of riverine acoustical and 
environmental data, reducing time on station, and allowing for the making of more extensive measurements. However, some 
things do not change, and these apply to the basics. We derived much information from cores, which we acquired ourselves, 
by pressing clear plastic tubes into the river bottom. We also learned a great deal by by diving to the pitch black bottom of the 
river and feeling by hand the locations of interfaces between the layers as well as their their lateral extent. This was actually 
quite easy to do. It was amazing how much could be learned by "braille". The sedimentary layers were readily identifiable by 
their relative shear strengths. The interfaces between layers were typically quite level and smooth - except for the channel sand 
and concretions which had a rougher "feel", due to some large and small stones plus clay balls and twigs at the interface. One 
of us (Anderson) distinctly remembers lying on the bottom in darkness, partially buried in the upper muddy layers, and while 
developing information by "feel" for the represe~tative geological cross section of the river, experienced some frequent 'nips' at 
his bare sides where his body emerged from the mud into the water. The first few times that happened, he fervently hoped that 
it was small fish or crabs at the worst, and not something like sharks or piranha like predators tasting a potential meal. 

Acknowledgements 

The authors would like to thank W.H. Tolbert, R.S. Adair, R.L. Batey, and J.G. Willette (deceased) for their assistance in 
data acquisition. This work was sponsored by the U.S. Navy Office of Naval Research. 

References 

[I] C.M. McKinney and C.D. Anderson, "Measurements of Backscattering of Sound from the Ocean Bottom," J. Acoust 
Soc. Am., vol. 36(1), pp. 158-163, 1964. 

[2] H. Lamb, Hvdrodvnamics, Articles 361-363,6th Ed., Dover Pubs., New York, 1945. 

[3] R.J. Urick, "Absorption of Sound in Suspensions of Irregular Particles," J. Acoust. Soc. Am., vol. 20(3), pp. 283-289, 
1948. 

[4] P. Thorne, private communication. 



Shallow Water Propagation Incorporating Both Bubble Plumes and 
Sea-Surface Roughness 

Guy V. Norton 
Naval Research Laboratory - Stennis Space Center 
Stennis Space Center, MS 39529-5004 
Email: norton@vixen.nrlssc.navy.mil 

Jorge C. Novarini 
Planning Systems Incorporated 
21294 Johnson Rd. Long Beach, MS 39560-9702 
Email: nova@felix.nrlssc.navy.mil 

Abstract 

The effect of including a range dependent bubble layer and a suitable sea surface spectrum in modeling shallow 
water propagation is analyzed. Propagation is simulated through a hrghly accurate model based on a modified 
PE algorithm which handles surface roughness via conformal mapping. The bubble layer rs modeled as a 
collage of bubble plumes and is included through a complex index of refraction. Propagation at 5 k H z  in a 30 
m isovelocity waveguide is analyzed in detail 

1. Introduction 
Among the many factors affecting the propagation of sound in shallow water, the presence of surface-generated 
microbubbles has received little attention. The collection of microbubbles which is normally assumed to form a 
uniform layer, actually presents a very complex structure that varies not only in depth but also in range, and can 
be characterized as a collage of bubble clouds. This collage creates a strong range-dependent perturbation in the 
index of refraction and introduces additional attenuation. A numerical procedure is adopted in which a type of 
bubble cloud (the plume) is modeled following a classification scheme proposed by Monahan [1,2]. The 
resulting complex index of refraction is then calculated. Since in waveguide propagation the surface roughness 
mainly causes a re-distribution of energy, the use of a high fidelity model to handle roughness in the presence of 
strong gradients is essential to obtaining accurate results. An acoustic propagation model, which couples a 
conformal mapping algorithm to a PE model which properly handles sea surface roughness is used to generate 
the numerical results [3]. To properly model the sea-surface roughness characteristic of shallow waters, the 
parametric spectrum GONO has been implemented [4]. The combined effect that the sea surface roughness 
along with the refractive and lossy bubbly environment have on transmission loss and coherence is examined. 
The case of a point source, operating at 5 kHz in a 30 m depth isovelociy shallow water waveguide is analyzed 
in detail. 

2. Methodology 

2.1 Modeling the  Bubble Assemblages 
The presence of microbubbles is included through a range-dependent bubble layer made up of different bubble 
assemblages, namely, bubble plumes and a weak background layer. Due to the lack of informat~on on bubble 
plumes in shallow water we have adopted and modified a scheme proposed by Monahan for classifying plumes in 
deep water. Monahan [1,2] postulated the existence of three types of plumes (a, P, y). He associated two of 

b 
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them with two stages of whitecap development (stage A and stage B). The a-plume is the subsurface extension 
of the stage A whitecap which is attached to the crest of the spilling breaker. Although they present the highest 

void fraction, 0 ( lo- '  to they are very small in size and have a very short lifetime (< I sec.). The a- 
plume quickly decays into a $-plume once the momentum of the downward moving jet associated with the 
breaking wave is dissipated. Accordingly, the stage A whitecap evolves Into a foam patch (stage B whitecap). 

3 4 The P-plumes have a much smaller void fraction, 0 (10- to 10- ), and are attached to the foam patch. That IS, 
the stage B whitecap IS the top of the P-plume. They are spat~ally much b~gger  than the a-plume and have 
longer lifetimes (about 4 sec). The P-plume then evolves lnto a y-plume and eventually detaches from the 

or~ginating whitecap. The y-plumes have an even smaller void fractlon, 0 to lo-'), much larger 
dimensions, and longer lifet~mes (10 to 100 times longer) than the P-plume They drlft and may be affected by 
circulation processes (such as Langmulr cells). Although Monahan ldentlftes the y-plume with Thorpe's clouds 
[S], which allows for both billowy and columnar types, his descr~ptlon of the geometrical aspect (exponent~ally 
decreasing cross-section) better flts the columnar type. The y-plume decays lnto a weak, stratified background 

8 layer with a void fraction, 0 (10- ). Both the $ and y-plumes are modeled as con~cal  Intrusions wlth cross- 
sections that decrease exponentially with depth, as prescribed by Monahan and consistent wlth the v-shape 
described by Crawford and Farmer [6]. Monahan also provided typlcal values (vold fract~on,  bubble denslty at 
100 pm, size, penetration scale) for the different bubble assemblages. 

In the orlglnal Monahan's scheme, the spectral shape for the d~fterent  stage\ are essent~ally ldentlcal to 
each other (spectral slope for large bubbles close to -4). However the bubble concentration and hence the v o ~ d  
fractlon is different for each plume. However, short tlme sampllng o t  bubble data gathered close to the surface 
under breaking waves [7,8,9] show spectral slopes for large bubbles shallower (about -2.5) than those comlng 
from long term averages at deeper depths (-4 and steeper) [ lo] .  Wu suggested that both types of slopes can 
coexist, the shallower slope close to the breaker and the steeper slope away from the breaker [ I  I] T h ~ s  can be 
re-interpreted in terms of Monahan's classification as Inside a $-plume tor the steeper slope or i n s ~ d e  elther the 
y-plume or the background layer for the shallower slope. Therefore, we have adopted the scheme proposed by 
Monahan as the basic framework for classifying the different assemblages of mlcrobubbles, wlth the spectra 
proposed by Monahan for the different stages havlng been modifled based on more recent f lnd~ngs and Wu's 
interpretation relatlng measured spectral slopes for large bubbles w ~ t h  the proxlmlty of the bubble assemblage to 
the breaker. The a-plumes are not included In the modeling, because of thelr small slze and physlcal 
connection to the breaking crests, whlch are not modeled In the numerical surfaces (the a-plume can be thought 
of belng contained withtn the crest of the break~ng wave). 

T o  parameterize the plumes we have adopted a parameterization scheme similar to that commonly used for 
the "average, uniform bubble layer," i.e., writing the bubble density per unlt volume (bubbles per cublc meter in 
a I pm radius increment) within a given assemblage as 

where a is the bubble radlus, z 1s depth, and u is the wind speed. The funct~on G describes the spectral shape, Z 
the depth dependence, U controls the wind dependence, and No is a constant with controls the bubble density so 
as to fit Monahan's reference points for the different assemblages (plumes and background layer) Following 
Monahan, the P-plumes are assumed to have unlform density in depth, whlle the y-plume and the background 
layer decay exponentially. Since, in the present scheme the maximum penetration of the P-plume is assumed to 
be equal to one-half the significant waveheigth (h,) of the surface roughness, it is adjusted to the shallow water 
case by adopting h, coming from the GONO spectrum which 1s described in the next section. The cross 
sectional-area of the p and y-plumes are also exponential in depth. For a full descript~on of the adopted spectra, 
see Novarini, et. al. [12]. Figure l a  shows the bubble density spectra for a 15 mls wind speed, at 0.25 m below 
the surface. The collection of plumes are randomized by imposing stochastic fluctuations to: the separation 
between plumes, the e-folding depth, the area cross-section and the constant No within each realization of the 
environment. 
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Figure 1 Bubble plume spectra and sound speed defect. a) Bubble spectra for the P and y-plume, along with the 
background bubble layer. b) Sound speed defect in mls, verse depth and range for a 15 mls wind speed. 
Contours are 1000 mls and 1 mls. 

The sound speed perturbation and the additional attenuatlon are calculated from the change of 
compresslbil~ty introduced by the bubbles. The calculation is carried out following Clay and Medwln [13], 
integrating over all bubbles, with due regard to VISCOUS and thermal effects. The l lm~ts  of numerical lntegratlon 
over the bubble radii are 10 and 1000 Bm. The effect of the bubbles at a frequency of 5 kHz 1s to reduce the 
sound speed and introduce an additional attenuatlon. Close to the surface (0.25m). for a wlnd speed of 15 mls a 
sound speed defect on the order of 1,210 mls occurs within the $-plumes (void fract~on 8x10 4). For the y- 
plumes the corresponding defect is on the order of 22 mls (void fractlon 1.5x106), whlle the background layer 

8 reduction is about 0.7 mls (void fraction 5x10 ). The corresponding attenuatlon values are 4.4, 6 . 3 ~ 1 0 . ~ .  and 
4 2x10 dBlcm, respectively. Figure l b  shows a contour plot of the resulting sound speed defect over a short 

segment of the environment, for a 15 mls wlnd. The smaller and sharper intrusions are the 1000 mls sound 
speed defect contour which outlines the shape of the P-plumes. The other contour line corresponds to 1 m/s 
sound speed defect, which essentially del lm~ts the reglon of slgnlficant Influence of the y-plumes. For this 
example the sound speed defect within the y-plumes ranges from about 26 mls very close to the surface to about 
0.1 m/s 13m below the surface. 

2.2 Modeling the Sea Surface 
GONO [4] is  a parametric spectrum for wind-driven seas in shallow water. The maln parameter is the stage of 
development of the depth-limited wave growth, defined as - 

where hs is the significant waveheight for the shallow water site and h,dw 1s the correspond~ng value for a fully 
developed deep water case at the same wind speed. The spectrum has the form, 

Figure 2. Numerical and graphical representation of the GONO spectrum. 
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where the spectral parameters are given by the following empirical equations: 

(4) 
and 

& = modified Phillips "constant" = 4 . 9 3 ~ 1 0 . ~  c - '  944 

v = normalized peak freq = ufplg = 6 . 8 9 ~ 1 0 ~ ~  <-1.376/$ 

The basic assumptions are that dissipation at the bottom is limited to the forward face of the spectrum, and 
that during the building-up of a wind-driven sea, the bottom dissipation manifests itself rather sharply. The high 
frequency side of the spectrum has the same decay that the Pierson-Moskowitz spectrum has for deep water (i.e., 

-5 proportional to f ). The spectrum requires the knowledge of the significant waveheight for the shallow water 
site, which can be  obtained from satellite observation; visual estimation, etc.. For practical applications in 
acoustics it is desirable to have the wind speed as the main parameter. A procedure to accomplish this has been 
developed by Sanders and Bruinsma [4]. It starts with the total energy in the wave system of a deep water case 
for the given wind speed and assumes all dissipation of the long wave components is due to friction at the 
bottom. The energy of the wave system is then obtained at the specified water depth by solving an ordinary 
differential equation with a term describing non-linear dissipation. Once the total energy (E) for the shallow 
water case is known, the corresponding significant waveheight is given by h, = 4 E'". This value is then used to 
obtain the spectral shape as outlined above. 

Surface realizations of the sea surface ( ID)  were generated by linear filtering of an array of uncorrelated 
random numbers whose transfer function is proportional to the square root of the desired power density 
spectrum. Both GONO and Pierson-Moskowitz spectra are non-directional, originally expressed in terms of the 
frequency of the waves. They were converted to the wavenumber domain via the dispersion relation connecting 
frequency with wavenumber for I-D surfaces, which implicitly assumes all the energy goes in the windward 
direction. 

2.3 Inclusion of Rough Surface 
When the effect of the surface roughness 1s ~ncluded, ~t 1s normally done so by introducing an a d d ~ t ~ o n a l  loss 
mechanism. However, slnce the surface roughness causes a r e d ~ s t r ~ b u t ~ o n  of energy, the method of lncludlng a 
loss mechanism to account for the rough surface will not be adequate Hybr~d  approaches have been developed 
to account for the re-d~str ibut~on of energy Induced by the surface roughness They utlllze s ta t~s t~ca l  kernels 
from sea surface scatterlng theor~es In connection wlth determlnlst~c propagatlon models [14,15] Although thls 
type of methodology may Improve the calculat~on of transmlsslon loss, coherence effects are not properly 
included. Operating in coastal areas where the wave ampl~tude may become a s ~ g n ~ f ~ c a n t  fract~on of the water 
column, strong mode coupling results and perturbative approaches are no longer appropriate Note that 
inclusion of a rough surface transforms a range Independent problem ~ n t o  a range dependent one 

The approach used to generate the numerical results in this work comblnes an acoustlc propagation model 
w ~ t h  a conformal mapping algorithm to handle surface roughness in a mathemat~cally consistent manner The 
model EFEPE-CM [3] comblnes the energy-conserving flnlte element PE propagatlon model [I61 w ~ t h  Dozler's 
conformal mapplng formalism [I71 to obtaln the acoustlc field from a s ~ n g l e  reallzat~on of the env~ronment The 
quantlt~es of Interest (transmlss~on loss, modal amplitudes, etc ) are then calculated through ensemble averages 
The model has been shown to ach~eve  results of benchmark qual~ty for the problem of scatterlng from randomly 
rough surfaces [3]. 

3. Numerical Experiment 
The environment for this numerical experiment, is as follows. The water depth is 30 m and constant over a 
range of 3000 m. An isovelocity, homogeneous water mass was assumed for the bubble-free environment (sound 
speed = 1500 mls). The-sediment was modeled as a semi-infinite half space of constant sound speed (1541 mls) 
and density (1.5 gmlcm'). Both GONO and Pierson-Moskowitz sea-surface spectra were used to generate the 
necessary deterministic surfaces. The different surfaces and bubble fields were each characterize by varying the 
local wind speed (15 and 20 mls). The acoustic frequency is 5 kHz. The source depth I S  5 m. 

It is instructive to observe the effect that combining a single $ and y-plume with the background bubble layer 
has on the propagating field. It is insightful, because we see that even though the Individual plumes are small 



and spatially d o  not account for a large area, the effect that they have on the acoustic field is significant. 
Therefore, utilizing a wind speed of 15 mls and keeping the sea-surface flat, a single P-plume was placed at a 
range of 500 m, followed by a y-plume at a range of 550 m. The 0 and y-plume had a width at the surface of 
approximately 4.5 and 13.5 m respectively. For this example, the plumes did not overlap. The weak background 
bubble layer spanned the range of 500 to 600 m. The complex acoustic field was determined for this 
environment. This bubble field was then removed and the complex acoustic field once again determined. The 
two fields were differenced and the resulting field was converted into an intensity and expressed in dB. Figure 
3a depicts this result. Note that before 500 m there is no difference between the two fields since the 
environments were the same up to this range. However, this rather simple and small bubble field results in 
multiple beams, one being quite significant. The refractive effects of the two types of bubble plumes can be 
seen. The process is repeated, except now where the bubbles are present, a rough surface is included (between 
the ranges of 500 and 600 m). Figure 3b depicts this result. The effect of the rough surface is to redirect the 
acoustic field at all angles in the forward direction. The beams which were present when the surface is flat have 
been destroyed. Also note that the strength of the difference for this case (bubble plumes with rough surface and 
isovelocity with flat surface) is greater than that observed for the previous case. 

Range (rn) Range (m) 

- 8 0  - 7 5  - 7 0  -65 - 6 0  - 5 5  - 5  -60 - 5 4  -48 -42 -36 - 3  
10 Log (Intensity) dB 10 Log(1ntensity) dB 

Figure 3.  Depth vs. range difference plots. a) Difference in the acoust~c tlelds when a s ~ n g l e  P,  y-plume and 
background bubble layer are located between 500 and 600 m and when they are removed. Flat surface used in 
each case. A wind speed of 15 mls is assumed. b) Difference in the acoustlc fields when a single 0, y-plume and 
background bubble layer and a rough surface are located between 500 and 600 m and when they are removed. A 
wind speed of 15 m/s is assumed. 

The remaining comparisons will be between environments consisting of rough surfaces using the GONO 
spectrum with bubble plumes and background bubble layer (bubbles) and rough surfaces using the Pierson- 
Moskowitz spectrum in the bubble free environment (no bubbles). Two local wind speeds were used, 15 and 20 
mls. These combinations were selected because for the most part bubbles are ignored and when the effect of a 
rough sea-surface is included, it is often based on a deep water spectrum 

Transmission loss vs, range is now compared for both environments at the two different wind speeds for a 
single realization of each rough surface. The receiver depth is 15 m, or mid-waveguide depth. Figure 4 depicts 
the results. Figure 4a compares the results for a wind speed of 15 mls. Note the GONO with bubbles result 
(solid line) shows more loss than the Pierson-Moskowitz without bubbles result (dashed line), even though the 
rms surface height based on the GONO spectrum (1.0 m) is smaller than that from the Pierson-Moskowitz 
spectrum (1.4 m). This difference in transmission loss is due in large part to the additional attenuation that the 
plumes introduce. The difference can be as large as 10 dB. Figure 4b is the same comparison except for a wind 
speed of 2 0  m/s. Again note that the GONO with bubbles result (solid line) shows more loss than the Pierson- 
Moskowitz without bubbles result (dashed line), even though the rms surface height based on the GONO 
spectrum (1.2 m) is smaller than that from the Pierson-Moskowitz spectrum (2.5 m). 
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Figure 4. Transmission loss vs. range. a)  Receiver depth 15 m, wind speed 15 m/s. GONO with bubbles 

(solid line) and Pierson-Moskowitz without bubbles (dashed line). b) Receiver depth 15 m, wind speed 20 mls. 
GONO with bubbles (solid line) and Pierson-Moskowitz without bubbles (dashed line). 

The dependence of transmission loss vs. depth will now be exam~ned uslng an ensemble of surfaces. Flgure 
5a  shows the results for an ensemble of ten surfaces each from the GONO and Pierson-Moskowltz spectrum. 
The bubble plumes were used only w ~ t h  the GONO surfaces. The quantlty <PP">, wh~ch IS proport~onal to the 
total intensity, is plotted vs. depth at a range of 3 km. The GONO wlth bubbles result 1s the solld llne while the 
Pterson-Moskowltz w~thout  bubbles is the dashed Ilne. Note that the result based on the GONO spectrum w ~ t h  
bubbles shows more loss throughout the depth of the waveguide and has a maxlmum difference at the surface. 
The large difference at the surface is due to the additional attenuation Introduced by the bubbles. Overall the 
two results have the same general shape, showing a notch at approximately 12 m. In addition the Plerson- 
Moskowitz result has more oscillations in depth. It is of interest to compare the results comlng from the present 
model with those obtained from a standard propagation code under the assumption of a range ~ndependent, 
isovelocity environment (i.e. ignoring bubble plumes and including the rough surface In an approximate 
manner). To  that end we ran SNAP [18], assuming isovelocity water sound speed and with the surface 
roughness routine activated. The rms surface heights correspondlng to the two different spectra for a wlnd speed 
of 20 mls were used. The results are shown in Fig. 5b. The result uslng 1.2 m rms surface he~ght,  correspondlng 
to the GONO surface, is shown w ~ t h  the solid I ~ n e .  The result using 2.5 m rms surface helght, correspond~ng to 
the Pierson-Moskowitz surface, is shown with the dashed line. The result uslng the smaller rms surface height 
shows less loss than when using the larger rms surface height, opposlte to what was observed when uslng 
EFEPE-CM with an ensemble of rough surfaces The locat~on of the notch 1s at 15 m as oppored to 12 m for the 
EFEPE-CM result. 
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Figure 5. Total field vs. depth. a)  Transmission loss vs. depth using EFEPE-CM. Solid line GONO spectrum 
with bubbles, dashed line Pierson-Moskowitz without bubbles. Ten surfaces in the ensemble b) Transmission 
loss vs. depth using SNAP. Solid line, rms surface height 1.19 m (correspondlng to GONO spectrum). Dashed 
line, rms surface height 2.52 m (corresponding to Pierson-Moskowitz spectrum). 

Finally the degree of coherence is compared for the two environments (GONO with bubbles and Pierson- 
Moskowitz without bubbles) at three ranges 1, 2, and 3 km. The degree of coherence is determined by 



1- = I< pp,' 4 
PP* >< pop; > j ' 

where P and Po are the complex acoustic pressures for the environment with bubbles and rough surface, and no 
bubbles and flat surface respectively, while the asterisk (*) denotes the complex conjugate of the corresponding 
complex acoustic pressure. 

Figure 6 depicts the results for the three ranges. Note in each case, the GONO spectrum with bubbles result 
shows a higher degree of coherence. In addition, the variability in depth decreases with range for both cases but 
more for the case of the GONO spectrum with bubbles. It is interesting that for both cases the degree of 
coherence at 1 km has the largest variation which indicates that these fields are most different from the flat 
surface, isovelocity case at short ranges. This is due to the fact that, initially as the field propagates, the steeper 
angle (higher-order) modes are stripped-off leaving the interaction with the surface to shallower angle (lower- 
order) modes. Therefore, the perturbative effect of the surface roughness on the phase of the propagating field 
diminishes with range. For the case of the GONO spectrum with bubbles, a uniform distribution of with depth 
is quickly achieved. This is because the high attenuation induced by the bubbles close to the surface prevents 
the scrambling effect that the rough surface causes on the phase of the propagating field. 
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Figure 6. Degree of coherence vs. depth for 3 different ranges for the two environments. a) Degree of 
coherence vs. depth at I km. GONO with bubbles, solid line. Pierson-Moskowitz without bubbles, dashed line. 
b) Degree of coherence vs. depth at 2 km. GONO with bubbles, solid line. Pierson-Moskowitz without bubbles, 
dashed line. c) Degree of coherence vs. depth at 3 km. GONO with bubbles, solid line. Pierson-Moskowitz 
without bubbles, dashed line. d)  The depth averaged degree of coherence vs. range for the two environments. 
GONO with bubbles un-shaded square, Pierson-Moskowitz without bubbles shaded square. 
Finally, a depth averaged degree of coherence IS obtarned by averagrng the values obtalned at each range over 
depth. The results are shown In Flg. 6d At each range, values for the GONO wlth bubble result are larger than 
those for the P~erson-Moskowltz wlthout bubbles result However the trend I S  the 9ame tor each case, that IS, the 
average degree of coherence Increases wlth range Wlth the l lm~ted data shown, rt appears that for each case, the 
average degree of coherence 1s converging to a different value for each env~ronment. 
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4. Concluding Remarks 
The standard procedure of lgnorlng the presence of bubble clouds and resorting to a deep water sea-surface 
spectrum when modqllng shallow water propagation at h ~ g h  frequenc~es leads to sign~ficant errors In both, 
transmlsslon loss and coherence calculat~ons For the numerical experiment discussed in t h ~ s  work, transmlsslon 
losses are underest~mated by about 5 to 10 dB, and a lower degree of coherence of the propagating field 1s 
predicted Large d~sckpancies  are observed when results from the present model are compared to an acoustlc 
model whlch treats the wavegu~de as range Independent, Ignores bubbles, adopts a deep water sea-surface 
spectrum and handles surface roughness In an approximate manner 
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Abstract 
Quantitative information on fine-scale sediment inhomogeneity is extremely scarce and sorely needed for developing realistic 
volume scattering models. To address this deficiency, we present a novel approach for sediment core characterization, X-ray 
computed tomography (CT). By providing a means to construct extremely fine-scale density profiles and to quantify volume 
inhomogeneities in two- and three-dimensions, CT analyses can assist efforts in characterizing benthic processes and result 
in more accurate inputs for modeling acoustic backscatter. 

1. Introduction 

At the high frequencies used by many sonar systems, the spatial structure of the sediment's physical properties plays a key role 
in determining the scattering characteristics of the seafloor. This spatial heterogeneity, however, is exceedingly complex with 
three-dimensional characteristics that have largely defied measurement by traditional methods. Aside from the fact that rather 
coarse laboratory sample intervals are necessary to obtain statistically reliable values (on the order of a few centimeters), the 
physical property measurement is usually an integrated value in which some spatial information is lost. As a result, 
quantitative information on near-surface fine-scale sediment inhomogeneity is lacking, particularly at spatial scales used in the 
development of realistic volume scattering models. To address this lack of information, we present a novel approach to 
sediment core characterization, X-ray computed tomography (CT). We have found CT to be a powerful analytical technique 
for characterizing sediment cores: it is non-destructive and quantitative, has sub-millimeter resolution, and permits two- and 
three-dimensional visualization of sediment structure [ I ,  21. We begin by briefly discussing the physics and mechanics of CT 
and CT scanners. We then describe several CT applications useful for high-frequency acoustic modeling. 

2. CT Principles and Approach 

Non-destructive testing techniques have been used for decades in geotechnical engineering, geology, and soil science to 
examine the internal structure of rock and sediment samples. X-radiography, one of the more common of these techniques, is 
based on the differential transmission loss of radiation through a substance. The technique remains popular because it is 
rapid, non-deswuctive, and provides information concerning density variations within a sample. Despite its popularity, 
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several problems arise when using X-ray transmission images for quantitative purposes: (1) a large proportion of available 
information is lost when three-dimensional structures are superimposed on two-dimensional photographic film; (2) the ability 
to record and/or display small differences (1-28) in radiation transmission is limited because of film non-uniformities; and (3) 
much of the detected radiation is scattered "out-of-plane" from within the specrmen [3, 41. Thus, X-radiography IS of limited 
value for our purposes. 

X-ray computed tomography (CT) is a medical technique developed during the early 1970's to generate cross-sectional X- 
ray images of the brain [5]. Also called computer-assisted tomography or CAT scanning, CT is a method of reconstructing 
detailed cross-sectional images of a sample from a series of projections taken at angular increments about the object. 
Although CT is similar to conventional radiography, it differs in several key ways [3]: ( I )  there is no superimposing of 
structures due to the geometry of the apparatus and characteristics of the radiation beam; (2) contribution of scatter to the 
detected signal is minimized through the use of a finely collimated X-ray beam; (3) high signal-to-noise detectors used in CT 
scanners permit the recording of attenuation differences as small as 0.1%; and (4) sophisticated image reconstruction 
algorithms solve for X-ray attenuation of a local volume element independent of the surrounding media. 

The medical community quickly demonstrated the diagnostic power of CT in their analysis of body tissues and in the 
detection of tumors. Industrial and scientific applications that soon followed have studied an amazing diversity of materials, 
ranging from tomatoes and trees, mummies and fossils, concrete and meteorites, to rock and ice. Applications more relevant 
to marine geoacoustics include those of soil scientists and agricultural engineers who have used CT to examine soil bulk 
density, water content, macroporosity, and water-plant root interactions [6] .  Vinegar and others [7] pioneered its use in the 
characterization of oil reservoir rock cores and flow processes. As a result CT studies are common in the petroleum industry. 
In contrast, CT applications to technical problems in marine geology and geotechnical engineering have thus far been more 
limited in scope [see Ref. 11, although each has demonstrated convincingly the utility of CT. Interestingly, the geoacoustic 
modeling community is only beginning to appreciate the power of CT data and its potential benefit for model development in 
high-frequency acoustics. 

For CT analysis, a sample is centered within a circular gantry which supports the X-ray source and a bank of detectors. 
Depending on the generation (i.e., style) of the scanner, either the source and detectors rotate together around the sample in a 
circular path, or the source rotates about a stationary detector bank, measuring X-ray attenuation along multiple ray paths 
through the sample. Each source-detector location provides a line integral measurement of X-ray attenuation, called a ray 
sum. Ray sums are generally made over a span of locations >180° and then combined and transformed via a computer 
interface into a two-dimensional "map" of attenuation coefficients using a filtered back-projection reconstruction algorithm. 
The data, in the form of a numerical matrix generally 256 x 256 or 5 12 x 5 12 elements in size, can be viewed on a dedicated 
video monitor where pixel brightness (or color) is proportional to the associated X-ray attenuation value for that element. 
Alternatively, as we have done, the stored digital data can be output for further analysis on a workstation using standard image 
processing techniques. 

3. CT Applications 

We have used CT techniques to characterize cores from various environments and sediment types, including: (I)  gassy 
lacustrine muds from central Texas [8]; (2) high-porosity (and commonly gassy) muds of Eckernforde Bay, western Baltic Sea 
[9]; (3) sandy shell hash of the Louisiana continental shelf [lo]; (4) fine to medium quartz sands off Panama City, FL [I I, 
121; and (5) sandy calcareous muds off Marquesas Keys and Dry Tortugas, FL [13, 141. Currently, we are using CT to 
examine bioturbated muds off Orcas Island, WA, and heterogeneous sediments at the California STRATAFORM site. In the 
following, we discuss two CT applications relevant to the development of realistic acoustic backscatter models: ( I )  the 
transformation of CT numbers to equivalent sediment bulk density for deriving high-resolution density profiles of the 
seafloor; and (2) characterization of sediment volume inhomogeneities, such as those found in gassy, shell-bearing, andlor 
bioturbated seafloor sediments. 

3.1 Construction of High-Resolution Density Profiles 

Among geoacoustic parameters, bulk dens~ty often exh~blts strong grad~ents In the upper 30 cm of the seafloor [I I] Whlle 
these high-gradlent layers are relatively thln compared to low-frequency wavelengths, they can be very Important at h~gher 
f reque~~c~es  (10-100 kHz). Thls IS due to the fact t h a ~  dl bhor~er waveiengti~a tne lnteractlon ot these layerb wltn a sonar slynal 
may lead to a frequency-dependent acoustlc Impedance profile The effects of the dens~ty proflle on h~gh-frequency reflection 
and transmlsslon of acoustlc energy, as well as, on surface and volume scattering strengths have a dlrect Impact on the 
detect~on of burled objects, class~ficat~on of bottom/subbottom types, and determinat~on of propagation loss 

With respect to geoacoustics, one of the more advantageous characteristics of CT is its strong linear dependency on 
sediment density (Figure 1A). Historically, the most common way of determining the seafloor density structure has been 
through laboratory analysis of "undisturbed" sediments obtained either by divers or by subsampling box cores. To  determine 
its density structure, a sediment core is transported to the laboratory (or any processing area) where the material is either 
extruded or collected after splitting the core liner. This material is weighed wet, dried, then reweighed to determine its bulk 
density (assuming an average grain density). However, much information regarding the variability of the sediment is lost due 
to the integrated nature of the measurement. In contrast, Figure 1B shows a high-resolution density profile constructed using 



CT images. Construction of these logs is made by incrementing the sample through the scan plane using a positioning table. 
Quantitative analysis is then conducted on an image-by-image basis using a "fixed" region-of-interest (ROI). These high- 
resolution profiles can be used for a variety of geoacoustic purposes, such as constraining the maximum scattering response 
correlation length as a function of frequency. For example, Lyons [I21 examined the finely layered sediments of Eckernforde 
Bay, western Baltic Sea, and concluded that for frequencies greater than about 10 kHz, sampling intervals should be less than 
1 cm. (This interval is smaller than the measurement interval normally used when making seafloor core measurements.) 
Instead, Lyons used the CT profiles (2-mm vertical scale) to estimate correlation lengths of 0.5 cm and 0.7 cm and variances 
ranging from -10.~ to 10.' for Eckernforde sediments. We emphasize that to detect correlation lengths this small requires 
sampling resolutions of at least 2.5 mm, a value that cannot be obtained with traditional sampling methods. 

Standard Deviation (g/cm3) 

1 . 0 1 ' " ' " " '  
1.0 1.5 2.0 2.5 3.0 3.5 

CT Number (HU) 

250 1.2 1.4 1.6 1.8 2.0 
CT Bulk Density (g/c/cm3) 

Figure I. Transformation of CT numbers to sediment bulk density. (A) Empirical correlation. Circles-terrigenous marine 
sediments (i.e., those with low calcium carbonate content) taken in Eckernforde Bay, Germany; Panama City, FL; and the 
Louisiana continental shelf (R* = 0.979). Triangles-carbonate sediments from Marquesas Key, south Florida. (B) Typical 
high-resolution CT profile (Core 250-BS-BC; EckernMrde Bay, Germany) derived image-hy-image. 

In another study, we examined the impact of a thin layer of varying density on high-frequency reflection, forward loss, and 
backscattering of acoustic plane waves from the seafloor [ l  I]. A functional form for density stratification was determined by 
examining a number of high-resolution CT density profiles, and a solution based on these general profiles was used to 
estimate the reflection coefficient. The influence of the density profile on reflection loss and backscatter was then calculated 
using the estimated reflection coefficient. Parameter values used in simulations were also obtained from the CT scans of the 
cores, as well as from the literature. We found that inclusion of a density profile adds a strong frequency dependence to 
estimates of the reflection coefficient and forward loss, and the largest effect on total scattering strength is near normal 
incidence where returns are dominated by interface scattering. The effect of the density profile on the strength of acoustic 
returns suggests that care should be exercised when using high-frequency systems for measuring sediment properties, 
especially near-normal incidence. 

3.2 Characterization of Volume Inhomogeneities 

A complete description of backscattering from the seafloor must include three components: ( 1 )  scattering from random 
discrete scatterers; (2) scattering from random continua; and (3) scattering from rough surfaces Of the three components, 
discrete scatterers, such as bubbles, buried shells, and marine organisms (andlor their burrows) are the least understood In 
terms of their effect on acoustic propagation. This is due in large part to the lack of an appropriate analytical technique for 
quantifying these features. As we show next, X-ray CT is uniquely suited for quantitative volume descr~ptlons at spatial 
scales directly relevant for modeling high-frequency acoustlc backscatter (~.e., much smaller than 1 cm3). 

3.2.1 Gassy Sediments 

It was our interest in characterizing gas bubbles in seafloor sediments that lead to our ~ n ~ t ~ a l  use of CT. In one of our first 
investigations, Orsi and Anderson [8] obtained a sediment core from Camp Creek Lake, a naturally gassy, man-made lake 
near College Station, TX (Figure 2). The primary accomplishment of this study was a conclus~ve demonstration that CT 
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could indeed image, and be used to quantify, bubble characteristics in sediments because of the great density contrast between 
free gas and the sediment matrix. Bubbles in the studied lake sediment were large, in agreement with the macrobubble model 
proposed by Wheeler [15] and with earlier visual observations made by Anderson and Hampton [16]. Interestingly, the 
bubbles deform the sediment matrix to create cavities as they grow, changing shape in a sequence from spheres to ellipses to 
amorphous "blobs" with increasing size. The increasing departure from sphericity with increasing size results as the bubble 
overcomes the restraining strength of the sediment and develops in a manner generally dictated by larger scale sedimentary 
structures. Most important, however, is that the results stressed caution when developing models of gassy sediments, 
emphasizing that the traditional assumption of tiny spherical bubbles within pores distributed uniformly throughout a volume 
of sediment may not always be accurate. In fact, our CT analysis revealed that individual sedimentary gas bubbles can grow 
quite large and possess a multitude of shapes. 

Figure 2. Volume rendering of a gassy Camp Creek core. The core IS I-ft long (30.5 cm) and IS orlented properly, I e , the 
top of the core and top of Image IS the lake bottom Thls composite Image 15 consists of 147 horizontal CT sllces (2-mm 
thick). Note the gas bubbles (dark) and the general Increase (lighter shades) In denslty wlth depth In the core 

Slnce our lnltlal study, CT research into the nature and geometry of gas bubble3 has advanced considerably [e g , 17, 181, 
and has furthered the development of acoustlc backscatterlng models for gassy sedlments The hlgh downcore resolution of 
CT data has provlded detalled descrlptlons of depth-dependent bubble fields wlthln the sedlment CT lntormatlon has 
enabled computat~on of dlscrete bubble scatterlng cross sections versus frequency whlch has formed the basls of a "thlck 
layer" bubble scatterlng model descr~bed by Lyons et al [I91 Thls model accounts tor two-way propagat~on loss through a 
depth-dependent bubble d~str~bution Model results have shown that bottom loss predlctlons produced by "thln layer" or 
Integrated bubble profiles may underestimate actual values by as much as 10 dB depending on trequency and bubble slze 
dlstnbutlon 

3.2.2 Shelly and Coarse-Grained Sediments 

Of the common sedlment types In shallow-water environments, sands and shell-bearlng material are two ot the more dlfticult 
types to characterize geotechnlcally. The maln problem wlth studylng these sedrments 1s obtalnlng representative 
"und~sturbed" samples for testlng, due to thelr lack of coheslon and/or to the presence of shells Bes~des ldentlfylng reglons 
of disturbance, CT analysls of these sed~ments can also be used to lnvestlgate seemingly anomalous phys~cal property values 
or to pin-pomt reglons where laboratory measurements may be unknowlngly In error Flgure 3 1s one such example, whlch 
shows the occurrence of cons~derable lntratest poroslty In sedlments collected otf Marquesas Keys, Florida [ I  3, 141 Intratest 
poroslty 1s common In shelly sedlments where ~t serves to Increase sedlment p o ~ o ~ ~ t y  and decrease sedlment denslty, due to 
the addit~on of water and/or slurry trapped wlthln the Interlor of the buned shells Another d~fficult-to-detect artifact, 
common In denslty profiles of sands, IS shown In F~gure 4 The hlgh laboratory densltles In the upper centmeters of Core 
CBBL 490-PC-DC are Inaccurate and attrtbutable to sedlment dewaterlng that occurred unknow~ngly durlng laboratory 
sampling They are easlly corrected, however, uslng CT lnformatlon slnce the approach 1s non-destructwe and conducted 
before taklng physlcal samples 



Figure 3. Identification of intratest porosity in shelly sediments using X-ray CT (CBBL 89-2-KW-DC, Marquesas Keys 
[13]). Note the intratest porosity as indicated by the dark regions contained within the interior of the two gastrapod shells. 
Also note the considerable hetereogeneity resulting from the shell fragments and calcified burrow (circular feature located in 
the center of the image). For scale, this image is 10 cm per slde. 

Figure 4. Detection and correction of a dewatering artifact in a density profile of sandy Panama City sediments (Core CBBL 
490-PC-DC). Note the dewatering zone in the lab density profile, influence of a shell on the CT density profile, and interval of 
mud pockets detected by both methods. 
3.2.3 Bioturbated Sediments 

As attenuation of short wavelengths in sediments is high, properties in the region very close to the water-sediment interface 
will have a dominant effect on acoustic wave propagation. In this near-surface region, seafloor sediments are frequently 
highly bioturbated [201 and often display a tiering with depth. This tiering has been thought to. explain vertical variations in 
sediment structure [21, 221. We have extended this type of analysis to CT density profiles of sediment cores obtained in a 
variety of shallow-water areas [23]. Our model consists of the following tiers listed in order of increasing subbottom depth 
(Figure 5): 

1. Mixed layer--characterized by low bulk densities and high variability due to intense small-scale (meiofaunal, juvenile, 
andlor sinall adult macrofaunal) burrowing. 

2. Transitional layer4haracterized by gradually increasing bulk density and high property variability associated with 
large-scale, but less frequent, mixing by head-down feeding organisms. 
3. Historical layer-associated with increasing density with a simultaneous decrease in variability resulting from an 
increase in mechanical compaction and the closing of open burrows and other voids. 
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Figure 5. Conceptual CT model of physical property (density) variability In seafloor sediments. "Bulk density" refers to 
average CT bulk density and "variability" to its standard deviation. 

By providing a conceptual framework, the characterization in Figure 5 should assist in modeling physical property variations 
within the upper decimeters of the seafloor, an important consideration for a variety of scientific and engineering 
investigations. Figure 6 shows a recently developed representation of the density profile shape for the upper few decimeters 
of the seafloor based on a smoothed version of the tiered near-surface seafloor structure [I I]. Density approaches p, with 
depth according to the function, fp = I + az. (We refer to the parameter, a, in this equation as the density profile parameter 
which is a measure of the thickness of the high density gradients in the combined mixed and transitional layers in Figure 5.) 
This functional form matches a variety of CT density profiles from Eckernfirde Bay, the Florida Keys, and Panama City. In 
these examples, the region of the core profiles which exhibits strong density gradients is the upper 1-5 cm. It is important to 
note that density data from this region is lacking as it is often disturbed by the coringlsampling process or skipped entirely in a 
coarse sampling scheme. 

4. Summary 

P ,  water 
sediment 

Figure 6. Seabed layering model for density w~th  fp = I + az [I I]. 

High frequency sonar systems such as those used in MCM are greatly attected by the small scale density structure of near 
surface marlne sediments. B~oturbation, gas accumulat~on, and shell mater~al all contribute to the h~ghly vanable nature of 
surficial density profiles. The need to quantify such var~abil~ty is acute as accurate models of acoustlc scattering cannot be 
developed without a thorough knowledge of relevant environmental factors. Trad~t~onal methods of core analysis are 
typically averages whlch are insufficient to fully quantlfy the nature of seafloor lnhomogene~t~es We have found X-ray CT to 
be a powerful technique for nondestructive characternzat~on of intact sediment cores. CT methods are capable of obtalntng 
high-resolution, three-dimensional information from which ground truth or model Input parameters may be extracted. 
Methods of analysis have been refined by the medical community and the petroleum Industry where CT has been used for 
several years. The geoacoustlc modeling community, however, has yet begun to explo~t the r~chness ot CT data Researchers 
involved In modeling efforts can, through the use of CT, verify results and galn s~gnlficant new Insight concerning the nature 
of high-frequency acoustic interaction with the seafloor. Such Insight will advance the design of sonar systems and 
interpretation of sonar data for a variety of applications. 
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Abstract 

An autofocusing algorithm for the compensation of translational motion errors of a sea floor rmaging synthetic 
aperture side scan sonar is presented. The algorithm does not depend on the presence or absence of dominant 
scatterers in the field of view and is based on the displaced phase center antenna concept. The theoretical 
performances are studied and the algorithm is shown to perform satisfactorily on stmulated data. Preliminary 
results obtained for a sonar moving on an underwater rail are presented. Sea trials are planned to validate an 
extension of the algorithm, termed " multibeam interferometry ", to arbitrary motion errors. 

1. Introduction 
The ideal synthetic aperture is perfectly linear, and the time delays required to form a beam in a given direction 
can be computed a priori. Synthetic aperture processing then reduces to a straightforward extension of 
conventional beamforming to multiple pings. In reality, there are deviations of the platform from the specified 
track, which distort the synthetic aperture. Focusing the synthetic aperture, despite these distortions, is a major 
difficulty which has up to now prevented operational deployment of such systems in the ocean. 

Autofocusing is an adaptive array processing technique which aims at using the sonar signals to focus the 
distorted array. Similar techniques are been studied for the same purpose in real and synthetic aperture radar 
[1,2], and for correcting wavefront distortions in radio-astronomy and optics [3]. If proved feasible in sonar, it is 
obviously a very interesting and cost-effective technique. 

It is highly desirable that autofocusing be performed without imposing any cond~tion on the distribution of 
power in the source field. This independence is seldom achieved by the existing algorithms. Those used in radar 
often assume the presence of point scatterers in the field of view, which play the part of beacons. They are not 
suited to sea floor imaging sonar where reverberation is dominant. Others [4] exploit Instead the spatial 
coherence properties of statistically homogeneous reverberation. These suffer then in the presence of features of 
any kind on the sea floor (highlights, shadows...). This paper discusses a class of algorithms, suited for side scan 
sea floor imaging with a linear physical array, which achieve the required independence by appropriate sonar 
design. 

The paper is organized as follows. In part 2 the problem to be solved is posed. In part 3, the waveform 
invariance principle, which forms the basis of correlation navigation sonar, is ~ntroduced. In part 4, this 
principle is used to focus a synthetic array in the presence of arbitrary translational motion errors, using 
improved correlation navigation sonar techniques to extend previous work by Sheriff [5]. In part 5 ,  results of 
simulations and preliminary experiments obtained for a sonar moving on an underwater rail are presented. 
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Figure 1 : Array  positions a t  transmission and  reception of echo f rom F 

2. Problem description 
Focusing a linear array at a point F of the sea floor requlres knowledge of the round-tr~p travel tlmes to the 
phase center of each hydrophone of the array. For the physical array, assuming far field conditions (or suitable 
focusing), the travel time to the hydrophone located at abscissa x along the array can be written as t-xu, where r 
is the travel time to the phase center of the array located at x=O, and u is proportional to cose, where 0 is the 
bearing (see figure I). Point F is therefore determined by the two sonar coordinates u and 7 in the physical image 
formed at each ping. Due to the sonar displacement, these coordinates change from ping to ping, and the 
problem is that of tracking the displacements of F in a sequence of consecutive images with the precision 
required to coherently register the corresponding physical pixels. For any given pair of adjacent pings 1 and 2, 
the sonar coordinates of F at ping 2 can be expressed as : 

where u and z are the sonar coordinates at ping 1. The displacements Au and AT are the necessary and sufficient 
information required to focus the synthetic array since, by iterating ( I ) ,  an arbitrary number of pings can be 
registered. 

It is important to note that the corrections to the coordinate displacements derlved from  deal-track 
assumptions will not be the same, in general, for points at different coordinates In the sonar Image. Indeed the 
corrections for F depend on the projection of the motion errors in the radlal direction of F, which depends also 
on the local bottom topography. For example, sway (horizontal across-track displacement) leads to a change In 
travel time which depends also on the grazlng angle at F. Furthermore the shape of the distorted array changes 
with time and is therefore not the same at the arrival times of echoes at short range or far range. Nevertheless, 
for the purpose of the est~mation, these corrections will be assumed constant or slowly varylng In portlons of the 
sonar Image, termed "isoplanatic reg~ons". The dimensions of these reglons, ideally as small as possible, 
determine the resolut~ons In u and t of the estimation. Thls concept of isoplanatlsm comes from astronomy, 
where it is known that the phase shifts required to correct wavefront distortions are anlsotroplc, ie, depend on 
the angle of arrival of the wave. For example, a guide star (beacon) can be used to measure the dlstort~ons which 
affect the source of interest only provlded it IS sufficiently close for the l ~ g h t  rays comlng from the gulde star to 
undergo the same propagation disturbances. Thls condition defines the isoplanatlc angle. 

In what follcws, we consider only the simpler case of purely translational motion errors. The problem then 
reduces to the estimation of AT (u,t). The medium is also assumed ideal. 

3. Waveform invariance 
The use of the correlation properties of signals returned by a diffuse scattering medium, llke the sea floor, to 
measure displacements between two successive transmissions forms thc basls of existing navigation sonars 
termed correlation logs [6]. The main features of such logs may be summarized as follows : 

After transmission at a specific location T, and backscatter by the sea floor, the echo recelved at a specific 
receiving point R, at a given delay T after transmission, can be viewed as a realization of a given random 
variable. The echo results from the interference between an arbitrarily large number of scatterers in the sonar 
resolution cell. In far field conditions, transmission at T I  and reception at R1 after a delay T is equivalent to 
transmission and reception from a single spatial location C1=(TI+R1)/2. known as the sonar phase center (see 
figure 1). If the same waveform is transmitted twice from the same phase center, and if the propagation medlum 
and the scatterer geometry has not changed between the transmissions, the same random realization will be 
received (except for noise) for the same propagation delay, irrespective of the distribution of the scatterers in the 
sonar resolution cell. This is known as the "waveform invariance" principle. 



In the case of interest where transmitter and receiver are on board a moving platform, the second 
transmission and reception occur at displaced spatial locations T2 and R2. As a result the second phase center 
C2 is displaced with respect to C1 by a vector quantity AC=CIC2. Then first and second echoes received at - 

delay T are no longer identical. Due to the displacement, each scatterer undergoes a change in round-trip travel 
time AT determined by the projection of AC onto the radial direction to the scatterer. If these changes are 
identical for all scatterers in a sonar resolution cell, their interference is not affected by the displacement and 
"waveform invariance" is restored for first and second echoes rece~ved at T and 2+A2. If, however, these changes 
vary, as it will be if the radial direction varies too much within the sonar resolution cell, these first and second 
echoes will partially decorrelate. Additive noise in the sea or in the receiver will also contribute to this 
decorrelation. 

We will refer to this effect as "baseline decorrelat~on", by analogy to a slm~lar sltuatlon wh~ch occurs In 
interferometric bathymetry [7]. One seeks there to estimate the depression angle of the rays arrlvlng from the sea 
floor, using phase comparison between the echoes received by two d~splaced transducers. These form an 
interferometer whose angular resolution is given by the receiver separation (or baselme) in wavelengths. In the 
present application, the baseline is synthetic rather than real but, apart from Issues relative to temporal 
coherence, this difference is unimportant. Baseline decorrelation occurs when the spread In bearing (relat~ve to 
the baseline) within the sonar resolution cell is no longer small compared to the angular resolution of the 
interferometer, which can then resolve different scatterers FI and F2 in the resolution cell. An example of such a 
situation is pictured on figure 2, for a vertical displacement of amplitude P and a non planar sea floor. 

Figure 2 : Influence of bottom topography on baseline decorrelation. Are shown an lnterferometric baseline 
C1C2, and two points F1 and F2 in a sonar resolut~on cell (shaded). 

The most Important decorrelat~on occurs when the dlsplacement IS col~near to the array In the case of 
statist~cally homogeneous reverberatlon, and for an along-track d~splacernent ot D, the resolut~on of the 
Interferometer 1s h/2D (where the factor two IS because the baselme IS synthetlc) and the spread In bearlng IS 

hlL, where L IS the length of the phys~cal array, since the basel~ne I P  collnear to the array It can be then be 
shown that the fleld correlat~on 1s I-(h/L)/(h/2D)=l-2DIL Independence of two looks of the Pame qcene (whlch 
IS the effect sought for In Incoherent synthetlc aperture) IS achleved for D=L/2 Even tor D<L/2, wh~ch appears 
as a bas~c condltlon for autofocus~ng on reverberat~on, the speckle In the p~xels wh~ch eorrespond to F remalns 
weakly correlated. T h ~ s  makes the estlmat~on of ( I )  from d~rect cross-correlat~on of the phys~cal Images dlff~cult 

A correlation log attempts to restore waveform Invariance desp~te platform rnotlon by d~splac~ng the receiver 
between the first and second receptions. Such a dlsplacement can be achleved very s~mply by uslng at least two 
identical receivers R and R'. Use of R' instead of R at the second reception d~splaces the second phase center 
from C2=(T2+R2)/2 to C2=(T2+R'2)12. The condition to restore waveform invar~ance IS C'2=C1. whlch occurs 
when R2R'2=-2C1C2 as in figure 3 



420 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

Figure 3 : Achieving waveform invariance by displacing the phase center 
At ping 1, (2) transmission occurs at T I  (T2) and reception at R I ,  ( R 2 )  Motion between pings is D. 

In pratice, one uses an array of hydrophones and computes the cross-correlation at all the possible discrete 
values of the hydrophone separation vector. One then uses appropriate interpolation to estimate the best 
separation vector, ie, the one at which the cross-correlation is maximum. This vector provides an estimate of the 
displacement projected along the array, whereas the correlation delay provides an estimate of the displacement 
in the look direction. It is desirable to have as many hydrophone pairs with distinct separation vectors as 
possible in the array and correlation logs often use planar rather than linear arrays. In many cases of application 
with a linear array, it is not possible to achieve strict waveform invariance. Then the correlation log limits 
baseline decorrelation as much as possible by shortening the baseline, so as to coarsen the resolution of the 
interferometer. It will also orient the baseline in space so as to minimize the angular spread in bearing (relatively 
to the baseline) within the sonar resolution cell. 

It must be cautioned that, although correlation logs have been around for a long time now, few systems exist 
(compared to the number of Doppler logs). With few exceptions, the theory has focused on the measurements of 
translations alone, ignoring possible errors introduced by rotations or the possibility of measuring both 
translations and rotations by suitable extensions. 

4. Application to autofocusing 
Sheriff proposed to use the physical linear array as a simplified correlation log to measure translational motion 
errors. His algorithm can be described as follows : 

Choose a hydrophone pair of the physical array with vector separation 2D, where D is the ping-to-ping 
displacement derived from ideal-track assumptions, to play the part of R and R' of part I11 (the existence of such 
a pair requires D<L/2, where L the length of the array). Measure next the phase shift between the echoes 
received by R at ping 1 and R' at ping 2 in the same range bin, ie, at the same delay z after first and second 
transmissions. Finally, apply the opposite phase shift, range bin by range bin, to all the hydrophones of ping 2 
and then register ping 2 with ping 1 using ideal track assumptions. 

Sheriff recognized that further (unspecified) processing may be necessary to correct possible residual phase 
errors. Nevertheless the method is reported to have performed successfully in tank experiments with rods used at 
point targets. However it does make some simplifications with respect to existing correlation log techniques. 
First correlation is reduced to phase comparisons on the basis of a single pair of measurements. Next the 
hydrophone separation vector is fixed a priori. Finally it is also seen that the phase shift corrections are assumed 
isotropic (not to depend on u). These assumptions limit rather severely the precision and the angular resolution 
of the autofocusing, as shown below. 

4.1 Precision of the estimation 
It is well-known in bathymetry that, due to the baseline decorrelation, the estimation of interferometric phase 
shifts on the basis a single pair of measurements is noisy. This measurement is a random variable which is by no 
means constrained to remain some kind of average of the phase shifts of the unresolved scatterers within the 
resolution cell. This is true for the ensemble average but, for individual realizations, large deviations may occur, 
in particular in the range bins where the reverberation fades. This effect is known in tracking sonar as the "glint" 
of an extended target. Maximal glint occurs when the target highlights interfere destructively. Glint is reduced 
by averaging over K range bins, after which the standard deviation of the phase estimate is given by : 

where p is the field correlation coefficient. This formula is established by Goodman in [8]. 



Furthermore the estimation of time delays, rather than only phase shifts, is necessary when AT is no longer 
small compared with lIB, where B is the sonar bandwidth. This time delay estimation can be carried out using 
standard interferometric techniques, which may be summarized briefly as follows. One first estimates the 
correlation phase at the position of the maximum of the correlation envelope. This provides an ambiguous 
estimation of the time delay because phase measurements are modulo 2n. Amongst all the ambiguous time 
delays, which correspond to time delays which differ from the true time delay by an integer number of carrier 
periods, the one which is closest to the maximum of the correlation envelope is chosen. 

It must be emphasized that precision is an important issue since the price to pay for processing only adjacent 
pings, as  in the class of algorithms studied here, is a build up of errors, analogous to a random walk. The 
precision required on the ping-to-ping correlation delay increases with the total number N of pings to be 
coherently registered. For a given value of p, determined by the physics of the backscatter and the level of 
additive noise, the precision can be increased by increasing K. The required values of K to limit the loss in 
synthetic aperture array gain to IdB is plotted on figure 4 as a function of p for different values of N. This 
follows from (3) and a calculation similar to the one presented in [I]. 

It is also pteferable to choose the hydrophone separation vector adaptively, as in a correlation log, rather than 
to base this choice on ideal-track assumptions. In particular along-track motion errors introduce time delay 
errors for all image points off boresight. It is then elementary to show that, on the time window for which the 
correlation is performed, AT is given by : 

A T =  a u + p  (4) 
where a is the best separation vector and p the correlation delay. 

Fialdmrrelaton 

Figure 4 

4.2 Resolution of the estimation 
The length of the time window upon which the correlation is performed determines the temporal resolution of the 
estimation of (1). The maximal value of K is determined by the condition that the variations with z of AT remain 
a small fraction of the carrier period (isoplanatic condition). For instance, K=100 allows coherent registration of 
25 pings for p >0.5. With a 20kHz sonar bandwidth, this corresponds to a time window of 5ms. Platform 
dynamics on this time scale can be neglected but it is necessary to assume that variations of the line of sight over 
slant range intervals of 3m to 4m are small enough. This condition is easier to satisfy at small grazing angles. 

It is seen from (4) that the time delay correction now varies linearly with u in the field of view. Thus both the 
precision, and to some extent the angular resolution, of the estimation have been improved. Further increase in 
precision and resolution is possible by using M 2 2 hydrophone pairs with redundant separation vectors. M can 
be increased by reducing the ping-to-ping displacement D to a smaller fraction of L/2 (see figure 5). The 
redundancy can be used to increase the temporal and angular resolutions. Since spatial redundancy increases by 
M the number of points in the correlation, K can be reduced by M which leads, if required, to an improvement 
in temporal resolution by a factor of M. The improvement in the angular resolution, which is more critical, can 
be obtained by processing the M hydrophone pairs as a displaced sub-array. One can take benefit of the angular 
resolution of the sub-array in the autofocusing. In the example of the 400kHz sonar considered above, distinct 
piece-wise linear corrections (4) could be estimated in subsectors of 0.1 ", by choosing D=L/4, assuming L=3m. 
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The isoplanatic angle is then reduced from 5" to 0.1" which should significantly relax constraints, in particular 
on the bottom topography. 

The use of M 2 2 redundant hydrophone pairs is not new. It was proposed by Raven [9] for the purpose of 
estimating the phase corrections in the presence of both angular and translational motion errors. He used the M 
pairs to estimate separately M phase shifts by the algorithm discussed by Sheriff. He then adjusted a linear law 
to these M phase shifts. The autofocusing consisted in applying the opposite phase shift law, range bin by range 
bin, to all the hydrophones of ping 2 prior to registration with ping I using ideal track assumptions. This 
extension is interesting, because it shows that autofocusing in the presence of arbitrary motion errors is possible, 
in principle. However Raven's method suffers from the same limitations in precision and angular resolution as 
Sheriffs'. 

5. Results 
Simulated synthetic aperture images (3mx5m) autofocused using both Sheriff's method and the method presented 
here are shown on figure 6. The scene consists of a spherical target on a flat uniformly reverberating sea floor. 
The reverberation is generated using a standard point scatterer model. The target is a sphere of I m diameter at 
150m range for a sonar at 30m above the sea floor. The central frequency is 400Khz with a bandwidth of 
B=30kHz. The physical array length is L=lm 20, and the ping-to-ping displacement D =L14. The motion error 
was a bias in sway velocity of 3mm from ping to ping. The total number of integrated pings was I I .  It is seen 
that Sheriff's autofocusing fails by far to achieve the required precision. The improvements proposed here solve 
the problem. 

Figure 5 : Hydrophone pairs  with redundant  separation vectors 

Tx 

Images were formed (cf figure 7) for a sonar constrained to move on a rail which guarantees an ideal track. 
The physical array length is L=3x19.5cm and the ping-to-ping displacement is D=L13. The sonar operates at 
53kHz with a 15" tilt and the rail is at 6m80 above the sea floor. In this case the phase errors where not due to 
motion errors but to electronic jitter. This situation is, however, only partially representative of the one which 
will be encountered at sea. This is first because the time delay corrections due to jitter are isotrop~c (so that 
autofocusing does not require angular resolution) and second because the causes of baseline decorrelation in the 
case of jitter differ significantly from those in the case of motion errors. Nevertheless this example illustrates 
that the autofocusing algorithm is not limited by its principle to the compensation of motion errors alone. By 
analogy with astronomy, it can be anticipated that the compensation of medium induced wavefront distortions 
require an autofocusing algorithm which accounts for anisoplanatism. The method presented here should 
therefore be capable, in principle, to correct both array and wavefront distortions. However the effect of medium 
inhomogeneities on baseline decorrelation requires more attention. 

. \. . . 0, 
Y 
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6. Conclusion 
An autofocusing algorithm for the compensation of translational motion errors has been presented. The 
algorithm is based on a local isoplanatic assumption, that is, the redundancy of the time delay corrections in 
small portions in range and bearing of the physical sonar image. The estimation makes use of correlation sonar 
techniques : the decorrelation of speckle in pixels of adjacent looks, termed "baseline decorrelation", is reduced 
by phase center displacement. Improvements which allow order of magnitude gains of precision and resolution 
on the previous work by Sheriff, such as the use of range averaging to combat "glint", or sub-array processing 
with multiple redundant hydrophone pairs, have been proposed. The theoretical performances of the algorithm 
have been studied, in particular the build up of errors due to the processing of only adjacent pings, and 



promising results have been obtained on simulated data and on experimental data obtained for a sonar moving on 
a rail. An extension of the algorithm to arbitrary translational and angular motion errors, termed " multibeam 
interferometry ", has been defined by Thomson Marconi Sonar. The extended algorithm, which exploits two- 
dimensional correlations of sonar images formed with a displaced sub-array, estimates both d~splacements in (1). 
with order of magnitude improvements in precision and resolution over the method proposed by Raven. GESMA 
and Thomson Marconi Sonar are planning sea trials in June using the PVDS (Propelled Variable Depth Sonar) of 
Thomson Marconi Sonar. 

Figure 6 :Simulated images before autofocusing (left) and after autofocusing by Sheriff's method (middle) 
and the method presented here(right). 
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Abstract 

Shallow water actlve and passlve sonars can be usefully complimented by broadband Amblent Nolse Imaging 
(ANI) systems The first AN1 system was largely analogue, produced good Images at 38 m range, but was bulky 
and permitted only a limlted range of slgnal processlng optlons A 24 Gflop 20-120 kHz second-generat~on 
phased-array system, ROMANIS, IS belng built In Singapore The ROMANIS deslgn 1s descr~bed,  d e t a ~ l ~ n g  the 
substantla1 performance Improvements and novel processlng that ~t explo~ts 

1. Introduction 
The concept of a third sonar operating principle, using ambient noise in the ocean as the sole source of 

illumination to form images of submerged objects, is now a demonstrated fact [I] .  
While the potential benefits of such systems could be wide-ranging, the possibility of achieving practical and 

useful performance has sometimes been viewed with considerable skepticism [2]. The overriding advantage of 
an Ambient Noise Imaging (ANI) system would be, obviously, its completely covert nature. Images can be 
formed of entirely quiet objects without the need to make any transmission. Against this exciting potential, it 
must be admitted that the signal-to-noise ratio will usually be inherently low and the sources on which the 
system relies for its illumination are statistically complicated. Propagation analysis and scattering simulations, 
both ray-like and full-wave, have indicated that useful images could be formed at ranges considerably exceeding 
optical (even laser scanning) devices [3,4]. Following a successful proof-of-concept experiment carried out in 
1991 [S], an SIO team designed a more ambitious device with 126 pixels which would produce moving coloured 
images, the Acoustic Daylight Ocean Noise Imaging system (ADONIS). ADONIS was completed and first 
deployed adjacent to the Marine Facilities Pier in San Diego Bay, CA in August 1994. 

Some of the results from this deployment have now been published [6,7], with several papers in press or in 
the review process. Other research groups are also experimenting with AN1 and confirming that useful images 
can be obtained [a]. The overwhelming outcome of the first ADONIS deployment is that AN1 works, and does 
so  better than anticipated. The excellence of the results stem in part from the presence 6f snapping shrimp at the 
deployment site, which provide more useful high-frequency energy than anticipated. Other, more fundamental, 
features of this ambient noise have become apparent in subsequent detailed studies of ADONIS data. These 
developments, together with newly-available Commercial Off-The-Shelf (COTS) products, have led to the 
design of a second-generation system described here. 

2. Design considerations from existing experience 
A second-generation system should exceed the performance envelope of ADONIS, learnlng from our 

experiences with that system and capitalis~ng on our improved understanding of the AN1 principle as a more 
general concept which encompasses Acoustlc Daylight. To place the new deslgn In perspective, an outline of 
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ADONIS is presented. The lessons that have been learnt from ADONIS will then be summarised, and the 
provisional design solution for the next-generation system will be described. 

2.1 The ADONIS system 
The Acoustic Daylight Ocean Noise Imaging System (ADONIS) produces real-t~me, movlng, colour pictures 

of silent objects in the ocean. In brief, the posltlve capabilities of ADONIS can be l~sted as follows: 

( Real-time imaging 

( 126 separate beams 

( Acoustic colour information at 16 frequenc~es from 8-80 kHz 

( 24 Hz frame rate, providing near-video rate moving acoustic pictures 
One basic limitation on such a system is angular resolution, which is essentially bounded by the Rayleigh 

Pre-proeess~ng electmn~cs 

I Figure 1 Acoustlc Daylight Ocean No~se Imag~ng System ADONIS bu~lt at SIO, USA I 

crlterlon that the beamw~dth 
cannot be substant~ally less than 
hlD where h IS the wavelength 
of the propagating wave and D 
1s the aperture of the antenna 
There is an upper l l m ~ t  on 
frequenc~es that can be 
employed due to thermal nolse 
[9] and volume absorpt~on, and 
hence how m a l l  we can make 
h To galn max~mal resolut~on, 
we therefore seek to maxlmlse 
D, the aperture o t  the antenna. 
T h ~ s  also has ~ t s  pract~cal 
l ~ m ~ t a t ~ o n s  ADONIS used a 
retlectlng lens of 3m dlameter 
The advantage of such a lens 1s 
that actlve recelvlng elements 
are not requlred to ' t~ le '  the 
masblve surface that a 3m fully- 
populated 2-D array would 
normally demand The beam- 
formlng and focus~ng of energy 
IS ach~eved by geornetrlc means, 
rather than electron~c T h ~ s  
avo~ded the cornputat~onal 
obstacle of dea l~ng  w ~ t h  a very 
large number of elements and 
processing the data The 
d~sadvantages Included the 
analogue reflechng lens 
perform~ng only as well as  a 
fully-populated phased array 
halt the s u e ,  and that the beam 
conf~gurat~ons were f ~ x e d  Some 
photographs of ADONIS and a 
sketch of ~ t s  englneerlng con- 
struct~on are shown In Fig. 1. 

Even using the analogue lens to circumvent the beamforming computation, it was st111 not possible to FFT the 
data from all 126 beams in real time and acqulre the large amount of data that would be produced. The 
frequency spectrum for each beam was therefore estimated by an analogue t~ l te r ,  which was switched to each of 
16 frequencies in turn. Allowing for settling tlme and an extra period at the end of each frame cycle (to clear the 
sample-and-hold circuits), some 95% of the data was effectively being discarded. 

Finally, the 3m lens took the form of a concave dish, which would have been very difficult to move through 
the water. ADONIS was therefore constructed as a fixed system, to be placed on the sea floor at one location. 



2.2 Data  experiences with ADONIS 
Data from the first deployment have now been extensively examined at the ARL in Singapore. This work 

was carried out on a contract which provided for the acquisition of a dedicated fast computer, with which the 
ARL has been able to implement a suite of rapid visualisation tools and carry out a wide range of lines of 
inquiry. The results have been most interesting, and sometimes rather surprising. Meanwhile the SIO group 
have concentrated on upgrading ADONIS and re-deploying it to obtain new data. The major points that have 
been established by the ARL concerning ADONIS data are: 

( The image information is contained not only in the mean illumination, as anticipated, but in other measures 
of the intensity distribution, such as variance [7]. 

( Images can also be obtained using only the normalised cross-correlat~on of received intens~ty between 
beams, without regard to mean brightness or variance [lo]. These two aspects generalise the concept of 
Acoustic Daylight to Ambient Noise Imaging, which includes processes for whlch there is no visual 
analogue. 

( The loss of 95% of the data (by the analogue spectral filters in ADONIS pre-processing) places a very 
restrictive and damaging bound on our ability to extract statistical information, which is now understood to 
be of central importance [ lo ]  

( Snapping shrimp are the overriding sources of acoustic energy above a few kHz, permitting imaging at far 
higher frequencies than the thermal limit was expected to allow 191. It had previously been thought that 
surface wave action would provide most of the useful energy, even in warm coastal regions. 

With regard to snapping shrimp noise, the episodic nature and frequency spread of this biological source 
mechanism demands improved data sampling densities at the same time as permitting much hlgher frequencies to 
be employed, with a corresponding improvement in resolution. The presence of snapplng shrimp greatly 
enhances AN1 operation. Since snapping shrlmp are encountered in all shallow waters where the temperature 
never drops below 11 OC, there exists a continuous band between about 30 degrees North and South of the 
equator where these animals dominate the ambient noise above a few kHz in shallow water. 

A recent investigation of the nature of snapping shrimp noise and distribution was carried out by an 
Australian research centre [ I  I]. Quoting directly from the Abstract of their report, 

"sustained ambient  noise a t  frequencies u p  to  200 kHz in temperate a n d  tropical waters of depths Less 
than  about  60 m is  characterised by the numerous s h a r p  transient sounds of snapping shrimps" 

In the light of these discoveries, there are certain shortfalls in the ADONIS design which now appear a top 
priority to rectify in a next-generation system: 

( 95% of data discarded, severely hampering statistical analysis 

( Only crude image processing possible in real time 

( Frame rate too slow for smooth transitions or to track the temporal statistics 

( Frequency range too low for snapping shrimp environments 

( Too bulky and heavy for resolution performance obtained 
Despite these limitations, ADONIS has already been extraordinarily successful, easily imaging targets and 

holes only 1mZ in area at a range of 38m [7]. We therefore anticipate that a second-generation system will be 
able to provide significant image products for operation in shallow warm waters. 

3. The ROMANIS design concept 
The Remotely Operated Mobile Ambient Noise Imaging System (ROMANIS) is a next generation system 

design which provides a cost-effective solution to the ADONIS limitations, while improving performance in 
every respect. Some of the most damaging limitations in ADONIS arise from not using a phased array. A fully- 
populated phased array is still a prohibitively expensive option. ROMANIS avoids this difficulty by using a 
sparse array, with a unique primary beamforming technique which nullifies many of the disadvantages known to 
trouble sparse array systems. Additionally, the massive computational demands of real-time FFT's and 
beamforming have been reduced by an order of magnitude by an innovative technique which allows a nine-fold 
decrease in the number of beams formed, while retaining virtually all of the useful information that would be 
provided by a full set of beams. 

These techniques permit us, for the first time, to design a system which significantly raises the maximum 
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frequency of operation to include more snapping shrimp illumlnat~on and Improve resolution, whlle 
simultaneously overcoming the other shortfalls of ADONIS Commercial Off-The-Shelf (COTS) products have 
been sourced which provide a solution to the data collection and analysls demands ot the ROMANIS concept at 
moderate cost. 

3.1 ROMANIS overview 
The ROMANIS concept is to produce real-time acoustic colour video images of underwater environments 

with an unprecedented resolution, accuracy, data density and flexibility. To  provide a much greater freedom in 
deployment scenarios and environments, ROMANIS is to be mounted on a Remotely Operated Vehicle (ROV) as 
a host platform. Each major component of ROMANIS has been designed to be a stand-alone asset, so that 
investment in the modular components can benefit related programs. The elements of the system are shown in 
Fig. 2, and the more innovative components will be described individually in the subsections that follow. 

Wet-end components 
I 1 Amplification, I I Multi~lexing & t\ 

W 
. - 

analog\dphased filtering, & signal electro-optical 
array assembly conditioning, conversion 

Surface components 
Real-time interactive 

conversion & beamforming & 
&multiplexing - validation using 24 - Fibre-channel 

Figure 2. Schematic of Remotely Operated Mobile Ambient Noise Imaging System ROMANIS 

3.2 Remotely-operated vehicle 
We wish to provide ROMANIS with the capability to be deployed in a variety of environments and scenarios, 

and to make it mobile and navigable. Rather than consider building some form of mobile platform, with all the 
associated engineering problems, it has been decided to use a COTS Remotely Operated Vehicle (ROV). A 
deep-diving hydraulic ROV with 50 kg load capacity would weigh perhaps 250 kg, and require a dedicated 
surface handling system. For our purposes, we prefer an electrically-powered ROV, since we do not require 
powerful manipulators, and would additionally benefit from removing the high-frequency acoustic noise 
associated with high-pressure hydraulic flows. Furthermore, we do not anticipate requiring a depth capability in 
excess of 100m. P 

In addition to the basic ROV, some specific additional equipment I S  required to mount ROMANIS. This 
equipment falls into two groups. The first group consists of commerc~ally-available Items, particularly a 
dynamic position-sensing package which is necessary to correct the ROMANIS acoustlc beams for tilt, yaw and 
roll of the ROV while imaging. The second group consists of unique mechanical fittings to mount the 
ROMANIS wet-end hardware, permitting mechanical tilt etc., which will be developed at the National University 
of Singapore in collaboration with other engineering centres. 

3.3 Acoustic Sensor Array 
This component is the most crucial and custom-designed part of ROMANIS. To  realise the advantages of 

phased-array acoustic beamforming, a solution to the massive cost and computational difficulties associated with 
a fully-populated 2-D array of sufficient aperture must be found. The oft-applied solution is a sparse array, 
defined as an array with fewer elements at larger spacings than the h/2 value required by a fully-populated array. 
There is a considerable body of research on sparse array theory, but there are basically two central 
disadvantages. 



The first is that a sparse array suffers from spatial aliasing of its beams. This means that (for example) while 
aimed at broadside, equally sensitive beams are formed at angles corresponding to asin(h/d), where d is the 
element spacing (d>h). This drawback can be partially overcome by using a variable spacing and shading, so 
that the grating lobes become diffuse and are suppressed, compared to the central beam which remains fully 
coherent. 

The second disadvantage is that sensitivity IS sacrificed, due to the reduced number of elements w h ~ c h  
receive acoustic energy. This is not so crucial a loss to an active system, where the transmitted signal can be 
made strong and, in any case, should normally be louder than the background ambient noise in order to be heard 
with good signal quality. For an AN1 system, the background noise is the signal, and so the system needs to be 
very sensitive. Analogue beamforming lenses overcome these problems by focus~ng energy geometrically, as 
ADONIS does, but suffer from other disadvantages. For ROMANIS, a unlque solution is proposed, which we 
shall term a hybrid analogue-phased array. 

3.3.1 Hybrid analogue-phased array principle 
A fully-populated circular array of some 1.5m diameter (the projected size for ROMANIS) would require 

some 4 x lo4 elements. We do not believe that we can accommodate more than 256 at reasonable cost, over two 
orders of magnitude fewer. The conventional answer is to place the (reduced number of) elements in a sparse 
pattern, pseudo-random being popular for large numbers, as it converges to an optimal suppression of side lobes. 

In our case, we wish also to collect the 
energy incident on the entire surface, so  that 
a normal sparse array will not suffice. We 
have therefore designed an array which is 
fully populated, but where groups of elements 
are hard-wired for broadside beamforming, 
that is, with their outputs simply connected in 
parallel without phase or amplitude 
modulation. These 'super-elements' are in 
fact never cut into truly separate elements, 
but partially-diced from larger blocks to 
create ceramic sub-elements with appropriate 
mechanical properties (resonances etc.,) 
while maintaining the alignment with 

neighbouring sub-elements by retaining a thin substrate of ceramic connecting their bases. A sketch diagram of 
such a super-element is shown in Fig. 3, though the cuts would probably be arranged to form hexagonal sub- 
elements, rather than rectilinear as shown. The collection of sub-elements into super-elements allows us to fully 
populate the array surface for incident energy, while keeping the number of independent outputs two or more 
orders of magnitude fewer. The analogue hardwiring of sub-elements combined with the phased beamforming of 
the super-elements constitutes a hybrid array system. 

But what is  the impact on the beams that one can form in this hybrid fashion? How large should one make 
the super-elements? Consider a super-element of characteristic diameter d, where d>>h. It is simple to show 

that the grating lobes associated with a sparse 
array of uniform element spacing d steered to 
an angle 0 from broadside occur at $, given by 

where n is a positive integer small enough 
so that sin($) is real, c is the speed of sound 
and f is the frequency. For d>>h, and for small 
8 we can use the Taylor expansion for the sin 
functions and, collecting terms, we find that 

so that the first side lobe on either side of 
the desired steering angle occurs further away 
than hld radians. From Rayleigh's results, we 
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know that the beamwidth of an aperture of diameter d is characterised by the same factor, hld. This tells us that 
such a sparse array, if formed from sub-elements which fully-populate the antenna surface, will have side lobes 
which are significantly attenuated by the beampattern of the analogue-phased super-element grouping. The size, 
d, of these super-elements is then determined only by the range of angles which we require to form beams. For 
ROMANIS, we anticipate the luxury of full 3-D maneuverability with the host ROV, so a narrow 'letterbox' 
shaped forward-viewing region is appropriate. We have therefore designed the ROMANIS array for an approx. 
10-degree viewing angle in the horizontal, and 5 degrees in the vertical. Taking the horizontal dimension as an 
example, we show the effective phase shading of the elements as a function of position along the array compared 
to an ideal fully-populated array in Fig. 4. The super-element grouping used in Fig. 4 equates to a decimation 
factor of 9 ,  so  that the beamforming problem would be reduced by some two orders of magnitude using this 
decimation over a 2-D array 

The last issue concerning the hybrid array design is the impact on beamforming quality. For the decimation 
factor 9 used in Fig. 4, we have calculated the beampattern of a 1.5m array at 120 kHz, the most demanding 
(upper) frequency of interest, for an equally-spaced sparse array. Lower frequencies correspond to lesser 
decimation factors, and hence more closely ideal fully-populated performance. For broadside beam-forming, 
there is no degradation of performance, since the analogue beam-forming is equivalent to broadside phasing. 
The worst performance occurs at maximum 6. We show the worst case scenario in Fig. 5, where we have 
computed the beam sensitivity vs. angle at 120 kHz steered 5 degrees off broadside for incoming angles of 0-19 
degrees. The beampattern of a perfect fully-populated array is shown as a dashed line for comparison. It can be 
seen that the primary beam and side-lobes are very similar, apart from a 2 dB drop in peak sensitivity for the 
sparse hybrid array. The fully-populated array has no grating lobes, of course, but the sparse array has a set in 
the predicted positions, the first occurring at about 18 degrees in almost precise agreement with the equality in 
(2). The grating lobes are successively attenuated as anticipated by the super-element beampattern, the first 

being 13 dB below the 
primary beam with 
subsequent lobes lower 
still. An added bonus is 
that there is an 
improvement in sidelobe 
performance at 
intermediate angles. 

3.3.2 A r r a j  confi~uration 
ROMANJS is of course 

designed with conven- 
tional variable super- 
element size and spacing, 
so that the traditional 
methods of grating lobe 
suppression in sparse 
array designs are simply 
aided by the additional 
tech-nique of hybrid 
beam-forming which 
simult-aneously reinstates 
the full sensitivity of a 
fully-populated array. We 
are also concerned with 
the hydrodynamic 

be no larger than the frontal aspect of the ROV that carries it. Indeed, one would norm-ally construct the array 
on a convex surface, a nose-cone, for an operational system. To keep ROMANIS as simple as possible, we have 
initially limited ourselves to a planar array, but with slots cut into the array plate to facilitate hydrodynamic 
flow. These slots are made possible by the variable spacing of the sparse array, which has element separations 
which increase logarithmically from the array centre. The differing required angles of view in the horizontal and 
vertical proscribe different element dimensions in the vertical and horizontal, and thence spacings. A sketch of 
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Figure 5. Array beam sensitivity for full (234 element) and sparse (26 element) arrays 

performance of the array. 
ROMANIS must be 
maneuverable, and so the 
array area should ideally 



the overall design, combining the best of sparse array variable spacing, hybrid beamforming and hydrodynamic 
performance, is shown in Fig. 6. A total of 256 super-elements are used, arranged with a fully-populated 'core' 
area consisting of 188 super-elements, surrounded by a further 68 elements in a variable-spacing arrangement. 

3.4 Amplification, filtering and signal conditioning 
The output from ceramic elements is of the order lo-'' V at 1 pPa. To reduce EM contamination, the 

signals need to be amplified as close as possible to the elements themselves. This is normally carried out within 
the array assembly, with shielded twisted pair conductors being used to carry the signal to the first amplification 
stage. This traditional approach requires considerable space and careful assembly to accommodate the shields 
and twisted pairs, mount the several hundred amplifier chips etc., particularly when the elements are so closely 
spaced as for ROMANIS. 

The solution developed for ROMANIS is to deposit the complete signal-conditioning stage directly onto the 
silvered back face of each super-element group, including a Sigma-Delta AID device such as an Analogue 
Devices model AD776 or Motorola DSP56ADC16 in surface-mount configuration. Developments in micro- 
electronics, for which Singapore now has a new research institute, permits this cost-effective technique to be 
developed. The successful commercial development of this idea could be of substantial value. 

3.5 Multiplexing and electro-optical 
conversion 

To keep the weight and size of the 
wet-end electronics to a minimum, we 
plan to convert the signals to Fibre- 
Channel protocol on the element itself. 
The Fibre-Channel communications 
protocol includes a loop topology 
which allows data to be collected from 
a large number of nodes and assembled 
in a 'train' of data. This can be 
configured to achieve multiplexing 
from our elements, so that the control 
node simply takes the assembled data 
train and transmits it via optical fibre to 
the surface. Each channel will be 
sampled at 250 kHz. The total 
bandwidth of the signal (from all 256 
elements) will be some 25.6 MHz, and 
will require a 64 MHz sampling rate, 
easily accommodated by Fibre-Channel 
and inexpensive multi-mode optical 
fibre technologies. 

3.6 Opto-electrical con-version and 
demultiplexing 

This stage will be accomplished by 
the same family of Fibre-Channel card 
products as is selected for the wet-end 

data management tasks. The conversion will not be required for data storage, as a Fibre-Channel RAID array 
(very recently available on the open market) can accept the data directly. The demultiplexed signals are for data 
validation by our Silicon Graphics machine, and real-time beamforming by a multi-processor DEC alpha engine. 

3.7 Time domain interactive beamforming 
The 24 Gflop DEC computational engine will be fully configurable on the fly, permitting the selection of 

arbitrary weights and delays for the elements, update of roll, pitch and yaw of the ROV and beam steering. This 
permits interactive beamforming which includes ROV motion compensation and a digital zoom facility for a 
fully-variable field of view. Nevertheless, the computational load still greatly exceeds the 24 Gflop available. 
The load can be reduced by 50% if we use 2 rather than the normal 4 taps for the sample interpolation necessary 
in the beamforming process. This degrades the sidelobe rejection from -40 dB to only -20 dB, but given the 
nature of our application (where neighbouring beam energies usually differ by only a few dB), this is still 
acceptable. Still, a further order of magnitude reduction in computational load is required. To achieve this we 
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have developed an idea which uses the redundancy in the spatially-aliased beams at lower frequencies and the 
excess frequency resolution inherently available in the rapid sample rate compared to the desired frame rate to 
reduce the number of beams that need to be formed simultaneously. We term this technique beam-dithering. 

3.7.1 Beam dithering 
One way to reduce the number of beamforming boards is to form only some beams simultaneously, and to 

steer the beams on the fly through a succession of look directions to obtain the full number of required pixels. 
The disadvantage of this technique is that, if only lln of the total number of beams are formed simultaneously, 
then we are discarding (n-l)/n of the data. This was precisely the most damaging limitation of ADONIS, which 
discarded 95% of the data. It is in the recovery of this discarded data that the innovation lies. 

We know that there must be a redundancy in the information. We can demonstrate this by considering the 
case where beams are formed in the frequency rather than in the time domain. Since the effective LID of the 
aperture increases at lower frequencies, the beamwidth must increase. We therefore require fewer beams to 
cover the same viewing region. There is a further redundancy. We require a frame rate of no more than 100 Hz 
to provide smooth transitions to track even the fastest targets. Nevertheless, we must sample at 250 kHz or more 
to estimate energies at 120 kHz, even with Sigma-Delta systems. This allows us a 2,500 point FFT length for 
each frame, which will yield some 1,250 frequency estimates. Since all the conceivable sources for AN1 
illumination are broad-band, and we seek only to characterise the spectra for acoustic colour purposes, it is 
difficult to imagine that we shall require more than perhaps 64 independent frequency estimates (ADONIS used 
16). There is therefore an inherent redundancy of a factor of 20 in the information from this point of view alone. 

The question remains, how do we utilise this redundancy to permit lossless time-domain beam dithering? 
Imagine the pixels divided into blocks of 3 x 3. We propose to assign only one beam to each block of nine 
pixels, steering it to each in turn for just over 112 msec to collect 128 samples. In 5 msec, all the pixels will 
have been sampled. We propose that the received energy is separable into a rapidly-fluctuating level 
(responsive to individual snapping shrimp events) and a slowly-varying spectral shape (since all shrimp sound 
alike). So, the spectral shape changes slowly (as targets and ROMANIS move about), while the energy may 
change rapidly (as the statistics of the sources fluctuate). 

We know that the lower frequencies will have overlapping beams, so that each pixel will cover an angle of 
vision some 3 x 3 times as large at 33 kHz as at 100 kHz, providing complete coverage at the lower frequencies, 
even when dithered. We can thus use the lower frequencies to track the (rapidly-varying) intensity over the 
entire image region. The discarded data at higher frequencies can then be recovered by interpolating the 
spectral shape changes between successive ground-truth samples of each pixel, constraining the spectral energy 
to follow the intensity, tracked at the lower frequencies. We obtain some 200 'ground-truth' frames per second 
for each pixel, allowing us to average for increased stability before displaying at 60-100 Hz frame rate. The 
validity of the beam-dithering technique can be verified by comparing the spectral shapes of successive samples 
for each pixel and confirming that the shape correlation remains high over the 5 msec required. If an 
environment is encountered where the dithering is undesirable, we can eliminate it by reassigning the beam 
steering on the fly. Similarly, we could choose to zoom out with increased dithering to view larger areas (within 
the constraints of the beam patterns provided by the hybrid lens system). 

4. Conclusions 
COTS products and a lo3  reduction in computational load achieved through novel signal processing put a 

high-performance second-generation AN1 system within reach. A hybrid analoguelphased array has been 
designed for ROV mounting, married to a 24 Gflop computational engine via fibre-optic cable. The Remotely 
Operated Mobile Ambient Noise Imaging System (ROMANIS) will be a valuable tool for high-frequency 
ambient noise studies (such as for breaking wave processes) and imaging, with a spatial and temporal resolution 
greatly exceeding any current instrument. Furthermore, full data stream recording on Fibre-Channel RAID 
arrays will permit arbitrary post-processing and permits the exploration and development of new image- 
processing algorithms. 
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Abstract 
The undersea littoral is an adverse medium for acoustic signal transmission to horizontal ranges of many water 
depths. Reflections and scattering in the bounded, nonhomogeneous channel disperse the arrivaj of received 
signal energy with a prolonging effect called multipath spread. Motion of the reflectors and scatterers disperses 
the frequencies of the received signal with a bandwidth broadening effect called Doppler spread. This paper 
examines the oceanographic causes and acoustic effects of the doubly-spread channel. Dispersion and 
distortion phenomena are evaluated according to relationships between the spread parameters and the signal 
parameters. This categorization, along with considerations of received signal-to-noise ratio, provides a context 
for identifying digital communications strategies for the shallow-water undersea acoustic channel. 

1. Introduction 
In littoral seas 10 to 200 meters deep, wireless signaling technology is needed to link underwater stations 
separated by horizontal ranges greater than five kilometers. For many appllcatlons, accessing atmospheric 
transmission channels by way of surface buoys is impractical or unacceptable. Most forms of undersea signal 
radiation are inadequate. Electromagnetic waves suffer high transmission loss because of the high conductivity 
of seawater. Extremely-low-frequency lateral electromagnetic waves show promlse for low data rates, but require 
large transmitter apertures and power sources. Optical waves, including those produced by blue-green lasers, are 
rapidly attenuated. Seismic waves are overly dependent on local geology. 

Sonic pressure waves provide the best impedance match to the environmental channel. Nature affirms the use 
of sound energy as evidenced by the many marine biosonar and bioacoustic systems selectively evolved for 
feeding and reproduction. To  advance digital acoustic telemetry and ranging capabilities for autonomous 
undersea systems, the U.S. Navy has initiated exploratory development of "telesonar" signaling [I]. 

The difficulties with communicating acoustically in shallow water arise primarily from dynamic interference 
effects induced by inhomogeneities and nonstationarities of the bounded, multipath medium. Spatiotemporal 
variability and complex boundaries distort the propagating wavefront, disperse the received energy in time and 
frequency, and cause signal fluctuations in both amplitude (i.e. fading) and phase. Even for unreflected 
propagation, kinetic channel inhomogeneities produce scintillations similar to the' atmosphere's effect on 
starlight. With horizontal channel geometries, dispersion and distortion are compounded by severe refraction and 
multiple boundary interactions. Also hindering signal demodulation are the dynamic noise background and 
transmission loss by spatial spreading and absorption. These impediments historically have limited acoustic 
telemetry in littoral water to vertical, ducted or short-range horizontal channels. 

Advent of the low-power, low-cost, digital signal processor (DSP) has fostered application of modern 
communication theory to ocean acoustic signaling [2]. Now it is practical to overcome impairments of the long- 
range horizontal medium with methods developed in the 1960s for telephony, space communications, and 
Rayleigh fading channels [3,4]. Indeed, rates exceeding 10 kbit/s have been achieved in certain horizontal 
undersea channels [5]. 

This paper examines the shallow undersea transmission channel and categorizes dispersion and distortion 
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phenomena according to the relative time and frequency parameters defining the signal waveform and the channel 
spread. 

2. Transmission channel 
The essence of the physical transmission channel includes propagation mechanisms, boundary interactions, and 
noise phenomena. These time-variant and space-variant processes determine received signal dispersion, signal 
distortion, and signal-to-noise ratio (SNR). 

2.1 Propagation 
Communication systems are commonly based on electromagnetic-wave propagation through media such as the 
atmosphere (radio), wire (electricity), and fiber (light). By contrast, underwater sound is a mechanical 
transmission of energy in the form of pressure waves propagating through an elastic medium. The transmitter 
converts electric energy to acoustic energy, thereby projecting sound into the compressible undersea 
environment. Transducer radiation is described in spherical coordinates by a beam pattern representing the 
mean-square pressure at a reference distance r,, = I m from the theoretical point-source origin. An 
omnidirectional projector radiates uniformly at all angles with a vector intensity I,,,,,,,,. A directional projector 
radiating the same total acoustic power and aligned with the axis of maximum intensity I,, toward the receiver 
provides gain (in decibel units) according to the transmitting directivity index DlT = 10 log loll,,,,,,,,. 

As the acoustic wavefront expands into the undersea environment to range r, geometric spreading reduces the 
signal intensity I,. A commonly applied estimate of spatial transmission loss for shallow-water channels is TL,,,,, 
= 10 log Irllo = 15 log r. This rule provides a realistic compromise between spherical spreading by r2 in an 
unbounded free field and cylindrical spreading by r in an ideal planar waveguide. Further attenuation by volume 
scattering occurs upon incidence with suspended particulates, entrained bubbles, and biomass abundantly present 
in nearshore waters. Section 2.2 describes additional transmission losses at the sea surface and seafloor. 

As early as World War I ,  narrowband submarine communication was performed by on-off keying rudimentary 
moving-coil transducers. Quantitative evidence for the coherence of a broad bandwidth appeared in the 1940s, 
when a series of experiments involving small underwater explosions showed that a shock-induced pressure wave 
retained a rise time of T = 20 p s  at the propagation range r = 1,000 m 161. Preservation of this sharp leading 
edge implies that the useful sonic bandwidth of the observed channel, viewed as a filter, is W = IIT = 5 0  kHz. 
  he flat response to a broad acoustic spectrum indicates the potentially large communications capacity of 
seawater channels. At the very short range r = 60  m, a I-MHz acoustic band provided a record-setting digital 
throughput of 500-kbitls [7]. But the useful spectrum diminishes with increasing range because seawater 
cumulatively absorbs sound roughly in proportion to the square of the frequency. The dominant absorption 
mechanism at frequencies between 5 and 100 kHz is acoustic energy conversion to heat by ionic relaxation of 
MgS04  salt molecules. Absorption therefore causes additional transmission loss, TL,,,,, = cwr x 10.'. The 10" 
factor allows range r to be in units of meters while the frequency-dependent and mildly temperature-dependent 
absorption coefficient a is conventionally expressed in units of dB1km. Empirical formulae yield absorption 
coefficients at 20°C of a = 0.5 dB/km at f = 10 kHz and a = 2 dB/km at f = 2 0  kHz, for example. Even within 
the useful propagating band, absorption will differentially attenuate the frequency components of a spread- 
spectrum or other wideband signal. 

Traveling orders of magnitude slower than familiar electromagnetic signals, ocean acoustic waves propagate 
at the nominal speed c = 1500 mls, and require nearly seven seconds to reach a notional range of r = 10,000 m. 
Sound speed in seawater increases with temperature, salinity, and pressure. In littoral waters, these variables are 
governed by large-scale circulation and seasonal forcing, and influenced by wind, upwelling, daily temperature 
cycles, mixing, tides, surface waves, internal waves, evaporation, precipitation, and runoff. The ensuing medium 
is inhomogeneous and stratified, producing sound-speed variations that distort the acoustic wavefront. The net 
result is time-dependent, range-dependent, and strongly depth-dependent acoustic refraction. 

The expanding wavefront is often illustrated as a set of emanating rays depicting discrete propagation paths 
governed by Snell's law of refraction. A ray intersecting the receiver location is an eigenray. If several 
eigenrays exist for the transmitter-receiver geometry, the transmission medium is a multipath channel, with 
asynchronous convergence and interference of geometrically distinct arrivals at the receiver. Some eigenrays 
comprise many slightly divergent and reconvergent micropaths created by nonuniform refraction at small-scale 
inhomogeneities. Since shallow water is a bounded medium, most of the multipath structure results from specular 
boundary reflections. 

Signaling range is ultimately limited by the propagation pattern. Knowledge of the oceanography in the 
intended operating environment is essential for anticipating the availability of a reliable acoustic path. Oceans 



are predominantly characterized by a warm, wind-mixed, surface layer overlying a thermocline of increasingly 
colder water with depth. Such temperature gradients produce sound-speed profiles that refract sound rays 
downward. In the deep ocean, isothermal conditions prevail at depths exceeding z = 1,000 m where sound is 
refracted upward by the influence of pressure. Refraction toward the depth of sound-speed minima results in a 
duct known as the deep sound channel. In littoral seas, however, the shallow seafloor generally rules out long- 
range, ducted propagation. Bottom-limited downward refraction produces bottom-to-bottom paths favoring 
acoustic modems placed near the seafloor. Here modems are more likely to be connected by waterborne signal 
energy propagating along refracted direct paths, long-range refracted bottom-bounced paths, and surface- 
reflected paths. Furthermore, the shadow zones existing beyond the convergence of downward reflected and 
refracted energy do not occur near the bottom. 

2.2 Boundaries 
Transmission is strongly dependent on the acoustic characteristics of the sea surface and seafloor. Incident 
propagating energy is reflected, scattered, and absorbed in varying proportions, producing a weakened specular 
reflection and a spatially distributed redirection of scattered sound. Sensitivity to boundary roughness is 
proportional to signal frequency because scattering features increasingly distort the signal wavefront as  the signal 
wavelength is shortened. A criterion for the acoustical roughness or smoothness of a boundary is the Rayleigh 
parameter, p = kT sine, where k is the acoustic wave number 2nf/c, r is the boundary trough-to-crest height 
variation at the localized region of eigenray incidence, and 9 is the grazing angle [8]. If p << 1, the surface is 
primarily a reflector and yields a coherent wavefront reflection at the specular angle equal to the angle of 
incidence. When p >> 1, the scattering is incoherently distributed in space. 

The sea surface is a high-impedance interface between the liquid acoustic channel and the pressure-releasing 
air above. Absorption does not occur at this boundary, but reflection and scattering patterns can exhibit rapid 
time variability. If the surface is roughened by wind waves such that p 2 I ,  the "specular" reflection actually 
comprises many component micropaths scattered forward from evolving sets of momentarily aligned facets or 
corrugations on some large elliptic region of the boundary. Motion of a finite sea-surface scattering element 
imposes a Doppler shift Af = 2f(vlc)sinB, where f is the signal frequency and v is the vertical component of the 
surface velocity. The instantaneous reflectors have assorted vertical motions, so that each forward-scattered 
waveform is subject to a distribution of Doppler shifts related to the power spectral density of the sea surface. 
Hence the reflected waveform experiences a phase reversal, loses energy to out-of-beam scattering, and acquires 
a Doppler-smeared frequency band. In summary, forward scattering from the sea surface is time-variant and 
sensitive to the acoustic frequency, grazing angle, and sea state. 

The redistribution of bottom-scattered energy depends on the acoustic frequency, grazing angle, bottom 
composition, and bottom slope. Geoacoustic properties differ dramatically within littoral seabeds, depending on 
the varying composition of seawater, clay, silt, sand, gravel, moraine, chalk, limestone, and basalt (here listed in 
increasing order of sound speed). Irregular bathymetry and sediment deposition are attributable to faults and 
fractures created by continental-margin geophysics, and from now-submerged terraces and canyons formed 
during the last ice age by reduced sea levels. Above some critical grazing angle sound penetrates the bottom and 
is converted to bottom-borne energy or is reradiated as waterborne energy. Penetration into the bottom is 
generally greater in the summer than in the winter because sea-surface warming increases the temperature 
gradient and strengthens downward refraction. Bottom absorption is a significant cause of transmission loss, 
irretrievably reducing the net signal energy reaching the receiver. For frequencies above 5 kHz, bottom-borne 
energy is absorbed within an effective acoustic penetration depth of about ten meters. An advantage of 
absorption is the alleviation of complexities from bottom-borne propagation. Above 5 kHz, therefore, bottom 
relief is the significant influence on received signal energy. In shallow water, irregular or sloping bathymetry 
produces three-dimensional eigenrays. Forward scattered sound is spatially distributed amongst the many 
boundary-induced micropaths, including reradiated energy from sound that has penetrated the bottom. 

For transmitter and receiver near the sea surface or at intermediate depths, the multipath structure is usually 
stable and successfully modeled by ray theory. The bottom interaction occurs at discrete, localized sites and the 
relat~vely steep grazing angles allow sound waves to reflect coherently, desp~te  partlal absorption by the bottom 
Near-surface modems can suffer image ~nterference between the nearly synchronous arr~val  of parallel elgenrays 
having approximately the same intensity, one reflected at the nearby surface and the other not reflected. 

For transmitter and receiver at or near the seafloor, the wavefront includes small bottom-grazing angles where 
the reflected waves are perturbed by an angle-dependent phase shift 191. These phase shifts affect the many 
three-dimensional micropaths joining near-bottom stations, and the net boundary effect is diffuse, noncoherent 
smearing of received signals. For frequencies above a few kilohertz, the seafloor is often assumed to be a solid 
half-space supporting only shear waves and forming a rigid boundary where the pressure field is maximum and 
acoustic particle velocity is small. Under this assumption, a receiver near the bottom would sense all 
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compressional propagating modes of the fluid waveguide, and be influenced by evanescent bottom-boundary 
interface waves and reradiated energy from bottom-borne shear waves. If the seafloor is fluid or elastic, 
however, sound wave interference could result from the nearly coincident image reflection from the bottom [lo]. 
With downward refraction, a pair of modems at some height above the bottom would have clustered multipath 
arrivals, with each cluster comprising four parallel eigenrays formed by image reflections from the seafloor in the 
vicinity of neither, both, or either modem. 

Horizontal propagation in shallow water involves repeated interaction of the wavefront with rough 
boundaries. Propagation is further complicated by the time-varying nature of the sea surface and the range- 
varying nature of the seafloor. Thus the bounded shallow-water channel is an imperfect waveguide. For a wide 
range of propagation angles and frequencies, acoustic energy is trapped as discrete, frequency-dependent modes. 
The channel impulse response is normally dominated by a sparse pattern of discrete multipath arrivals. 
Complications arise from nonstationarities and nonhomogeneities of the boundaries. Within the shallow 
waveguide, propagation modes may also oscillate because of hydrodynamic sea-surface waves and internal 
waves, further disrupting channel stationarity. These time-variant and space-variant influences smear the impulse 
response and make it time-dependent. 

2.3 Noise 
Littoral acoustic channels are impacted by dynamic noise mechanisms both natural (biologics, waves, wind, rain) 
and man-made (distant shipping, local traffic, industry). These produce fluctuating background levels with a 
dynamic range of 60 dB over seasonal time scales. A contributor to in-band noise is incoherent signal 
reverberation. Likewise, co-channel multiple-access interference can elevate the noise level. Distortion can 
result from these interference sources to the extent that they correlate with the desired signal. Otherwise, 
ambient noise is an additive effect rather than a distortive effect, but its presence prevents signal demodulation if 
the SNR is inadequate. Demodulators that adaptively remove signal distortion are particularly inhibited by low 
SNR. Directional transmitters and receivers improve SNR by increasing the correlated received signal power 
relative to the uncorrelated omnidirectional noise. 

Sonic frequencies below 1 kHz are known to offer optimal propagation in shallow-water environments [ I  11, 
but the decreased signal attenuation does not offset the elevated ambient noise arriving from many distant 
sources. Telemetry signals must have sufficient energy to overcome range-dependant and frequency-dependent 
transmission loss, TL(r,f), and frequency-dependent ambient noise level, NL(f). The sonar equation permits 
analysis of these phenomena to identify optimal signaling frequencies for the intended horizontal range, r 181: 

For flat transmitter source-level spectra with SL(f) = constant, the frequency band with highest SNR(r,f) emerges 
as the minima of the summed spectra of TL(r,f) and NL(f) phenomena for the littoral waters. Equation ( I )  favors 
increasingly higher frequencies with decreasing range, r. For transmission to ten-kilometer ranges, SNR(r) is 
maximum for the spectral region around f = 8 kHz. 

3. Spreading 
The transmitter digitally encodes the data message using block codes or convolutional codes. The encoding 
provides redundant binary information enabling the receiver to more reliably decode the data message despite 
noise and interference introduced by the channel. Next the transmitter modulates the digitally encoded 
information by mapping it into analog waveforms compatible with the physical channel. A transmitted waveform 
has time duration, T, and frequency bandwidth, W. The product TW is a measure of processing gain available to 
an energy detector. Define R as the transmission rate of a waveform sequence. Direct-sequence spread-spectrum 
modulation utilizes the entire available channel bandwidth with each waveform and transmits consecutively with 
time interval T = 1IW = 1IR. Thus TW = 1 for direct-sequence modulation. Frequency-hopped spread-spectrum 
modulation is less bandwidth efficient but allows greater design flexibility in choosing transmitted signal 
duration T, transmitted signal bandwidth W, and transmission rate R. 

3.1 Multipath spread and Doppler spread 
The receiver responds to energy from a given waveform over an interval of duration T+L,,,, and at frequencies of 
bandwidth W+B,,,. L,,, and B,,, are the maximum extent of channel-induced multipath spread and Doppler 
spread, respectively, of the received waveform. In practice, T+L,,, and W+B,,,, are the interval and band over 
which the received signal exceeds some power threshold relative to received noise levels. Because the undersea 
channel often produces multipaths resolvable in the time domain, multipath spread L,,, and Doppler spread BCJJ 
associated with the resolvable multipath may be measured and used as the effective spread parameters associated 



with that multipath subchannel. 
Multipath spread is the added duration of the received waveform by the arrival of transmitted energy in the 

form of specular multipath reflections and forward scattering. Therefore L is a measure of channel time 
dispersion. The channel coherence bandwidth Wcoh is the bandwidth over which the channel or subchannel is 
"flat" and passes all spectral components with approximately equal gain and linear phase. For totally scattered 
channels with no resolvable multipath, an estimate of the channel coherence bandwidth is W,.,,, = IIL,,,. For 
resolvable multipaths, the estimate is Wcoh = lILlfj. Multipath spread and coherence bandwidth describe the time- 
dispersive nature of the channel but offer no direct information about temporal variability. 

Time-dependent variations in the channel are impressed upon the signal as Doppler shifting of spectral 
components and an overall broadening of the signal band. Time-variant channel phenomena include motion of 
the source or receiver themselves, motion of the sea surface, motion of volume scatterers, and motion of 
refracting nonhomogeneites such as internal waves. The largest range of positive and negative frequency 
deviations observed at the receiver for a given spectral line of the original signal is the Doppler spread, a 
measure of channel frequency dispersion. The channel coherence time, during which the channel is stable and the 
impulse response is essentially invariant, is estimated by TCoh = IIB. For example, if channel Doppler spread is B 
= 20 Hz, then impulse-response measurements of the channel separated by 1IB > 0.05 s are uncorrelated. 

The channel may be represented as a time-variant linear filter h(z,t) describing the response of the channel at 
time r to an impulse applied at time t -z .  Instantaneous multipath spread is the duration of h ( s t )  at fixed t .  
Instantaneous Doppler spread is the time variation of the channel at fixed t ,  and can be measured by the rate of 
variations of h ( g t ) .  Because r a n d  f are Fourier conjugate variables, the measurement is conveniently obtained in 
the frequency domain as the bandwidth of H e r )  at fixed t .  

The maximum observed spread is useful for generally characterizing the channel. L,,,, and B,,,, are, 
respectively, the maximum duration over all t  of h(z, t )  and the maximum bandwidth over all t  of H e r ) .  

3.2 Spread factor 
Channels spread in both time and frequency are called doubly spread. In general, such channels exhibit both 
time-selective and frequency-selective fading. Stated alternatively, the fading is neither time-invariant nor 
frequency flat. The ionosphere and troposphere are doubly spread electromagnetic channels where multipath and 
Doppler spread are caused principally by scatterers moving randomly within the medium. The undersea acoustic 
channel, on the other hand, introduces random spread principally at boundary scatterers. Multipath propagation 
is otherwise slowly varying and largely deterministic. Insofar as the deterministic component of the spread can 
be tracked or adapted to, receivers must contend only with random scattering by the boundaries. Moving from 
deep ocean to shallow ductless waters, the channel begins to resemble the random scattering model as the 
eigenray structure degenerates to purely reverberant transmission. 

For conservative, distortionless signaling without tracking or adaptation, the doubly spread channel constrains 
the signal design: 

T >> L,, prevents h ( q t )  distortion * 1IT >> B,., prevents HMt) distortion 

W >> B,, prevents H e r )  distortion 
3 11W >> L,., prevents h ( g t )  distortion 

L,, << T << I IB,,,, 

Conditions (2) cannot be jointly satisfied unless B,,L,, < I .  Conditions (3) represent a dual requirement that 
Bm,Lm, < 1 in order to choose the bandwidth of a distortion-resistant signal. If tracking and adaptation are 
employed with coherent demodulation when B,,L,,, < 1, then T = IIW may be specified to achieve a bandwidth- 
efficient single-carrier serial transmission with direct-sequence modulation. 

Therefore an appropriate measure of channel adversity is the spread factor, identified as the product of 
multipath and Doppler spread, B,,,L,,,,. For a noise-free channel, condition B,,,,L,,,, < 1 implies the channel is 
underspread and instantaneous measurements of the channel impulse response are meaningful. Otherwise, for 
B,,xL,, > 1, the channel is overspread and measurement of the channel impulse response is ambiguous [12]. 

A tracking or adapting demodulator with knowledge of a sparse multipath structure or knowledge of constant 
Doppler shifts can use that information to function in nominally overspread channels. In that case, deterministic 
slowly-varying dispersion of a resolvable multipath or induced by relative modem motion may be measured or 
predicted. The effective multipath spread LCf/ and effective Doppler spread B,ff may be used to obtain the 
effective spread factor, Lrf/Brfl For such a demodulator, the effective spread factor is confined to the area 
covered in the time- and frequency-spreading plane rather than the gross rectangular spreading area defined by 
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Lma,Bm, [13]. For example, if the channel impulse response contains discrete resolvable multipath arrivals with 
intervening periods of negligible response, Leff would exclude time periods with negligible response. However, 
adaptation to time-variant channels requires high SNR to reduce the detrimental effects of intersymbol 
interference (ISI) without being impeded by residual estimation errors. 

3.3 A doubly-spread undersea acoustic channel 
As a hypothetical illustration of spreading estimation for ocean channels, consider acoustic transmission between 
a pair of submerged modems at depths zl = z2 = 200 m, separated by range r = 1.0 km. For simplicity, a constant 
sound speed c = 1500 mls renders an isovelocity, nonrefractive medium. Signal transmission begins at time to. A 
direct path arrives at td = to + [ ( Z ~ - Z ~ ) ~ + ~ ~ I "  I C, and a reflected path strikes the surface with grazing angle 6 = 
arctan[(zl+z2)lr] = 22" and arrives at t ,  = to + [ (z1+~2)~+r~]"  I C. Neglecting additional multipaths and 
reverberation, the multipath spread is L,,, = t,-td = 0.051 s. 

Now estimate Doppler spread by examining the interaction of the reflected path with the dynamic sea surface. 
A surface wave with period p and trough-to-crest height has vertical velocity v = d[(r/2)sin(2rrrlp)] I dt = n r l p  
cos(2stlp). For waves with average period p = 8.6 s and average height c,,, = 4.1 m (empirically corresponding 
to waves driven by 30-knot winds), the sea surface would experience vertical surface velocities -1.5 < v < 1.5 
mls. For a hypothetical carrier frequency f = 20 kHz, the Doppler spread is B,,,,, = 2 Af = 30 Hz. This 
conservative estimate neglects additional spread from larger-than-average waves (e.g., the average height of the 
highest 10% of waves developed by 30-knot winds is T = 8.5 m) and from the compound surface reflections of 
longer multipaths (e.g., the surface-bottom-surface path). 

The spread factor of the hypothetical channel is L,,,B,,, = 1.5. Because highly processed, high-SNR tracking 
or adaptive demodulators recognize deterministic spreading features such as the two stable modeled eigenrays, an 
estimate of the effective spread factor is based solely on the area occupancy of the delay-Doppler surface during 
a finite observation time. For these more complex receivers, however, the degrading spread from refracted 
micropaths and boundary scattering must be modeled to avoid overly optimistic spreading assumptions and to 
account for SNR degradation. Statistically distributed beams are a possible way of extending ray theory to 
account for these phenomena. Eigenrays are first modeled in the usual way, and are then augmented with a 
probability density function describing the spatial distribution of acoustic energy about the ray. Interactions with 
complex scattering surfaces may then be mathematically modeled according to theoretical redistribution 
functions. The net received energy is summed as a time-dependent response of the recombined "eigenbeams." 

4. Distortion 
Multipath spread and Doppler spread are each responsible for a different type of signal distortion. Fourier 
transforms can be used to examine dispersion and distortion, but the use of spread estimates provides a 
convenient way of categorizing these effects and identifying signaling methods to overcome them. 

4.1 Time-dispersive channels 
A channel nondispersive in frequency (B=O) is a linear time-invariant system. Such is a noncirculating, mirror- 
flat ocean with no transmitter-receiver motion and no moving scatterers. A slowly time-varying channel 
(BT<O.Ol) may also be so  modeled if demodulation is adaptive. The response of a frequency-nondispersive 
channel to a sinusoid is the summation over all eigenrays of the input sinusoid scaled by a constant attenuation 
and delayed by a constant phase. The received signal is the superposition of contributions from all the reflectors 
and scatterers forming the channel. Wideband signals in such a channel suffer frequency-dependent gains and 
phase shift across the signal band. If W > IIL, the constructive and destructive combinations of reflected returns 
enhance certain frequency components and attenuate others. Hence, the signal frequencies are affected 
differently by the channel, and the distortion effect is frequency-selective. Frequency selectivity caused by W > 
11L occurs even if T > L; here the received waveform has negligible time spreading but may have an altered 
structure compared to that of the transmitted signal. If W < lIL, the time-dispersive channel behaves as though it 
is nondispersive and is frequency-nonselective. Lastly, a time-dispersive, frequency-nondispersive channel with 
WL << 1 is frequency nonselective. . 

4.2 Frequency-dispersive channels 
Doppler spread accounts for temporal variations in the channel, and the associated distortions are time-selective 
variations in signal strength. Pure Doppler shifts produced solely by a constant transmitter-receiver range rate do 
not necessarily result in distortion. Channels dispersive only in frequency (L=O) are the duals of channels 
dispersive only in time. For a frequency-flat fading channel, if the signal bandwidth is much less than the 
Doppler spread, W << B, then the channel appreciably spreads the transform of the signal. But if B << 1/T, the 



channel is slowly fading and alters the received signal by only a scale factor and a carrier phase shift. Hence, a 
channel dispersive only in frequency behaves nondispersively and without distortion if BT << I. When BT >> 1, 
the signal is always distorted by the channel, and is dispersed when BIW >> I .  

4.3 Doubly-dispersive channels 
For doubly spread channels, dispersion-induced fading is both time-selective and frequency-selective. The effect 
of the channel on the transmitted signal therefore depends on the signal structure, bandwidth, and duration. 
Table 1 categorizes the gross occurrence of distortion and dispersion on the received signal according to the 
relative values of T, W, L, and B. 

Table 1 : Received signal characteristics [ 141 

4.4 Intersymbol interference 
IS1 results when consecutive symbols arrive simultaneously at the receiver via a time-dispersive channel. IS1 is 
negligible if T >> L. IS1 is avoided if the waveform interval includes a guard time larger than the multipath 
spread, 11R > T+L, thus clearing the channel. Furthermore, since signal waveforms separated in time by at least 
1/B are statistically independent, the waveform rate can be increased without incurring IS1 if IIR > T+L+IIB. 

A means of increasing R is by introducing additional transmission bands. Statistical independence is obtained 
by choosing a guard band R > W+B+lIL. The frequency separation between the spectra of adjacent waveforms 
thereby exceeds the coherence bandwidth of the channel. When a high rate with limited bandwidth is required, 
resolving interfering symbols is possible only by tracking or adapting to channel dispersion at the demodulator. 
Tracking or adaptation can only occur with an effectively underspread channel. 

If the channel is overspread (EL > I), it is not possible to assign waveform parameters simultaneously 
satisfying W << 1IL and T << 1/B and TW = I. Thus adaptive coherent demodulation cannot be achieved. On the 
other hand, if TW = 1 and the signal has long duration T >> L, then the signal bandwidth is much smaller than the 
coherence bandwidth W << 1IL even in an overspread channel. Alternatively a signal with W >> IIL will resolve 
the multipath components and provide LW resolvable signal components. Overspread channels may therefore be 
overcome by transmitting encoded data with waveforms occupying different time-frequency cells separated by at 
least Tcoh and WCoh. The waveforms will fade independently and diversity coding will allow the receiver to 
retrieve the encoded information. 

5. Conclusions 
A signaling philosophy for doubly-spread undersea channels should include appropriate strategies for tolerating 
or removing dispersive and distortive effects. 

Coherent demodulation of a serial stream of phase-encoded symbols has recently been shown to yield 
surprisingly high bit rates in certain ocean environments by probing, sampling, tracking and adapting to channel 
fluctuations. To  compensate for signal perturbations, the demodulator relies on high SNR, high symbol rates, 
adaptive equalization, and phase-locked tracking. This reliance imposes the need for high transmit power and 
sophisticated signal processing. Signal demodulation fails when the channel is effectively overspread unless 
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augmented with vertical beamforming to directionally resolve effectively underspread subchannels. Therefore. 
this approach has limited applicability for channels severely impaired by dispersion and noise. 

If lower bit rates are acceptable, orthogonal signal waveform sets may be implemented with intersymbol guard 
times and guard bands sufficient to resist intersymbol interference. Such signals tolerate overspread channels and 
may be noncoherently demodulated without tracking and adaptation. Other benefits include reduced signal 
power, reduced processing, and reduced reliance on spatial beamforming. Transmission security and networking 
are accommodated by the associated low SNR, block or convolutional encoding, and frequency-hopped spread- 
spectrum modulation. 

Environmental adaptation and improved channel efficiency are achieved by tracking deterministic and slowly 
varying channel parameters, such as stable multipaths and Doppler shifts. This use of channel memory supports 
refined signal parameters and optimized demodulation. Likewise, bidirectional links allow transmission power 
control to produce sufficient but not excessive received SNR. Lastly, redundant transmission in time, frequency 
and space statistically improves signaling performance by providing channel diversity. 
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Abstract 

Shallow coastal environments are characterised by high levels of suspended mineral particles relative lo the open 
ocean and such suspensions can have a significant effect on the performance of high frequency sonars operating 
in these environments through thermo-viscous absorption and scattering. This paper shows how the increased 
attenuation due to these processes can be calculated and results presented demonstrate that such. calculations should 
be included in future high frequency, shallow water, sonar performance models. 

1. Introduction 

Classically, efforts in sonar performance prediction modelling have concentrated on the low frequency, long range, 
anti-submarine warfare (ASW) scenarios in the deep ocean (sc-called 'blue-water'), well away from coastal influ- 
ences. Sonar applications in shallow, coastal waters employ relatively high frequencies, in the range 50 - 300 kHz, 
and operate over shorter ranges, of the order several hundred metres. Shallow coastal environments are charac- 
terised by high concentrations of suspended mineral particles relative to the open ocean, resulting from the action 
of rivers discharging into the sea or from the actions of waves and tidal currents stirring up bottom sediments. 
Previous calculations [I, 21 have shown that such suspensions can lead to significant additional acoustic attenuation 
a t  high frequencies for quite moderate concentrations of order 0.1 kg Concentrations of this level have been 
detected several tens of kilometres offshore in sediment plumes (e.g. South Atlantic offshore of the Amazon river 
[3], the Yellow Sea and the East China Sea offshore of the Yellow and Yangtze rivers [4]), and may easily be an 
order of magnitude greater in some river estuaries and in the beach surf zone. 

2. Attenuation theory 

Sound attenuation in seawater containing suspended particulate matter may be considered to be the sum of 
attenuation due to the clear seawater and the additional attenuation due to the suspended particles. Existing 
sonar performance models consider only the attenuation in clear seawater, neglecting the effects of the particles. 
The sound intensity attenuation coefficient a is defined by the expression 
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where lo is the initial sound intensity and I is the intensity after propagation over range r. I11 this equation a is 
in units of Nepers m-', but units of dB m-' have been used in the rest of this paper to  be consistent with units 
used in sonar work. 
The attenuation coefficient in seawater containing suspended solid particles may he writt,en 

where a,, a, and a, are the attenuation coefficients due to clear seawater, viscous absorption by suspended 
particles and scattering by suspended particles respectively. Simple expressions for the attaenuat,ion coefficients 
due to viscous absorption and scattering have been used in this work, and these are discr~ssecl below. These 
simple models have been validated by comparison with a more complete numerical model of the pl~ysical processes 
involved [5]. 

2.1. A t t enua t ion  in clear seawater 

The absorption in clear seawater may be considered as the sum of abs~rpt~ion due t,o pure water, through volume 
and shear viscosity, and absorption due to two ionic relaxation mechanisms involving magnesium sulphate and 
boric acid. Absorption due to ionic relaxations involving other salts is negligible. 
Several empirically derived expressions exist in the literature for calculating the acoust,ic attenuation coefficient of 
seawater (e.g. [6, 7, 8, 9, 101). The one that appears to be the most complete for use at  high frequencies is that 
of Francois & Garrison [9, 101, and it is their expression that has been used in t,llis work. 

2.2. Viscous abso rp t ion  

Viscous absorption arises as a result of the density difference between the fluid and the solid particles. Since the 
particles are generally more dense than the fluid they have more inertia than an equivalent volume of fluid. This 
causes the oscillatory motion of the particles resulting from the incident sound field t.o lag behind that of the fluid, 
and there will therefore be a boundary layer in the fluid a t  the surface of each particle in which t.here is a velocity 
gradient. Since the fluid has a finite viscosity, this velocity gradient leads to frictional heat generation and hence 
loss of energy from the sound field. 
Urick [ l l ]  derived an expression for the viscous absorption attenuation coefficient for spherical particles based on 
consideration of the expression for viscous drag developed by Stokes [12]. Urick's expression can be written 

with 

where c is the volume fraction of suspended material, k = w/c is the wavenumber of the incident compression 
waves with e the compression wave speed, o = p ' lp  is the ratio of the solid density to the fluid density, a is the 
particle radius and p = is the reciprocal of the skin depth for viscous shear waves, with w the angular 
frequency and u the kinematic viscosity of the fluid. 

2.3. Scat ter ing  

Many workers have investigated sound scattering from suspended spheres, and expressions may easily be found in 
the literature (e.g. [13]) for the far-field scattering form function, f,. Such approaches generally treat the particle 
as a homogeneous sphere which may be: rigid and movable; rigid and immovable; or elastic. The elastic models 
in particular lead to complicated scattering form functions owing to resonant excitation. However, when dealing 
with naturally occurring sediment populations, the particles will be irregular in shape and size, and each particle 
will have differences in the detailed structure of the scattering form functions. Therefore, when considering the 
combined effect of a large number of such irregular particles, such details become smeared out, a ~ l d  it is appropriate 
t o  use a simpler form for the scattering form function. Such an approach was used by Johnson [14] in developing 



the so called high-pass model for backscattered intensity from a fluid sphere. Here, a simple polynomial in x = k a  
is used to  represent the scattering form function approximately by requiring that it fits the form of f, exactly 
in the Rayleigh (small x) and geometric (large x) regimes. The exact a~nplitude scattering form function for a 
sphere varies as x2 in the Rayleigh regime and becomes constant in the geometric regime, so a polynomial fit to 
this resembles the response curve of a high-pass filter, hence the nomenclature. 
Sheng and Hay [15] constructed a high-pass model for the attenuation coefficient for scatterl~lg by a suspension of 
spheres, and thelr expression may be written 

where 

and ( is an adjustable constant 2 1. The E term allows the form of the polynomial to be adjusted to i~nprove 
the fit to experimental data for intermediate 2 values. The terms .y, and y, are the compressibility and density 
contrasts given by 

where K and K' are the bulk compressibilities of the fluid and solid respect.ively. 

3. Sonar performance calculations 

In this paper simple sonar equation calculations have been used to investigate the effect of suspended part~culate 
matter on sonar performance. These calculations, which are based on References [16, 171, assume isovelocity 
conditions and uniform bathymetry, and multiple propagation paths have been neglected. 
The active sonar equation for signal excess (SE) may be written 

where E L  is the target echo level, BG is the combined noise and reverberation backgrou~id and P G  is the processor 
gain. 
The target echo level may be wr~tten 

where SL is the source level, TS is the target strength, TL is the one-way transmission-loss and Vpt is a vertical 
beam pattern correction factor to allow for target echoes which arrive off the Inan1 beam axis 
The transmission loss is assumed to be Identical for both the forward and r~ f l~c t ed  pn l s~ ,  and 13 approximated 
here by the sum of spherical spreading and volume attenuation 

where r is the one-way distance to the target and a is the total attenuation coefficient for seawater containing 
suspended particles, given by Equation 2. 
The combined background level, BG is given by 
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where RL,, R L a ,  RL,  are the surface, bottom and reverberation levels and N L  is the noise level 
The surface and bottom reverberation levels are given by 

RL. = SL - 2TL + @ + 10 log (z) + S. + V8 2 

where @ is the equivalent beamwidth for sea surface and seabed reverberation, c 1s the souild speed, r IS the 
pulse length, S, and Sb are the surface and bottom scattering strengths and V, and Vb are vertlcal beam pattern 
corrections for surface and bottom scattering. 
Calculation of the equivalent beamwidth @ uses an approximation employed in the Searay model [18]. Similarly, 
the surface scattering strength and bottom scattering strength use the same methods as the Searay model The 
quantity S, is expressed as a function of grazing angle, frequency and wind speed, and Sb is expressed as a function 
of grazing angle, frequency and bottom type, m, where m can take any value between 1 (mud) and 4 (rock). 
The volume reverberation level is given by 

RL. = S L  - 2TL + !P + 20 log(r) + 10 log (:) + S. 

where + is the equivalent beamwidth for volume reverberation and S, is the volume scattering strength. In this 
paper the volume scattering strength is simply taken to be [16] 

I t  is realised that the presence of suspended particulate matter that is being considered In this paper will influence 
the volume scattering strength. The model for volume scattering strength should therefore he modified to take 
this into account, and this will be done in future investigations. 
The ambient noise level a t  the receiver is given by 

where Ns is the noise spectrum level, B is the bandwidth of the receiver system and DI  is the directivity index 
of the receive array. 
In this paper we have used the Searay approximation for the directivity index of a rectangular array, together with 
the expression for the noise spectrum used in the Searay model 
The processor gain, PG, is given by 

4. Laboratory measurements 

A series of laboratory experiments to Investigate VISCOUS absorption by aqueous suspensions of mlneral parti- 
cles is being undertaken by Brown & Leighton at the Institute of Sound and Vihratlon Research, Unlverslty of 
Southampton, United Kingdom [19, 201 These experiments are described in a separate paper at  thls conference 
(211 Preliminary experimental data presented In that paper shows a general Increase in attenuatlon wlth In- 
creasing frequency In agreement with theoretical predictions The measured attenuatlon IS, however, greater than 
predicted The reasons for this are not yet clear but it is possible that the additional attenuation results from 
effects not included In the theory, such as turbulence Thls will be lnvestlgated further 
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Figure 1: Absorption coefficient for seawater containing 0.2 kg m-3 suspended quartz particles as a function of 
frequency and particle radius 

5. Results 

Figure 1 shows the total attenuation coefficient due to absorption by clear seawater and viscous absorption and 
scattering by a suspension of quartz particles of concentration 0.2 kg m-3, as a function of frequency and particle 
radius, calculated using Equations (3) and (5). This figure clearly demonstrates how the viscous absorption 
peaks at  a particular particle size for a given frequency. The attenuation also increases as the frequency and 
particle size become large (i.e. increasing ka) due to scattering. The attenuation due to the particles is added 
to the background attenuation due to  the clear seawater in this figure, calculated using the Francois & Garrison 
expression for a temperature of 15'C and a salinity of 35 on the Practical Sallnity Scale 
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Figure 2: Sound Pressure Level as a function of range for various terms in the sonar equation model (see text) 
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Figure 2 shows the results of the sonar equation model, using some typical sonar parameters for a sonar operating 
at  120 kHz in shallow water. In this calculation a suspension of quartz particles of radius 1 pm witch a concentration 
of 0.2 kg m-3 was used in the calculation of the absorption coefficient, together with the attenuation due to clear 
seawater using the Francois & Garrison expression for a temperature of 15OC, a sdinity of 35 on the Practical 
Salinity Scale and a pressure corresponding that at  half the water depth of 40 m The target strength was taken to 
be -25 dB, the target depth was 40 m (i.e. at  the seabed), the array depth was 20 m, and the detection threshold 
was 9 dB re. 1 pPa. The reverberation level (RL) shown in the figure is the total reverberation level due to seabed, 
surface and volume reverberation, using a wind speed of 15 knots and a bottom type of 2 (sand). 
The detection range may be defined as the range within which the signal excess exceeds the detection threshold, 
giving a detection range of around 473 m in Figure 2. This may be compared with a detect1011 range of about 
660 m in the absence of the particles, as shown in Figure 3, which shows the slgnal excess with and without the 
0.2 kg m-3 suspension of 1 pm quartz particles 

0 
0 100 200 300 400 500 600 700 800 

Range (m) 

Figure 3: Signal excess with (solid) and without (dashed) 0.2 kg m-3 suspension of 1 pm quartz particles. The 
dotted line shows the detection threshold, DT 

Figure 4 shows the variation in detection range with concentration of suspended particles for three different particle 
sizes, at a frequency of 120 kHz. This shows that there is a significant reduction in detection range for all particle 
sizes a t  even quite moderate concentrations of suspended particles. The greatest reduction in detection range at  
this frequency occurs for a = 3 pm, with smaller, but still significant, reduct~on for the other particle sizes. T h ~ s  
is to  be expected, as Figure 1 shows that the viscous absorption peak occurs for partlcle sues of around 3 pm for 
a frequency of 120 kHz. 

6. Conclusions 

This paper has shown how the additional acoustic attenuation at  high frequencies due to viscous absorption and 
scattering by suspended mineral particles in turbid seawater may be taken into account in sonar performance 
models by using a modified absorption coefficient. This approach has been used to incorporate the effects into a 
simple, isovelocity, single path, sonar equation model with uniform bathymetry and the results presented demon- 
strate that concentrations in the range commonly found in shallow coastal waters can have a significant impact on 
the detection range of high frequency sonar systems. It is therefore recommended that future predictive models of 
the performance of high frequency sonars in turbid coastal waters should take the additional attenuation due to the 
suspended particles into account. This would require accurate knowledge of the suspended particle populations, 
which might come from zn-sztu measurements or remote sensing and assimilation into hydrodynamic models. The 
latter would be important for Rapld Environmental Assessment (REA) 
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Figure 4: Detection range as a function of concentration for a = 1 pm (solid), a = 3 pm (tlott,ed), a = 10 pm 
(dashed) 
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Abstract 

In situ measurement of compressional and shear speed and compressional attenuation in near-surface marine 
sediments is a well-developed technology but techniques required to measure shear attenuation have lagged 
behind. In this paper, a pulse technique based on transposition is used to measure wave attenuation. 
Compressional attenuation determined by transposition compared favorably with standard techniques, 
confirming use of this approach for shear waves. Shear attenuation was much higher than compressional 
attenuation but within the range of previously reported measurements. 

1. Introduction 
Knowledge of sediment geoacoustic properties is of fundamental importance to marine environmental, military, 
and engineering applications. For instance, geoacoustic properties are used to predict the stability of marine 
slopes, sediment consolidation behavior, strength of marine foundations, liquefaction potential, mine burial, and 
high-frequency bottom acoustic scattering. In situ measurement of compressional wave speed and attenuation in 
marine sediments is a well-developed technology [1,2]. Recent developments in instrumentation allow in situ 
measurement of shear wave speeds but techniques required for measurement of shear wave attenuation have 
lagged behind [3]. In most unconsolidated sediments, near surface values of shear wave attenuation are estimated 
to be 1-2 orders of magnitude greater than for compressional waves [4,5,6,7]. Most of the few higher frequency 
(>I00 Hz) shear attenuation measurements were made under laboratory conditions; whereas, most in situ 
measurements were made at lower (<I0  Hz) frequency. This lack of comparable data has hampered the 
development of frequency-dependent and depth-dependent predictive relationships [7]. No attempt has been 
made to develop a predictive relationship between shear wave attenuation and easily measured sediment physical 
properties such as mean grain size, porosity, or bulk density. Simultaneous measurement of in situ compressional 
and shear wave speed and attenuation in unconsolidated sediment is rare. In this paper, a pulse technique is 
developed to measure in situ shear wave attenuation in surficial sediments. The validity of this new approach is 
demonstrated for compressional waves of known attenuation. Simultaneous measurements of compressional and 
shear wave speed and attenuation are presented for muddy and sandy sediments on the northern California 
continental shelf. 

2. Attenuation Measurement Techniques 
Measurement of compressional wave attenuation in sediments is facilitated by the presence of a convenient 
standard (seawater). Attenuation can be calculated as 20 loglo of the ratio of received voltage amplitude between 
probes in seawater and in sediment. No such convenient standard exist to measure shear wave attenuation. The 
transposition technique described below allows both compressional and shear wave attenuation to be measured 
without standards. The need to know transducer sensitivity or variable insertion loss when measuring shear wave 
attenuation is  therefore eliminated. 

The technique requires two transmitters (T,  and Tb) and two receivers (Rl and Rz). Transducers are inserted 
into sediment at fixed distances with the two receivers located between transmitters (Fig. 1). As will be shown, 
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only the three distances between transducers ( d l ,  d l  and d3) and the four rece~ved voltages ( e l , ,  e l b ,  el,, and 
ezb) are needed to calculate shear or compressional wave attenuation. 

F~gure  1. A schematic d e p ~ c t ~ o n  of the transducer configurat~on for measuring shear and compress~onal wave 
attenuation by transposltlon of transmlt dlrectton. See text tor d e f ~ n r t ~ o n  ot symbols 

The voltage received at RI and RZ when transmitter T, is driven can be expressed as 

where p l ,  and p,, are the acoustic pressures or wave amplitudes at receivers RI and Rz and M I  and Mz include 
receiver sensitivity and insertion loss for RI and Rz. Sensitivity includes mechan~cal to electronic conversions 
and insertion loss accounts for the variable coupling of receivers to the sed~ment.  The transfer function of the 
transmitters is included in the pressures (p) and are later canceled out. If we assume symmetry In the sensitivities 
of RI and R2 , it follows that the receive voltage at RI and Rz when transmitter Tb is driven IS  

Solving (2a) and (2b) for MI and M z ,  substituting MI and MZ into ( la )  and ( Ib),  and dividing the results yields 

Assuming measurements are made in a homogeneous free-field and receivers are in the far-field, the ratio of the 
pressures in (3) is only dependent on spreading loss and sediment attenuation. If spherical spreading is assumed 
(far-field), the ratio of pressures can be expressed as 



Inserting (4a) and (4b) into (3) and solving for the attenuation (a) yields 

where attenuation a, is measured in nepers per meter. Attenuation (a in d ~ m ' l )  can be calculated from the 
following expression 

3. Measurements with ISSAMS 

Compressional and shear wave transducers were deployed with the latest version of the In Situ Sed~ment 
geoAcoustic Measurement System (ISSAMS) [ 2 ] .  ISSAMS is a remotely-operated, hydraulic platform that 
allows fixed mounted geoacoustic probes to be driven into the sediment at precise depths (Fig. 2). Live video is 
used to monitor probe deployment and to provide visual information on seafloor type. Water conductivity, 
pressure, and temperature are used to calculate bottom water sound speed. Compressional and shear wave speed 
and attenuation are measured over pathlengths ranging from 30 to 100 cm and at depths up to 50  cm below the 
sediment-water interface. For compressional wave measurements, transmit pulses were driven utilizing 38-kHz 
pulsed sine waves and time delays and voltages were used to determine values of speed and attenuation between 
identical radial-poled ceramic cylinders. Speed (V,,) is calculated by comparison of received signals transmitted 
through the sediment with those transmitted through seawater overlying the sediments, where C, is the bottom 
water speed, d is the distance between transmitter and receiver, and At the water travel time minus the sediment 
travel time. 

Compressional wave attenuation (a, in d ~ m - I )  is calculated as 

where e w l  er is the ratio of received voltage between probes in seawater and sediment. For these measurements, 
the maximum amplitude of the first sine wave (e.g., the second peak) was used as the received voltage. Distances 
between transmitters and receivers are calculated from the known water speed (C,) and measured time delays. 
Shear wave speed is calculated from time-of-flight between bimorph bender elements mounted in flexible 
silicone rubber mounts and driven at 0.25 to 2.0 kHz. Distances between shear wave transducers are measured 
from center-to-center of the bender elements before and after deployment [8]. 

For measurement of attenuation, as described in section 2, d~stances d l  and dl are calculated from known 
water speed (C,)  and measured time delays between compressional transducers and measured directly between 
shear wave transducers. The distance between receivers (dz) is calculated as one-half the sum of the d~stance 
difference between transmitters (T,, TI,) and t h e ~ r  respective near and far receivers (RI ,  R2) Received voltages 
(el,, e ~ b ,  ez,, and ezb) were measured as described in the preceding paragraph for both compressional and shear 
waves. 
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Figure 2. In Situ Sediment geoAcoustic Measurement System (ISSAMS): the aluminum and stainless steel 
platform weighs approximately 1 metric ton in air, is just under 3 meters in height and has a 2.5-meter square 

footprint. 

4. Results 
Sediment geoacoustic measurements were made along the northern California continental shelf as  part of the 

Office of Naval Research STRATAFORM program [9]. The overall objective of our study is to quantify the 
effects of biological (bioturbation) and hydrodynamic (storms and floods) processes on sediment physical and 
geoacoustic properties. In order to achieve this goal, techniques needed to be developed to measure shear wave 
attenuation which complements existing techniques used to measure other sediment geoacoustic properties. 
Measurements reported here were made at two sites (S-40 and S-80, where number gives approximate water 
depth) chosen to represent contrasting sediment types. Three deployments of the ISSAMS system were made at 
both the shallower sandy (S-40) and the deeper muddy (S-80) sites. Compressional and shear wave speed and 
attenuation were measured at sediment depths of 10, 20 and 30 cm. The results of 36 measurements of 
compressional and shear wave speed and compressional wave attenuation (V,,, V,, a,,) and the 9 measurements of 
compressional and shear wave attenuation (a,, , a,) using the new transposition technique are presented in Table 
1. Attenuation is expressed as d ~ m - I ,  d ~ h ' l  and d ~ m "  k ~ 2 - l  in order to facilitate comparision with shear wave 
attenuation reported from other studies. Compressional velocity ratio (V,-ratio = ratio of in situ sediment 
compressional speed to the sound speed of the overlying pore water) is used for inter-site comparisions to 
eliminate the effect of temperature, salinity and pressure on compressional speeds. Compressional and shear 
wave speed and compressional wave attenuation were significantly higher at the shallower sandy site. Wave 
speeds and attenuation are in agreement with past studies for the given sediment types (Fig 3). 



Table 1. A comparison of sediment physical and geoacoustic properties for two sites on the northern 
California continental shelf. Most values of sediment geoacoustic properties are complement with 

standard deviations in parentheses. 

Site S-40 S-80 

Depth (m) 
Sediment type 
Mean Grain Size ($) 
v,, (ms-') 
V,, -ratio 
V* (ms-') 
a, (dBm.'@38kHz) 
k, (dB m-' k ~ z - I )  

Transposition 

a, ( d ~ m - ' @ 3 8  kHz) 
a, ( d ~ m - ' @  l .O kHz) 

43  
Sand 
2.97 

1623 (10.3) 
1.097 

SO (5.1) 
20.8 (4.4) 

0.55 

a, (dBme'@0.3 kHz) 
Shear log decrement (dBX1) 4.7 (1.0) 
Compressional log decrement 1.14 0.19 
( d ~ h - ' )  
kp ( d ~ m - '  kHz-') 0 .70  (0.14) 0.13 (0.06) 

0.96 
0 4 B 12 

Mean  Grain Size (Phi) 

0.04 , , , , , I 
0 1 6 12 0 1 8 12 

Mean Grain Size (Phi) Mean Graln Slze (Phi) 

Figure 3. Predictive relationships between sediment mean grain size and compressional wave velocity ratio (V,- 
ratio), compressional wave attenuation (k in d ~ m - '  k ~ z "  ) and shear wave speed (V, in ms ') for near surface 
silicilastic sediments. Data were compiled from geoacoustic studies, using ISSAMS, in a variety of sediment 

types near the Bay of La Spezia, Italy, hard-packed sand near Panama City, Florida, and soft mud in Eckernforde 
Bay, Baltic Sea [8,10]. Sediment geoacoustic measurements from the northern California continental shelf 

include standard methods (0) and by measurement of attenuation using transposition (*). 

Compressional wave attenuation determined by transposition (6) was not significantly different (t-test) than 
attenuation measured using standard techniques (8) which are based on the ratio of recelved amplitudes in water 
and in sediment. These data confirm the use of transposition to measure wave attenuation and techniques of (6) 
were therefore used to calculate shear wave attenuation. Shear wave attenuation was very h ~ g h ;  2-3 orders of 
magnitude higher than compressional wave attenuation when compared as dBm ' per kHz (Hamilton's k) and 5-  
20 times higher when expressed as d ~ h - l  (log decrement in decibels per wavelength) 
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5. Discussion and Conclusions 

Based on reviews of both laboratory geotechnical testing and in situ geophysical studies, Hamilton [4,5,1 11 
concluded that in near-surface sediments most values of shear attenuation or log decrement range between 0.86 
to 5.21 dBh-' (0.1 to 0.6 nepers per wavelength) with slightly higher log decrements in sandy (mean = 2.6 dBh") 
compared to muddy (mean = 1.7 dBh-') sediment. High-frequency laboratory shear wave measurements 
summarized by Kibblewhite [6] show shear attenuation in sand, measured at 1.0-kHz, range between 20-70 dBm' '. Bowles [7] summarized values of shear wave attenuation based recent direct borehole measurements and from 
inversion of Scholte waves. H e  found near surface (upper 5 meters) attenuation ranged from 0.1 to 6.7 dBh-'.  All 
values of log decrement, in his summary, greater than 1.8 d ~ h - '  were measured at higher frequency (80-100 Hz). 
In summary, shear wave attenuation reported here (Table 1) is higher than the average of previously reported 
measurements, but well within the range of those measurements. 

Comparison of values of near-surface shear wave attenuation is complicated by differences in the variety of 
laboratory and field measurement techniques used to measure shear wave attenuation, very steep shear wave 
attenuation gradients, poorly understood frequency dependence, and because measured shear attenuation often 
includes not only intrinsic attenuation but losses due to scattering and conversion of shear energy to 
compressional energy (i.e., the effect of sediment heterogeneity and layering). Based on theory and confirmed by 
laboratory measurements, Stoll [12,13,14] has shown that the power law relationship between shear wave 
attenuation and frequency is not constant over the entire frequency range and that steep gradients of shear wave 
attenuation are to be expected in the upper few meters of sediment. Steep gradients reflect the effects of 
increased overburden pressure (effective stress) on frame moduli. These steep gradients in shear wave 
attenuation are supported by laboratory and field measurements [7] and may account for part of the wide 
variation in reported surficial shear wave attenuation. The nonlinear dependence of shear wave attenuation with 
frequency results when different forms of energy dissipation (intergranular friction, relative motion between 
fluid and solid, and local fluid motion) dominate at different frequencies. Recent field [IS] and laboratory [16] 
measurements support the nonlinearity of this frequency-attenuation relationship. Based on an admitted scarcity 
of comparable data, Hamilton (5) presents a case for a power law (with frequency scaled to the first power) 
relationship between shear wave attenuation and frequency. Buckingham (17) provides a theory of wave 
propagation in which shear wave attenuation is scaled to the first power of frequency. ISSAMS is ideally suited 
to contrast these competing theories by providing shear attenuation measurements in the frequency band (0.1 to 
2.5 kHz) where changes in dissipation mechanisms are predicted to occur. These data may help reconcile 
differences in shear attenuation measured by low frequency geophysical techniques and higher frequency 
laboratory methods and bring order to predictive relationships between shear wave attenuation and sediment 
physical properties. 
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Abstract 

Experiments were conducted in the Florida Strait region of the United States in July 1995 for the purpose of 
investigating the contribution of sediment volume scattering to measured backscatter levels at frequencies 
between 3.5 and 30 kHz. Each off ive sites were analyzed for bottom backscatterrng level in both the radial and 
azimuthal directions. A relatively new volume scattering model was employed and the results compared with 
predictions made using a composite rough interface scattering model. Environmental parameters were 
established by a cross well tomographic measurement and used as input values for the modeling. Comparison 
of model predictions with the measured data showed that for grazing angles from the critical angle to 
approximately 60" volume scattering dominated, while for angles greater than approximately 60" surface 
roughness scattering consistently dominated. In geographic areas where the interface sound speed ratio 
exceeded one, roughness scattering controlled the backscattered level for grazing angles less than the critical 
angle. 

Inversion of the measured backscatter data was performed using a genetic optimization algorithm developed around 
the volume scattering model. Inversion results were found to agree well with measured data and measured environmental 
parameters which describe the scattering volume. A second similar inversion was made to determine spectral properties 
of a two dimensional transform of the compressional velocity tomograms Th~s  lnversron was based upon a power law 
representation ofthe spectral structure. 

1. Introduction 
Ocean bottom scattering can have a beneficial or detrimental effect, depending on the objectives of the acoustic study. For 
many sonars, sea bottom scattering has a detrimental and limiting effect; for others, the scattered noise may be used as a 
tool for examining the physical properties of the scatterers. In either case, a thorough knowledge of the effect of the sea 
bottom on acoustic propagation is needed. 

A great deal of seafloor acoustic reverberation data has been taken in the past, much of which has been processed for 
bottom scattering strength. In general, the results have been characterized by the empirical value IOlog(p) taken from 
Lambert's rule [I] .  Lambert's rule works well for the water - sediment interface, but neglects the contribution from the 
sub-bottom volume and sub-bottom interfaces. It also does little to relate the measured backscatter to the physical 
properties of the scatterers. This limitation is profound when the interface roughness is very small or as the impedance 
ratio between the water and sediment approaches unity. Under these conditions the volume and/or sub water - sediment 
interface horizons become significant or even dominant scattering mechanisms and cannot be neglected.[2] The 
desirability of a physically based model of the complete scattering phenomenon has become a topic of recent interest to 
many and is the reason for this study. 

Two models, one developed for rough interface scattering and the other for volume scattering were chosen for their 
physics based approach to scattering and are utilized in the data analysis. Jackson's composite roughness model [3] and 
Yamamoto's volume scattering model [4] combine to help yield insight into the physics of the scattering mechanisms. The 
composite roughness model describes the rough interface via the Kirchhoff approximation for angles near the Snell's law 
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direction and via perturbation theory for all other directions. Interpolation combines the pair. Although Jackson's model 
provides a formulation for volume scattering, it is disregarded in this work because of its empirical nature. Yamamoto's 
volume scattering model also follows perturbation theory and represents the scattering kernel with a power law formulation 
when describing the fluctuations of compressional velocity within the volume. The general form of the volume scattering 
model is 

VBS = I 0 log(ov) 

where VBS is volume backscatter, o v  is the differential backscattering cross section per unit volume, k is the 
wavenumber incident (subscript o)  and axial (subscripts 1, 2, 3), r is a magn~fication factor due to the 
relationship of density and compressional velocity fluctuations in the sediment, P 1s the spectral exponent 
factor, B the spectral intensity factor and A the aspect ratio describ~ng the anlsotropy of the inhomogeneities in 
the sediment. A provision for dipped layering may be included in the definitions of the axlal components of wavenumber 
and is outlined by Yamamoto [5 ] .  Propagatiort effects are accounted for as dlrect path spreading loss, attenuation and 
transmissivity. 

This result is expressed as an equivalent interface scattering strength and may be combined directly with the result from the 
composite roughness model. & and 0, are the incident and refracted grazing angles at the water sediment interface, T ~ ~ ~ T ~ ,  

cos2 e, sin2 0, 
is the transmissivity across the interface and [TT) accounts for the spreading of incident wave energy at the 

cos 0, sln 0, 

interface. Total bottom backscatter is computed as 

BBS = 10log(o, + o, ) 

or is rough interface scattering. 
This volume scattering model was the motivation for much of the work done in the Florida Strait. Beyond its' direct or 

forward application, the volume scattering model is inverted to find the sediment properties from the collected backscatter 
data. To do this one of the first applications of genetic algorithm optimization techniques to underwater acoustics is 
implemented. This type of inversion was chosen for its' robust nature and computational efficiency and provided a useful 
and unique tool for sediment classification. 

Collocated acoustic backscatter and sediment property data were taken on the Florida continental shelf at site 1 of 5 
experimental sites and is emphasized in this short paper. The measurements were made using newly developed 
instrumentation and techniques; a sparse volumetric array to measure seafloor scatter. generated by a central 
omnidirectional sound source and cross well acoustic tomography for determining the sediment character. The sparse 
array expedited data collection where information in both grazing angle and azimuthal angle was desired. The technique 
of high frequency marine cross well acoustic tomography provided an advantage over traditional coring methods for 
sediment measurement by providing largely undisturbed measurement. Sediment coring tends to disturb the sediment 
structure and lacks two or three dimensional information which is necessary to describe the scattering mechanism 
sufficiently. Two or three dimensional information is also required for implementation of the volume scattering model and 
inversion comparison. 

2. Experiment 
The Florida Strait experiment included five acoustic backscatter sites and one cross well tomographic experiment at site 1. 
The concentration of this paper will be upon the 38 foot deep site 1. For both types of experiment, center frequencies of 



7.5kHz and 15kHz were used. Cross well tomography was used to measure the sediment properties to be used as input 
parameters to scattering models and for inversion comparison. During burla1 of equipment for cross well tomography 
divers noticed strong layering as wells were driven into the seafloor. This is confirmed by the cross well tomography 
result. Based upon these and samples taken during the diving operation it is proposed that the site has sediment structure 
consisting of sand and shell fragments intermixed with layers of mud and silty clay. 

2.1 Equipment 
Traditional approaches to measuring acoustic backscatter from the seafloor use either a single fathometer device which 
yields a reflection result (near grazing angle = 90°), a line array which has ambiguity about its axis when beamformed, or a 
seafloor mounted tower with a directional source and receiver. The last of these three approaches is the most accurate and 
repeatable but in its' most common configuration it requires that the directional source receiver pair be steered to all angles 
of interest and this can make data collection a time consuming endeavor. In an effort to reduce experimental duration and 
still provide a system which could examine all points on the bonom within the region about the measurement device, an 
array of receivers were chosen which would be recorded simultaneously and later beamformed. Recognition that the use 
of a broadband source signal with a sparse array can yield a high resolution result for a minimal number of hydrophones 
further defined the array [6] .  The orientation of the sensors was therefore very important and after much simulation and 
evaluation were arranged in a manner to give excellent broadband beamformed response throughout all grazing and 
azimuthal angles for the frequencies of interest. The design is similar to a vertically extended Mill's cross as seen below 
(figure la). 

An omnidirectional sound source located at the geometric center of the array was activated repeatedly uslng Hanning 
weighted linear frequency modulated signals and the reverberation recorded at each hydrophone for some period of time. 
Averaging of repeated traces removed much of the incoherent noise. With this source and receiver array pair the seafloor 
backscattered response was quickly and accurately imaged. 

West 

North 

. East 

Figure l a  and lb: a - A schematic diagram of the sparse volumetric acoustic array; b - A diagram of the 
cross well tomographic plan on the seafloor, wells are located at positions A. B, C and D. 

2.1.1 Three dimensional broadband array design 
The standard approach to array design for signals which contain more than one octave of bandwidth has been to nest 
several sub-arrays each cut for a different octave. Data from each is band passed for its corresponding octave and 
beamformed conventionally. This method requires a significant number of sensor elements. An alternative is to process 
the data over the entire frequency band using only the array cut for the lowest octave. Using this method, with sufficient 
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bandwidth, the many grating lobes which occur for frequencies greater than the frequency for which the array was cut 
(spatially aliased frequencies) tend to smear one another out leaving the beam along the maximum response axis intact or 
even narrowed. Integration over the full bandwidth reveals a comparable directivity index while sharply reducing the 
number of sensors. During processing the backscattered data were examined every 2.5" in azimuth and every 2" of grazing 
angle. 

The physical design of the 3-D broadband array, called the acoustic backscatter antenna (ABA), consisted of two 16 
channel linear arrays of hydrophones spaced 0.10m and placed horizontally in orthogonal directions. A preamplifier 
providing 50 times gain accompanied each hydrophone. Vertical separation between the linear arrays was equivalent to a 
single segment's aperture of 1.5m. Onboard compass and tilt sensors provided the array's relationship to with the earth; 
angles if inclination or declination were accounted for as a step of data processing. The array is illustrated in figure l a  with 
the acoustic source located at the geometric center of the receive array. 

2.2 Acquisition of backscattering d a t a  
Source slgnals were Hanning wlndowed linear frequency modulated (LFM) upsweeps of bandw~dths 15 and 30 kHz 
centered at 7 5 and 15 kHz respectfully These s~gnals were chosen for thew fa~rly low s~delobe level upon correlat~on and 
good correlation gain, 1 e h ~ g h  s~gnal to nose The s~gnal also prov~ded suft~c~ent bandw~dth for the broadband 
beamformlng techn~ques employed In the processor. 

Data acquisition took place via a cable connection to the research vessel. Traces were amplified one hundred times and 
high pass filtered using a -3dB cutoff at IkHz. This ensured maximum amplitude would be recorded without clipping the 
AD converter and that 60Hz electronic noise would be suppressed without harming the data integrity. Data then passed 
through a 200kHz throughput, 12 bit, 16 channel AiD converter and was recorded to the hard disk of a 486166 personal 
computer. Experiment backup was made on Exabyte 8mm magnetic tape. The control software recorded three channels at 
a time at 66666 Hz for 0.2 s per shot. 200 signals were recorded per station . This yielded 85.33 Mb per experimental 
location and the duration of an experiment was just under 20 minutes. Data were later averaged, correlated with the source 
function and beamformed. 

2.3 Cross well tomography experiment 
The tomography measurement was collocated with the scattering experiment at site I. Four wells were bored 

into the seafloor approximately 2m in depth. The orientation of these well is shown in figure I b. Into the well 

0.00 0 50 1 .OO 2.00 2 50 

Cross mnge (m)  

Figure 2: Compressional velocity cross well tomogram of section A-B at site 1 Florida Strait 
continental shelf acoustic experiments 1995. 



'A' an array of 16 acoustic sources spaced 0.10m was deployed and into wells 'B,C & D' arrays of 16 receivers 
were deployed also separated at 0.10m. Multiple source shots were transmitted for each source channel which 
were averaged and recorded after being received. A shipboard display of the incoming traces successively 
averaged was observed until it was determined that a sufficient signal to noise ratio was achieved and the first 
arrival of the signal could be determined. These data were archived and later used in the tomographic inversion 
which determined the compressional velocity structure of the sections between well 'A' and the others. 
Information on the tomographic inversion may be found in the paper by Bregman et al. 171. The compressional 
velocity cross well tomogram cross section A-B is shown in figure 2. 

3. Data analysis and modeling 

3.1 Cross well tomograms 
T o  determine the properties needed for input to the acoustic models the tomograms were analyzed using one and 
two dimensional Fourier analysis. Using a virtual sediment core taken as a one dimensional section in depth 
and analyzing the power spectral density of the compressional velocity fluctuations along that section the power 
law behavior expected from equation 2 was revealed. A first order polynomial fit to the spectrum provided the 
spectral exponent and spectral intensity factcrs, and B respectfully. One dimensional data such as this or from 
sediment cores cannot provide information needed such as the aspect ratio or dipped structure. From a two 
dimensional power spectrum of the tomographic section the aspect ratio of the horizontal to vertical 
inhomogeneities and any dipped structure can be determined. A useful tool for finding all four of these 
parameters from the two dimensional power spectrum was an inversion of the volume scattering model to fit the 
spectral data. A genetic algorithm similar to the one used in the inversion of the measured backscatter data was 
applied. An example of the two dimensional power spectra of the compressional velocity cross section is shown 
in figure 3a and the result of the inversion in figure 3b. 

Figures 3a and b: a- Power spectral density of compressional velocity cross well tomogram A-B from 
site 1. b- Result of inversion using the volume scattering model to fit the power spectral density 
computed directly from the cross well tomogram A-B. Axis are wavenumber (llm). 

Note the off axis nature of the elliptical shape in figure 3b. This indicated the existence of a preferential dipped 
structure at the site. Aspect ratio is determined as the ratio of the major ( k,/cos6 ) axis to minor ( k,/sin 6 )  axis of the 
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ellipse, where 8 is the dip angle from the k, axis. Table 1 lists the sediment parameters computed from both one and two 
dimensional techniques and inversion along with several estimates made for use with the scattering models where data was 
not available. No interface properties were measured at the site, therefore these were estimated based upon diver 
observations and sediment samples referenced to previous work by Jackson and Briggs [8]. 

Table 1: Sediment parameters computed from one and two dimensional spectral techniques and 
inversion. Underlined values are estimated values for modeling purposes only. 

3.2 Backscatter 
The beamformed acoustic scattering data were evaluated azimuthally and found to have only minor azimuthal 
variation at these sites. Emphasis was placed on the azimuthal data whose radials coincided with the directions 
of the measured cross well tomograms. From figure Ib it is seen that these lie along 70"-250" and 160"-340~ 
magnetic. Along these azimuths the measured and inverted sediment properties from table 1 were input into the 
composite roughness and volume scattering models. 

LINE 

sm rl Tamgram apecns model 
0 ,  . . . 3 , s .  . . . I 

S m  #l lornogram spectra moc?6i 
0 ,  3 . . . . . . .  . , . I 

Volume Values Sediment 

4 a, ;, , , 1W l b  ,a 1, P80 
Grezhg Angle (deg) 

Sound 
Speed 
Cp/Cw 

Surface Values 

Figure 4a - b: Acoustic backscatter data and modeling results for the composite roughness 
model estimate (dotted line), the volume scattering model (dashed line) and their 
combination (solid line). a- 7.5 kHz 070'-250' and 7.5 kHz 160'-340" b- 15.0 kHz 07O0- 
250' and 15.0 kHz 160'-340' 
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Figures 4a and 4b show the measured data verses grazing angle at 7.5 kHz and 15.0 kHz along with the 
forward model predictions based on the values from table 1. Note the effect of the dipped structure in the 070'- 
250' result as the peak is offset to roughly 14". The volume scattering model shows a particularly good fit for 
this bearing. The choice of the interface scattering parameters is constant throughout these examples due to the 
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lack of measured data but facilitates some indication, under the assumption of a similar sediment, of the 
roughness scattering effect. It shows that at very high grazing angles and angles beyond the critical angle, in this 
case approximately 16' grazing, rough interface scattering dominates. Through the mid angle sections volume 
scattering largely controlled scattering behavior. 

Inversion of the volume scattering model was made for data at each of the azimuthal directions 70°, 160°, 
250" and 340'. This inversion predicted seven parameters: a dip azimuth, dip grazing angle, spectral exponent, 
spectral intensity, aspect ratio, attenuation and sound speed ratio at the water-sediment interface. Table 2 shows 
the results for 7.5 kHz and 15.0 kHz. 

Table 2: Inversion results for experiments conducted in the Florida Strait at site I. 

The best fit results for site I are shown in figure 5 using the previous estimates for inputs into the composite 
roughness model. It can be seen that at both frequencies there is excellent model data agreement. The model to 
data error was less than 0.17 for all cases when measured as a ratio of the sum of the errors to the sum of the 
data, better than 83% agreement. 
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Figures 5a - b: Results of the volume scattering model inversion and composite roughness 
model estimates. The dash-dot, dotted and solid lines indicate the inversion, roughness 
model estimate and combined inversion and roughness model estimate results respectively. 
a- 7.5 kHz 070"-250" and 7.5 kHz 160"-340" b- 15.0 kHz 070"-250" and 15.0 kHz 16O0- 
340' 
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The inversion is limited in describing the scattering due to the exception of the rough interface scattering 
mode!. In the future it is hoped that this will be included and the data reevaluated. The estlmate made for t h ~ s  
data evaluation of the rough interface backscatter level combined w ~ t h  the invers~on result shows very good 
agreement to the data. A collocated interface and volume physical property measurement is needed and should 
be pursued. The volumelrough interface inverse model at that point could be evaluated and should prove a very 
useful tool for estimating the physical properties of the sediment via a single remote measurement. 
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Abstract 

The feasibility of using acoustic measurements to determine the properties of a shallow water internal wave field is 
investigated through numerical simulations. The random intemal wave field is modeled by a generalized Garrett-Munk 
spectrum. The goal of the inversion is to recover the characteristic mode number, energy level and power-laws 
associated with the model. A hierarchy of inversion strategies is considered. Results from numerical simulations are 
presented together with a discussion of the remaining theoretical challenges. 

1.  Introduction 
Based on a large number of experimental observations, Garrett and Munk developed a un~versal spectral model for 

deep water internal waves [I]. The Garrett-Munk (GM) model features appropriate power-law behavior for both the 
temporal and vert~cal wavenumber spectra and a scaling of the wave amplitude w ~ t h  depth. Prompted by the Increased 
operational interest in the littoral zone, the quest has begun for an analogous shallow water internal wave model. Shallow 
water internal wave behavior is compl~cated by the presence of discrete internal sohtary waves that can be generated at 
sills or the continental shelf break. In addition to these event-like waves, it is hypothes~zed that there is an underlying 
background internal wave field that remalns to be characterized. It IS the development of acoustical techniques for 
parameterizing this background Internal wave field that is the subject of the present study 

An acoustic wave propagating through an internal wave field will acquire random tluctuat~ons in both ~ t s  magn~tude 
and phase. The stat~stlcal propertles of these fluctuations can be calculated ualng wave propagation In random med~a 
theory. The theory has reached a level of maturlty and there is good agreement between calculations and expenmental 
observations. The Mid-Atlant~c Transmission Experiment (MATE) is an example ot a deep water experiment where 
acoustic and oceanographc measurements are In accord [2,3]. Success in solving the forward problem suggests that 
acoustics might be used In an inverse sense: from measurements of the statlst~cal properties of the acoustlc field, IS ~t 
possible to infer the statlstlcal propertles of shallow water Internal waves? Acoustics offers the flex~bll~ty to probe the 
medium over a range of spat~alltemporal scales not eas~ly accessible by other towed, dropped or moored ~nstrumentation. 
It also offers spatially Integrated results difficult to achieve with trad~tlonal ocean sensors. 

It is our working hypothesis that background shallow water internal waves satisfy a GM-l~ke spectrum, but with 
energy levels, power-laws, and modal structures that may differ markedly from those observed in deep water. We take it 
as the goal of an acoustic inverse to estimate the numerical values for these parameters. 

In the present work, we use numerical simulations to study the feasibility of recovering shallow water internal wave 
properties from acoustical measurements. We begin by simulating numerical realizations of a time-evolving, three- 
dimensional internal wave field. Internal wave parameters are defined for the simulation based on observations near the 
site of the 1996 Coastal Mixing and Optics (CM&O) Experiment. Acoustic propagation through the internal wave field is 
then simulated using the parabolic equation method. The results are time series of the acoustic log amplitude and phase at 
discrete receivers. The synthesized data are then compared to theoretical predictions. Using a modified least-squares 
procedure, the free parameters in the theory are adjusted to fit the experimental observations. The predicted values for the 
internal wave parameters are then compared to what was originally input into the oceanographic simulations. 
Implications for future shallow water experiments are discussed. 
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2. Shallow Water Internal Wave Model 
The spatial and temporal properties in the internal wave field are not independent; they are related via a dispersion 

relationship. Flatt6 et al. [4] give alternative forms for the deep water Garrett-Munk spectrum in terms of different 
combinations of the spatial and temporal transform variables. As a shallow water model, we assume a similar 
representation but with additional free parameters. It will further prove useful to use a mixed representation for the 
spectrum @ of the index of refraction as a function of both the wavenumber k = (k,, ky,k,) and the time separation z: 

where tc2 = k: + k; . The inertial frequency w i  is known from the latitude of the experiment. In general, the buoyancy 
frequency N  is a function of depth. Within a WKB approximation, the break wavenumber is given by 
kg = j*(n/ b)(N/  N o ) ,  where j* is the internal wave modal bandwidth, No is the reference buoyancy frequency, and b is 
the reference depth . The cosine in (1) ensures that the internal waves have no preferential direction. Finally, the value 
for wo is set by the dispersion relationship 

It remains to fix the spectral level 4 # .  In general, the index of refraction variance for internal waves is a function of 

depth. In deep water, the variance scales with N 3 .  For simplicity, we assume that this also applies in shallow water. 
Accordingly, the reference variance < y i > is defined by 

Substituting (2) into (4), the integrals can be evaluated exactly. Solving for the spectral level yields 

and r is the gamma function 
Assuming the buoyancy frequency is known from direct measurement, there are up to four free parameters in the 

model: the variance <pi 1, the mode bandwidth, j*, and the power law exponents p and q . Values for the exponents, 
within the standard Garrett-Munk model, are p=q=2. In the deep water MATE experiment, however, a value of 2q=3.7 
was observed. A typical deep water value is j* = 3 ,  although there is reason to belleve a smaller value is more 
appropriate In shallow water; see Henyey et al. for a discussion and a review of the literature [5].  In solving the Inverse 
problem, the goal is to determine some combination of the free parameters of the internal wave model from the acoustic 
measurements. 

3. Rytov Theory and Implications for the Inverse Problem 
The Rytov approximation yields useful expressions for the statistics of a wave propagating through a weakly 

fluctuating random medium. The general theory is well established. When there is no background sound speed profile, 
two point statistics for both the log amplitude and phase of the acoustic field can be calculated. Munk and Zachariasen 
[6] extended the theory to include a profile, but considered only the variance of the field and not the vertical 
autocorrelation. 



For this initial analysis, we neglect ray curvature and assume a constant background sound speed. We justify this 
choice based on an analysis of the August 1996 Synthetic Aperture Sonar (SAS) Experiment. The experiment. conducted 
near the CM&O site, was 100 km south of Woods Hole, MA in waters 72 m deep. Assuming a source 60 m deep, a pre- 
experiment ray trace showed an isolated path traveling nearly horizontally out to ranges greater than 600 m [ 5 ] .  This 
approximation further allows the buoyancy frequency along the propagation path to be approx~mated by the constant 
reference value NO . 

To formulate the problem, consider a point source generating an acoustic field that is measured at range x=L at 
discrete depths as a function of time. Within the Rytov approximation, the autocorrelation of the log amplitude, x , and 
phase, $ , of the field is 

L -  - 
~ I + ( ~ , z ~ ) =  2zk21dr dky 1 dk, c P ( 0 , k y , k 7 ; ~ ) g X l ~ ( k y , k , ) e i k : 7 ~ x 1 L  , 

0 -.. -.. 
where 7  and zd are the separations in time and depth, respectively, of the two observation polnts 171. The integrations 
are over range and the spectral components transverse to the direction of propagation. The Fresnel filter functions 
gx/$(ky,k,) are 

with + corresponding to 9 and - to X . 
The Fresnel filters for the phase and log amplitude emphasize different portlons ot the internal wave spectrum. 

Because gb is at a maximum at k, = k, = 0 ,  the acoustic phase is sensitive to the large scale (low spatial frequency) 
fluctuations in the medium. The filter gX is zero at ky = k, = 0 and the log amplitude is most sensitive to fluctuations in 
the medium at the Fresnel scale or smaller. This has implications for solving the stochastic inverse problem; certain 
features of the medium may be more easily extracted from measurements of the acoustic log amplitude, for example, 
rather than from the phase. 

In principle, the inverse problem is solved by substituting the spectral representation for internal waves (I)  into (7). 
The free parameters in the internal wave model are then found by matching the calculated acoustic quantities with the 
experimental observations. 

In practice, the way in which Rytov theory would be applied to solve the inverse problem is highly dependent on the 
specific experimental geometry. At one extreme, consider a rigid vertical receiving array. If the positions of the 
receiving elements were known precisely, it would be possible to use both the acoustic log amplitude and the phase in the 
inversion. If the array were fully populated, it would be possible to estimate the vertical wave number spectra for both the 
log amplitude and the phase from the measurements. The corresponding theoretical expressions for these quantities can 
be derived by taking the Fourier transform of (7) with respect to depth. At the other extreme, consider a moored array. 
Here, the positions of the receiving elements may not be known with great accuracy; it likely would prove difficult to 
separate sensor motion from acoustic phase fluctuations. Consequently, it may not be reliable to use the acoustic phase in 
the inverse. The log amplitude, however, is relatively insensitive to sensor motion. An inversion algorithm that used 
only the acoustic log amplitude fluctuations would be relatively simple to implement in the ocean. 

Our emphasis is on a geometry loosely based on the configuration of the SAS experiment. The measurements were 
made on a rigid platform. The vertical aperture, however, was limited. We consider an inverse that uses time series of the 
log amplitude phase measured at a limited number of discrete positions in the vertical. From this configuration, the 
temporal spectra as a function of vertical receiver separation can be observed. The corresponding theoretical expressions 
can be derived. Define the two-sided temporal acoustic spectra by 

It follows from (7) 
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where we have suppressed the subscripts. The delta functions in (10) can be used to evaluate the ky integral. Since S is 

an even function of o, it suffices to evaluate the integral for positive values; negative frequencies are recovered by 
symmetry. Use the property [8]: 

where k:;f) are the values of ky that are zeros of oo. From (3), there are zeros at + k y o  where 

Note that kyo is real only when a,  < < N . Outside of this interval, the delta functions are not captured by the 
integration and the acoustic spectra are exactly zero. Inside this interval, 

where the derivative of oo gives 

Finally, combining (2). (13) and (14), and exploiting the even nature of the integrand 

where we have approximated N 2  - o2 by N 2  except in the Fresnel filter. 
Before presenting spec~fic results, ~t is Instructive to examlne the qual~tat~ve behav~or of (15) In the context of solvlng 

the Inverse problem Parttcular parameters of the rnternal wave model are most easlly recovered trom particular 
acoustical measurements. 

The lntegrand In (15) 1s only weakly dependent on ~JI through the Fresnel fllter, to a good approxlmat~on, both 
SXand S$ go l ~ k e  o-2q+1 As a result, by observ~ng the asymptotic behavlor of the measured acoustlc spectra ~t should 
be possible to infer the internal wave parameter q. Recovering the other internal wave parameters IS not as stralght 
forward. 

For the log amplitude spectra Sy the dominant contribution to the inner integral In (15) comes from k; >z k:. To a 
good approximation, kf + k i  =G within the integrand. Consequently, SX is dependent on the characteristic internal 
wave mode number j* only through the spectral strength $R . As a result, 

For the standard values p = q = 2, the result is proportional to j*. The primary point is that the strength of the acoustic 
log amplitude spectrum depends on a complicated combination of I$IR and j*. Even if q was inferred from the 
asymptotic behavior andp  set to the traditional value, the inversion is likely to be underdetermined; it may not be possible 
to separate the contributions from I$Ig and j* from measurements of the log amplitude spectrum alone. 



A similar analysis is possible for the phase spectrum S+. The primary contribution comes from small k,. TO 

examine the approximate behavior, replace the Fresnel filter by the constant two; this is effectively a geometric acoustics 
approximation. The integrand is singular as k,  approaches zero. Physically, this is because the phase is sensitive to the 
large scale fluctuations in the medium. The largest allowable vertical fluctuations is set by the water depth D, so the 
lower limit of integration is truncated at a I D.  The integrals can then be evaluated analytically. For the standard values 
p = q = 2, the result is 

Again, the individual contributions from and j* cannot be separated. If both the log amplitude and the phase are 
measured, however, there is the prospect of making the separation by combining (16) and (17). Note, however, that for 
values near unity as expected to prevail in shallow water, (17) is relatively insensitive to the precise numerical value of 
j* . 

4. Numerical Results 
The viability of an inversion for the parameters of a shallow internal wave model is tested using numerical simulation. 

The simulation involves a two-step procedure. Internal wave fluctuations are generated within a three-dimensional 
numerical box. These fluctuations are converted to sound speed changes and the box is subdivided into eight depth-range 
slices. A PE-propagator is then used to obtain the acoustic field transmitted through each slice. The analog for the 
geometry of this numerical experiment derives from the SAS transmission experiment that took place during CM&O [see 
[ 5 ]  and http://cofdl.whoi.edu/cmohome.html 1. The result of the simulation are time series of acoustic amplitude and 
phase at several vertical receivers. Both the forward and inverse problem are considered below. A nonlinear least squares 
optimizer is used to invert the model discussed in Section 2 for the parameter values. 

4.1 Internal Wave Simulations 
The internal wave simulation is not discussed in detail here. We refer the reader to Winters and D'Asaro [9]. A form of 

the GM-spectral model is used to set the strength and modal bandwidth j* of the internal wave field. The principle 
difference between the model d~scussed In Sect~on 2 and the GM-model used In simulat~ng the Internal wave fluctuat~ons 
is that a modal decompos~t~on is used rather than taklng a WKB-approx~mat~on An Internal wave d~splacement fields IS 
generated In the computat~onal volume (Lx,Ly,Lz). T h ~ s  defines the horizontal and vert~cal scales produced In the 
s~mulat~on. Once a spatla1 reahzation is obtained, the Internal wave d~sperslon relat~onshlp IS used to evolve the field In 
tlme. 

For the s~mulat~ons, a water depth of 128 m IS used We spec~fy a conytant buoyancy trequency, N = 4 cph, and a 
constant sound speed of c0=1480 m/s These numbers were observed near 60 m depth over a direct, near bottom path at 
the CM&O slte The length and w~dth of the computat~onal box 1s 32 km by 8 km T h ~ s  domam IS a reasonable trade-oft 
between a desire to sample h ~ g h  wave numbers as well as resolve much of the low-wave number, energy contalnlng 
Internal waves. A total of 128 vert~cal modes were used Internal wave d~splacement was converted to sound speed uslng 
the formula 

with G=0.7 [4] for the CM&O site. This results in a < > of 3 .  lo4 . The modal bandwidth is jr = I (a value 
commonly associated with the shallow water case). We use here a time series of 128 hours sampled every 225 seconds. 

A narrow-angle PE-propagator is used to obtain the acoustic energy at a vertical aperture of receivers. The 
transmission range is 1 km with the transmitter depth and receiver aperture centered at 64 m depth. The point source is a 
2- Gaussian with a frequency of 6 kHz. Eight separate realizations are obtained for each time step by sub-sampling the 3- 
D internal wave computational box into nearly independent one-km rangeldepth slices. The internal wave output is 
spectrally interpolated in depth and range to assure accuracy in the PE. Energy at the surface and bottom is absorbed. 
Because the acoustic fluctuations are the quantities of interest, each received field is normalized by the "deterministic" 
field resulting from the range independent, constant sound speed case. We take the phase and log-amplitude data from the 
center 20 m receiving aperture over the 128 hour internal wave simulation. Both forward and inverse modeling, require 
the statistics of log-amplitude. From the timeldepth series of acoustic data, depth-lagged covariance and temporal spectral 
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estimates are calculated. For all estimates, a mean is removed from the data and a 10% cosine data taper is appl~ed to the 
ends of the time series for calculating spectra. 

4.3 Forward model comparison 
An obvious test of our procedure IS to treat the forward problem: usmg the theory of Section 3 with the medlum 

spectra of Section 2, how well are the log-amplitude fluctuations described by theory? Using data from receivers 
separated by 4 m over the vertlcal aperture, the depth lagged frequency co-spectra are estimated for several separations 
and displayed in Fig. 1 along with theory. The values of the co-spectra at each frequency decrease as separation increases, 
going negative for depth separations greater than 8 m. We note that the data generally have less energy near the lnert~al 
frequency,~,  , than predicted by theory (note that the frequency is scaled by a,) T h ~ s  1s a result of two things. First, 
resolution of the inert~al frequency depends upon the length of the tlme serles We chose to end the slmulat~on at 128 
hours for practical reasons. Second, there 1s a defic~t of low wave numbers In the internal wave s~mulat~on, a problem 
needing further invest~gatlon Overall, however, the dataltheory comparison IS quite good. 

- 
_f_ - - -.- - 
u 

1 frequency/(inertial frequency) 10 

zero lag 
4 m  
8 m 
12 m 

Figure 1 The depth lagged frequency co-spectrum of log-amplitude at 6 kHz. For this forward comparison, theory 
parameters are < pi  >= 3.5 . Io-', j* = 1 , and p = q = 2. The frequency is scaled by the inertial frequency, w, = 0.0541 
cph. 

Integrating the curves in Figure 1 over frequency gives the depth covariance function of log-amplitude. T h ~ s  is 
compared with theory in Figure 2. The data have a slightly lower variance at zero lag probably Indicating a need to carry 
our simulation farther In time and to lower wave numbers as mentioned above Data and theory compare well for almost 
all lags away from zero. 

- theory - data 

Figure 2. The covariance of log-amplitude with lag in depth. Theory is shown solid, simulated data as dashed with 
circles. Theory parameters are as in Fig. I .  



4.4 Inverse model comparisons 
A nonlinear least-squares optimizer [lo] is used to invert theory and obtain the model parameters. It should be 

emphasized that while a discrete mode representation is used to generate the internal wave field, the inversion seeks the 
parameters of a continuous spectral representation; we thus avoid the "inverse crime" of  using exactly the same model to 
both synthesize data and do the inversion [I I]. Because of the relatively short lags used here, along with the fact that 
shallow water internal waves appear to be low-mode, it is difficult to solve for all parameters. An inverse using only the 
log amplitude frequency auto-spectrum is shown in Fig. 3. It was shown in (16) that the contributions from < pi > and 
j, are not easily separated for this measurement. By assuming p=2, a two parameter estimation is done for 9,: and q. 

The estimate for the product < > j* is then inferred from the two estimated parameters using (5). Parameter values 
obtained are < p i  > j. = (3 k2).  10" and q = 2 . 0 4 k  0.07. The values are quite close to those Input to the simulations 
and the theoryldata comparison In Flgure 3 is excellent The error In <pi > j* 1s a reflect~on ot the fact that the 
parameters are not Independent Further work 1s needed on developing an Inversion scheme that decreases this 
dependence For thls case, and those In Flgs. 1 and 2, data averaged over all e~ght  range sllces are used The same Inverse 
as that shown In F~gure 3 was repeated using a slngle receiver's output Parameter value? near those of Flgure 3 were 
obta~ned ind~catlng that a slngle recelver lnverslon IS poss~ble w~th measurements made over SIX inertial perlods The 
errors, however, were large 

- fit - data 

frequency (cph) 

Figure 3. 6 kHz log-amplitude spectrum obtained from a 128 h simulated time serles and an average of eight separate 
depthfrange slices. A data fit from an inversion of theory is shown as solid-bold. 

5. Discussion 
There are important ~mplications for oceanograph~c research In these results When convent~onal Rytov theory is 

val~d, we have shown that one can obtaln Integral scale measurements of subsets of the four Internal wave parameters 
uslng stochastic Inverse methodology. In tlme varying Internal wave fields, t h ~ s  glves a mechanism to obtaln model 
parameters for the weakly non-stationary, and possrbly lntermlttent shallow water Internal wave processes 

We have considered a very simple inversion using only the log amplitude of the field. A single transmitter mooring 
located an appropriate distance from a single receiver mooring will provide estimates of < Fi > j* and the fundamental 
power law parameter q. Such an experiment would be simple to implement and relatively inexpensive. Adding more 
receivers in the vertical adds redundancy and also potentially allows one to obtain the other power law parameter, p. It is 
a simple matter to add a few temperature sensors to the moorings, and obtain > directly, thus providing the 
oceanographer with the four (possibly time varying) parameters of the internal wave field. Clearly, if phase or phase 
difference measurements are added to the moorings, then further redundancy in the parameter estimates is obtained. It is 
extremely important to note that the method provides these parameters from a horizontal scale equal to the transmission 
range, thus, an integral or averaged measurement of the stochastic parameters. 

There is a possible caveat. We have assumed, in order to apply the conventional Rytov approximation, that the 
acoustic transmission range is large compared to the integral scale of the medium. In shallow water we find that p is very 
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small, so the internal waves are thin in depth and large in the horizontal. Thus, the theory may have to be modified if the 
conditions for Rytov are not met. This is a research issue. A second research issue is the extension of the formalism to 
include ray curvature. This curvature could invalidate conventional Rytov theory due to thin nature of shallow water 
internal waves. 
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Abstract 
A wavenumber integration approach to modeling of the full multistatic reverberant field produced by small-scale 
bottom roughness in stratified shallow water waveguides has been developed. A perturbation approach to rough elastic 
interface scattering has been combined with the OASES seismo-acoustic propagation model for stratified waveguides, 
yielding the capability of producing realizations and spatial statistics of bottom reverberation for multistatic sonar 
configurations in shallow water with a rough, stratified, elastic bottom. The formulation handles roughness with 
arbitrary anisotropic power spectra, and incorporates scattering into both the water column and the various seismic 
waves in the bottom. 

1. Introduction 
A numerically efficient wave-theory model of the full multistatic reverberant field produced by small-scale rough- 
ness patches in stratified shallow water waveguides has been developed. A perturbation approach to rough elastic 
interface scattering [l, 21 has been combined with the OASES seismo-acoustic propagation model for stratified 
waveguides. The original perturbation theory was based on a 2-D Fourier transform formulation, allowing only 
short range reverberation modeling for computational reasons. However, coordinate transformations have been 
developed, translating the representation for the scattered field into an azimuthal Fourier series expansion of 
wavenumber integrals. This representation is directly compatible with the 3-D version of the OASESJSAFARI code 
[3], which has consequently been modified to provide extremely efficient numerical simulation of high-frequency 
seismo-acoustic reverberation in shallow water waveguides. The model's efficiency allows for Monte-Carlo estima- 
tion of the statistical properties of the reverberation from patches with anisotropic roughness statistics, including 
mean reverberation intensity and spatial correlation. 

2. Rough Interface Reverberation Theory 
2.1. Pe r tu rba t ion  Theory  
The perturbation theory for scattering from rough elastic interfaces decomposes the wavefield into coherent and 
scattered components of the field potentials in layer number e, 

i d t  = ( d l )  + p t  
X.! = (xe) + s t  = *[ = (*[) +@ 

At = (At) + rl 
where X L  is a generic potential representing the compressional potential q5e and the two scalar shear potentials Qr 
and At, representing SH and SV waves, respectively [3]. 

Away from physical sources and the rough interfaces, both the coherent and scattered potentials satisfy homo- 
geneous Helmholtz equations 

*Presently with B B ~ s s t e G  and Technologies. Cambridge, MA 02138. 
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Figure 1: Rough interface patch in stratified waveguide, insonified by a seismo-acoustic field. 

where k represents the appropriate medium wavenumbers. 
In addition, the fields must satisfy the boundary conditions a t  all interfaces zl in the stratification, as well as 

the source conditions. Assuming the physical sources are limited to a single depth, z, ,  a dummy interface is added 
a t  this depth, and the interface conditions may be written in the operator form 

where N is the total number of physical and dummy interfaces in the stratification. The differential matrix operator 
Be represents the derivatives relating the physical parameters involved in the boundary conditions to the potentials 
[I]. Thus, Eq. 4 represents continuity conditions a t  all physical interfaces and discontinuity conditions imposed by 
the physical source distribution f,(x'). 

Similarly, the perturbation theory leads to a set of boundary conditions to be satisfied by the scattered field 
s (2 )  a t  all interfaces in the stratification [2], including a rough inte~face at  depth z,,, 

where the distribution function f,(?) is given by [I, 4, 51 

r elevation . l  

Here, ~(17) is the interface roughness elevation. Be is the same boundary operator as above, while br represents 
the rotation of the boundary conditions due to the roughness slope. 

Obviously, Eq. 5 is totally equivalent to Eq. 4, with the physical source distribution f,(l?) replaced by the dis- 
tribution function fv(x') a t  the depth of of the rough interface. Thus, fV(Z) represents a virtual source distrebution, 
the amplitude and phase distributions of which are determined by the coherent field and the roughness through 
Eq. 6. 

2.2. Wavenumber Representation 
For interfaces corresponding to separable cartesian geometry, the boundary equations 4 and 5 are conveniently 
transformed into the wavenumber domain, yielding for the scattered field [2] 

For random, spatially homogeneous interface roughness, the roughness statistics is given by the spatial correla- 
tion function NL(AF) or its Fourier transform, the normalized roughness power spectrum P@) ,  and the roughness 
variance (7;) 



Figure 2: Graphical representation of the scattering wavenumber kernel. The scattered field is a convolution in 
the wavenumber plane of the incident field by the anisotropic roughness wavenumber spectrum. 

Then, the following expression is achieved for the spatial correlation function for the scattered field [2] 

where A, (I, g) is the scattering kernel 

Here ec(z, Q) contains the exponentials representing the up- and downgoing scattered wavefield in layer e, and Tf,, 
is a generalized T-mat+ for the field in layer m produced by scattering from rough interface number e, 

The scattering integrals of both Eq. (7) and (10) are of a form convolving a medium dependent boundary 
operator term by the roughness spectrum at the difference wavenumber. This Brngg scattering condition is ilbs- 
trated graphically in Fig. 2. An incident field with a wavenumber spectrum centered around the wave vector k is 
convolved with an anisotropic roughness spectrum with skewness 8 ,  creating a scattered field composed of wave 
vectors Q within the lightly shaded envelope in Fig. 2, representing the roughness spectrum The medium depen- 
dent part of the kernel represents the modal structure of the waveguide, as indicated by the circles in Fig. 2. Thus, 
the resulting scattered field will have a modal structure in all directions, but shaded by the roughness spectrum 
centered a t  the incident wavenumber. As will be evident from the examples following below, the reverberation 
from finite size patches will qualitatively exhibit the same spectral behavior. 

3. Finite Roughness Patch 
Unfortunately, for realistic two-dimensionally rough interfaces, the convolution integrals in the correlation function, 
Eq. 10, become four-dimensional. Even though a normal-mode expansion of Eq. 10 has recently been developed, 
yielding orders of magnitude in computational savings [5], the full numerical evaluation of the three-dimensional 
field statistics through Eq. 10 has sofar been impossible. Consequently, numerical implementations have been 
limited to plane or axisymmetric problems with one-dimensional roughness [2, 51. 

To allow modeling of the fully three-dimensional reverberant field important to multistatic sonar concepts, an 
alternative approach has therefore been developed. Instead of directly evaluating the spatial statistics through 
Eq. 10, a deterministic form of the perturbation theory has been developed, based on spatial integration over finite 
roughness patches. As described in the following, this formulation leads to field expressions which are evaluated 
using modified versions of existing seismo-acoustic propagation models. It yields extremely efficient computation 
of specific realizations of the reverberant field from rough interface patches, such that estimates of the 3-D spatial 
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field statistics can be readily achieved through Monte-Carlo simulation with random realizations of the roughness 
statistics. 

For a finite size roughness patch or sonar footprint, the scattered field is more efficiently represented by spatial 
integral over the patch P, 

s(Z) = L G,(?, &)d2?, (12) 

where G,(x', t) is a Generalized Green's Function satisfying the standard Helmholtz equation, and the boundary 
conditions, 

Bt(x')GV(x',x',) = - 6 ( i  - ZV) fu(1)6(zl - z,,) . (13) 
where the virtual source distribution fv (x ' )  is given by Eq. 6. In a horizontal stratification, Eq. 13 is most conve- 
niently solved in the wavenumber domain, 

where the spectrum L(6 , iv )  is the Fourier transform of the virtual 'point source' term 6 ( 1  - 2, )  f,(Z). It is a 
vector containing coherent displacement and stress discontinuities on the patch, 

The wavenumber spectrum of the total scattered field is then obtained by integrating the solutions to Eq. 14 over 
the patch, 

~ ( 4 )  = B,(B, x',)d2%, (16) 

with the spatial distribution following by a two-dimensional Fourier synthesis, 

When numerically evaluating the inverse Fourier transform, the wavenumber increments must satisfy the 
Nyquist criteria, Aq,,y 5 n/Rmax [6]. Unfortunately, this condition severely limits the maximum range Rmax 
that is numerically feasible, to a few times the horizontal extent of the roughness patch [4]. 

However, it is possible to transform Eq. 14 to cylindrical coordinates, [7]. The associated spatial distribution 
of the field is then given by a Fourier series of Hankel transforms, 

cos m6 
s ( r , @ )  = Ern ( } / dq q~rn(rq)  [L ~ " q ,  r., ~.)rvdrud&] 

Here, the generalized Green's function G y ( q ,  r , ,  6,) can be directly computed using the three-d~mensional verslon of 
OASES [3] with the virtual source distribution being the discontinuities of the displacement and stress components 
of m-th Fourier order on the patch, 

The details of the coordinate transformation relating the components of the cylindrical source terms fp in Eq. 19 
with the cartesian components fv(i, x',,) in Eq. 15 involves a significant amount of algebra, the details of which 
are described in Ref.[7]. 

The Fourier series in Eq. 18 converges very fast for orders larger than the dimensionless size ka of the patch, 
due to the asymptotic behavior of the virtual source terms 

f,?(q, T O ,  6,) Jrn(qrv) + 0,  for m > qr, , (20) 

and the truncation is therefore easily determined a priori. Thus, the number of significant terms in the series 
depends only on the patch size with the typical number being equal to a few times the patch szze in wavelengths. In 
contrast the number of terms in the numerical evaluation of each of the two dimensions of the Fourier transform in 
Eq. 17 is determined by the receiver range. This difference is the key to the numerical superiority of the cylindrical 
form. 



Figure 3: Bottom patch with anisotropic roughness, insonified from the left at  40 kHz. The roughness has a 
Goff-Jordan power spectrum with correlation lengths 1, = 1.04 m and I ,  = 0.13 m, and RMS elevation of 4.7 mm. 

-193.3 -100 0 100 193.3 -0.1 0 0.1 

Kx (Ilm) Range (km) 

Figure 4: Multistatic reverberation from the roughness patch in Fig. 3. Left frame shows contours of the two- 
dimensional wavenumber spectrum of the scattered field 5.2 m above the seabed. The wavenumber of the incident 
field is (k,, k,) = (168,O) corresponding to incidence onto the patch from the left. The right frame shows contours 
of the scattered field in a horizontal plane at  the same depth. Directions to the right represent forward scattering, 
while directions to the left represent backscattering. 

4. Numerical Results 
To illustrate the performance of the theoretical formulation in predicting the full multistatic reverberant field at  
high frequency, the Panama City bottom scattering experiment performed by Tang et al. is applied [a]. 

The experiment was carried out in a water depth of 30 m. An isovelocity water sound speed -of 1495 m/s is 
assumed, and the bottom is assumed to be a homogeneous, elastic halfspace with compressional speed 1711 m/s, 
shear speed 118 m/s, and density 2.01 g/cm3. The compression and shear attenuations were estimated to 0.09 
dB/X and 0.2 dB/& respectively. 

The bottom was insonified at  low grazing angles by a 40 kHz projector mounted on a tower, 5.2 m above the 
bottom. The insonifying beam had a vertical and horizontai beamwidths of 6" and 14", respectively. With a 
nominal grazing angle of 12.6" the sonar footprint was centered at  a distance of 23 m from the tower, and had a 
size of approximately 10 x 5 m. 

Figure 3 shows the sonar footprint with seabed roughness, for a case where the large main axis of the roughness 
power spectrum is aligned with the incident beam, i.e. the insonificition is 'broadside' to the roughness striation. 
The roughness has a Goff-Jordan [9] power spectrum with correlation lengths 1, = 1.04 m and 1, = 0.13 m, and 
RMS elevation of 4.7 mm. 

Figure4 shows the computed multistatic reverberation from the roughness patch in Fig. 3. Left frame shows 
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Figure 5: Bottom patch with anisotropic roughness, insonified from the left at 40 kHz. The roughness has a 
Goff-Jordan power spectrum with correlation lengths 1.04 m and 0.13 m, and RMS elevation of 4 7 mm. The skew 
angle of the roughness anisotropy is 45' 
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Figure 6: Multistatic reverberation from the roughness patch in Fig. 5. Left frame shows contours of the two- 
dimensional wavenumber spectrum of the scattered field 5.2 m above the seabed The wavenumber of the incident 
field is (k,, k,) = (168,O) corresponding to incidence onto the patch from the left. The right frame shows contours 
of the scattered field in a horizontal plane at  the same depth. Directions to the right represent forward scattering, 
while directions to the left represent backscattering. 

contours of the two-dimensional wavenumber spectrum of the scattered field 5 2 m above the seabed The wavenum- 
ber of the incident field is (k,, k,) = (168,O) corresponding to incidence onto the patch from the left The right 
frame shows contours of the scattered field in the same horizontal plane, i.e. the same level as the projector. The 
square area shown is 200 x 200 m, centered over the sonar footprint. Directions to the right represent forward 
scattering, while directions to the left represent backscattering. In this 'broadside' configuration, even though the 
forward scattering is dominant, the backscattering is significant. On the other hand, the out-of-plane, i.e. f 90°, 
bistatic angles show very low reverberation levels. 

Figure5 shows the same sonar footprint, but with the main axes of the roughness anisotropy rotated counter- 
clockwise by 45" . The roughness statistics is the same as in the previous case, i.e. the power spectrum corresponds 
to correlation lengths 1.04 m and 0.13 m, and RMS elevation of 4.7 mm. 

Figure6 shows the computed multistatic reverberation from the roughness patch in Fig. 5. The left frame shows 
contours of the two-dimensional wavenumber spectrum of the scattered field 5.2 m above the seabed. Again the 
wavenumber of the incident field is (k., k,) = (168,O) corresponding to incidence onto the patch from the left. The 
shading controlled by the Bragg scattering condition illustrated in Fig. 2 is evident, wlth the dominant scattering 
being into wave vectors in the lower right quadrant. This translates to out-of-plane-scattering towards the right 
relative to the incident direction, as is also evident in the right frame in Fig. 6 showing contours of the scattered 
field in the same horizontal plane. The square area shown is 200 x 200 m, centered over the sonar footprint. Again, 



directions to the right represent forward scattering, while directions to the left represent backscattering. In this 
configuration the forward scattering is still dominant, but the monostatic backscatter is reduced substantially, 
replaced by a significant out-of-plane component. Consistent with Fig. 2, the dominant scattering spans angles 
up to  90' from the forward direction, corresponding to bistatic angles up to twice the roughness skew angle (45') 
from the direction of the incident field. 

5. Conclusion 
A numerically efficient formulation for wave theory modeling of the full multistatic, reverberant field in stratified 
waveguides has been developed. A previously developed perturbation approach to scattering from rough interface 
patches has been transformed into a cylindrical coordinate formulation and implemented in the three-dimensional 
version of OASES/SAFARI. The new modeling capability has been applied to investigate the high-frequency 
reverberation from anisotropic roughness in a shallow water environment with a stratified, elast~c bottom 
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Abstract 

Swath bathymetry and SAS autofocus can both be treated as problems in correlating echoes from a scatterer distribution 
on the seabed. Using a chirp source, the phase derived from quadrature match-filtering can replace the narrowband phase 
in complex correlation operations. Pulse compression then enables bathymetry to be estimated more easily and accurately 
than with the corresponding narrowband processing. Using similar processing, the SAS auto-focus method gives direct 
estimates of unknown cross-track plafform displacement. Field experimental equipment for the Swedish project is briefly 
described. 

1. Introduction 
The research presented here has been carried out under the Swedish DAIM (Dig~tal Acoustlc IMaging) Project. Emphasis 
is on high-frequency wideband insonification to maximise resolution at short range. Earher papers [1,2] described the 
application of quadrature match-filtering to sidescan Imaging and synthetic-aperture processing. The present paper 
concentrates on the inverse problem of swath bathymetry. SAS autofocus will also be addressed rather bnefly stnce the two 
problems are more closely related than may appear at first sight. Swath bathymetry can be regarded as a problem in 
correlating echoes from a random distribution of reflectors on the seabed received at apertures separated In elevation. For 
synthet~c-aperture auto-focus, the apertures are separated in the along-track direction 

2.1 Sonar Imaging 

Conslder a linear array of recelver transducers wlth a plane echo wavefront arrivlng at azlmuth angle 0 from a reflector in 
the far field (Fig 1). T~me-delay beamform~ng al~gns the echoes from reflectors at angle 0 by compensating for d~fferent~al 
time-delays between the arrival of the wavefront at each transducer in turn. Because ot ~ t s  essential simplicity, there have 
been many attempts to find a digital lmplementatlon of time-delay beamform~ng Superf~cially this appears easy, because 
echoes can be aligned m store by sample shifting. Unfortunately angular resolution is coarse unless the sampllng frequency 
is high compared with the acoustlc frequency, and this has led to a number of ~nterpolat~on schemes over the years, eg 
[3,41. 

R. 

Fig 1. Sonar reception with a linear array Fig 2. Bathymetric estimation : z = r.dr / D 
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2.2 Swath Bathymetry 

Swath bathymetry is the operation of determining a depth map, or digital terraln model, from the elevat~on angle of echoes 
arriving from drfferent slant ranges. For each output pulse or "ping", a profile of the seabed each s ~ d e  of the survey vessel 
can be computed, enabling the surface model to be built up as the sonar moves through the water For shallow angles of 
incidence, an interferometric techn~que can be used [ S ] .  Here elevat~on angle 1s Inferred from the d~fferentlal t~me-delay 
between the arrival of echoes at receivers spaced in elevation (Fig.2). Thls tlrne d~fference IS Itself Inferred from the 
differential phase of the echoes [5] descr~bes an elegant method In whlch analog echoes rece~ved at RA and RB are I and Q 
sampled to glve complex echo sequences {a(n)),{b(n)]. The different~al phase A$(r) In the ne~ghbourhood of n=r IS glven 
by the phase angle of the local ccf with zero drsplacement: 

where w(1) is some taper function of length L, eg a Hanning window function. With narrowband echoes this local 
differential phase is still extremely noisy, even when L is large, so considerable smoothing is required. The consequent 
depth error depends on the baseline D. If this exceeds !hh, the phase angle given by (1) is ambiguous. This ambiguity must 
be resolved by phase unwrapping, although problems can arise where there are step discontinuities in the scattering surface. 
To avoid such problems, "multibeam" systems such as the SIMRAD EMIOOO [6] have been developed. Here a number of 
physical split-apertures are mounted around the hull of the survey vessel, and a large number of distinct elevation beams 
are constructed by a combination of aperture selection and beam-steering. Phase is now only used to determine the cross- 
over point of the beams from each split aperture. 

2.3 "Auto-Focus" with Synthetic Aperture Sonar 

Synthetic aperture sonar (SAS) is the acoustic analogue of SAR (synthetic-aperture-radar), routinely used to generate radar 
maps of the earth's surface. SAS would seem to be simpler to implement than SAR because of the lower frequencies 
involved. Unfortunately there are special problems with the water medium. Firstly the propagation time to the target and 
back varies from ping to plng unless the water is very calm. Movement of the sonar platform through the water is also 
subject to perturbation, leading to uncertainty In the relative positions of the sonar platform along the aperture. In s~de-  
looking mode, the lateral posltion of the sonar platform should be known withln a fract~on of the acoustlc wavelength, le to 
lmm at cm acoustlc wavelengths Such accuracy IS lmposs~ble to ach~eve by dead reckoning unless an expensive Inertla1 
platform is used, so reported experiments have been carried out at relatively low acoustlc frequencies [7,8] For a~rborne 
SAR, dewations of the platform track from a stra~ght llne have led to the development of auto-focus techn~ques where 
platform pos~tion 1s corrected from the Image Itself The term "auto-focus" arlses from methods where the platform track IS 

perturbed until the best focus 1s obtamed in the resulting SAR Image [9] For sonar, more d~rect methods have recently 
been proposed Johnson, Hayes and Gough [lo] descr~be a method of lnferrlng lateral platform movement by cross- 
correlation of s~de-scan echoes The final correlat~on operation use& a s~mllar expression to ( I )  

3. Quadrature Match-filtering and Precise Range Estimation 
3.1 Quadrature Phase and Time Delays 

If the seabed echo is treated as the convolut~on of the source pulse w~th a random d~str~bubon of surface reflectors, many 
properties of an algor~thm can be derlved by cons~derlng the ~deallsed echo from an Isolated reflector Cons~der range 
estimat~on usmg a chirp pulse such as flu), ( F I ~  3) wtth a symmetr~cal envelope funct~on T ~ m e  zero at u=O hes In the 
centre of the envelope For d ~ g ~ t a l  processing, the rece~ved echo 1s sampled at regular tune Intervals z, For match-filterrng, 
the transmitted pulse IS sampled to glvef, = f l n ~ ) .  The ~llustrated pulse has 129 samples, and a normahsed frequency (wth 
respect to sampling frequency) rlslng from 0.2 to 0.4 during the pulse length. Apart from a scale factor, the echo of flu) 1s 
flu-t) where t 1s the echo tlme (pulse length = 2R+1 samples) for the requ~red values of n The analyt~c s~gnal 
corresponding to the sampled pulse The sampled, delayed, echo flnz, -t) will be denoted f, ( t )  Then the ~n-phase match- 
filtered echo 1s glven by 

pnft) =, :,f.,f.+dt) (2) 

is given by 



where {g,] is the Hilbert Transform of If,,]. The quadrature match-filtered echo z,(t) is then expressed as 

The sequence of complex samples { z ,  ( t ) )  has amplitude 

en f t )  = I Z, ( t )  I 
and phase (which will be termed "quadrature phase"): 

Write t in the form 

If t is an integral multiple of z,, en peaks at n=N with $N = 0. Otherwise e,, peaks at n=N with non-zero phase. Appendix A 
shows that, subject to certain condition on the source signature, quadrature phase is the same linear function o f t  as analog 
phase for a carrier at the mid-frequency fm,d. The restrictions on the chirp pulse are 
(i) canier frequency should be a linear function of time (linear swept frequency chirp) 
(ii) the pulse envelope should be symmetric about fm,d 
(iii) this envelope should change slowly compared with the lowest chirp frequency present in the pulse. 

Fig 3. 1-octave, 128 sample, chirp pulse Fig 4. Quad. phase v time for 1,2-octave pulses, 
0.2-0.4 normalised frequency analog phase for mid-frequency slgnal 

Fig. 4 shows quadrature phase versus time displacement 7 for a I-octave and 2-octave chirp pulse. Phase-unwrapping 
is used to extend the phase-shift beyond + x. ~ ( x )  = 2nfi is plotted for comparison, where f is the mid-frequency of the 
chirp pulses. The linear approximation remains good until the compressed envelope becomes small. 

3.2 Polar Beamsteering 

This digression on imaging will be helpful later on. Suppose we have a linear array of receiver elements Rk. It is required to 
point the receiver beam in a direction cc with respect to the array normal. Then using the far-field approximation, time-delay 
beamsteering requires echoes from receiver transducer Rk at distance dk from the array centre to be delayed with respect to 
echoes from the centre element by 

s = (dk/V) sin a 
For simplicity, the time delay tk could be approximated by the nearest integer number of samples, mk, and the k'th echo 
shifted by mk samples in store. The receiver beam is then generated by taking the weighted sum over all transducers to 
generate the receiver beam. What is the angular resolution obtainable in this way? If %h spacing is used, the required time 
delay between adjacent echoes is given by 

At a sampling frequency ofx., the smallest time delay increment is llf,,, so angular resolution is of orderyf). Beamsteering 
to l o  requires a minimum sampling frequency of 60 fmid unless some form of interpolation is used. By far the simplest 
interpolation method is to reverse the usual order of beamforming and rectification, and begin by quadrature match 



486 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

filtering all transducer echoes. Each required tlme delay 4 is broken down into an integer number of sample intervals z, and 
a res~due: 

All the match-filtered samples from Rk are now shifted by r n k  samples and phase-shtfted by 8, = 2nfn,,, 2,. The wetghted 
sum of such shifted sequences over all the transducers gives a quadrature match-filtered recelver beam pointing In the 
direction cx, and w ~ t h  the same sample spacing as the original transducer echoes. 

3.3 Differential Range Estimation for Bathymetry using a Chirp Source. 

Using a chirp source it is not possible to use expression (1) directly, since there is no longer a unique phase obtainable from 
1,Q filtering. One solution is to correlate the in-phase match filtered sampled echoes [12], but angular resolution is poor 
unless the sampling frequency is much higher than the acoustic frequencies. Instead it is to better to correlate the quadrature 
match-filtered echoes, which are complex valued so can be inserted directly into ( 1 ) .  After pulse compression, I(m.n)l now 
has a well-defined peak for each m at n = peak(m). Then 

gives the best estimate of time displacement between echoes to the nearest integer number of sample intervals. The 
subsample time displacement is obtained from the phase, 4 , ,of 

The total time displacement is then given by 

A t = tdifl,, + @fln.h,,d (13) 
For swath bathymetry, time difference is converted to differential range, and thence to elevation angle in the usual way. 
Since pulse compression enables a well-defined peak to be found in the ccf, there 1s no need to l lm~t D to Yzh to avoid 
phase ambiguity. Much longer baselines can be used for elevation angle conversion 

4. Bathymetry Simulation 
4.1 Simulation Model 

The seabed was be modelled as a random distribution of surface scatterers. This is a plausible model for bathymetry at 
higher acoustic frequencies. Most properties of the bathyrnetric algor~thin can be lnvest~gated uslng a s~mple one- 
dimenstonal model. The seabed profile was modelled as a random distribution of N scattererslm with random reflectlv~ty. N 
was varied from 100 up to 10000 retlectorslm. The scatterer distribution was also distributed randomly across the mean line 
of the slope In order to represent surface roughness. This distribution also accounts for the finite az~muth beamwidth, since 
variat~on between different profiles within the beamwidth contribute to the width of the vert~cal distr~bution. Two slmple 
geometrical profiles were tested - HILL and STEPS (Figs.Sa, b) - at horizontal ranges of 50 m. Sonar shadow was not 
modelled, so the back slope of HILL is not occluded by the front slope. Tests with STEPS estabitshed that the algorithm 
could cope wlth rapid changes In depth. 



4.2 Simulation Results 

Lw 
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Preliminary simulation runs were carried out in order to establish the qualitative effects of different parameters. Figs.6a,b 
&ow bathymehic estimates of HILL with N = 500 reflectorstm and I cm rms vertical noise. The processing parameters 
were 30 dB signaltnoise ratio, 20 cm receiver separation, and a 17 sample window. These results demonstrate degraded 
profile tracking at lower bandwidths (strictly it is the absolute bandwidth which matters). Wg.7 shows a bathymetric 
estimate of STEPS with the same parameters, and a normalised bandwidth of 0.3. 
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Fig 6a. Estimation of HILL, Fig 6b. Estimation of HILL, Fig 7. Estimation of STEPS, 
normalised bandwidth = 0.4 normalised bandwidth = 0.05 normalised bandwidth = 0.3 
Bathymetric: accuraey was estimated by carrying out sets of 10 bathymetric runs, with different random reflector 

distributions and additive noise in each run. The error measure was the rms vertical difference in cms. between the 
bathymeaic estimate and the profile centreline. Most results simply confirmed intuitive expectations, for example that 
performance deteriorates when a low reflector density, N, is combined with high profile noise, particularly if the window 
length is very short.. Rms errors of a few cms were obtained under most conditions, fairly independent of N. 
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Fig 5a Test profde HIU at 50 m range Fig 5b. Test profile STEPS at 50 m range 
500 reflectorslm, 1 em lateral noise 500 reflectordm, 1 cm lateral noise 

The acoustic mid-frequency was set at 150 kHz, giving a mid-wavelength hmtd= 1 cm at a sound speed of 1500 mlsec. 
Sampling frequency was 500 kHz, giving a normalised mid-frequency fmid = 0.3. With these parameters the I-way 
differential distance corresponding to 1 sample interval is 3 mm. The I ms chirp pulse consisted of 5 12 samples with a 
h n i n g  envelope and a selectable bandwidthfb. The vaiuefbj3.2 gives a I octave chirp pulse between 100 kHz and 200 
kHz. Range resolution = V/2& = 7.5 mm or 5 samples at the 100 kHz bandwidth. The vertical separation of the two 
receiver transducers was varied between O.lh,,,, and 500 k,,,w , ie lmm and 5m, with the transmitter located midway 
between them. White Gaussian noise could be added to the echoes. The length L of the correlation window was varied 
between 3 and 257, the latter corresponding to spatial smoothing of nominally 257 x 1.5 mm = 38 cm. 
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Fig 8 a  Rms error verslrs receiver separation for Fig 8b. Rms e m r  versus receiver separation for 
SNR= 10,2(3,30dB andbw=0.3 bw = 0.025,O. I, 0.4 and S N R  = 10 dB 

The more interesting results concern parameters which are under the system designer's control - correlation length, 
transducer separation, bandwidth. One question of particular interest concerns the choice of receiver separation. Fig.8a 
shows the effect of increasing receiver separation from 1 cm to 5 12 cm (lhm,d to 5 12 in the presence of noise. Around 
50 cm separation gives best performance. When signallnoise ratio is high, the increase in receiver separation has a 
negligible effect on accuracy, implying no significant error other than that due to spatlal resolution. For lower signaVnoise 
ratios, accuracy improves with transducer separation, kappa, up to a certain limit. Fig.8b shows the effect of varying both 
separation and bandwidth, while keeping SNR fixed at 10 dB. This confirms that the useful region of kappa increases with 
bandwidth. For very large separations, accuracy falls off again due to misalignment between correlation windows for the 
upper and lower receiver apertures (Fig 9). When these are too far apart, the sample intervals resolved along the slope 
differ significantly in length, so samples can never be aligned along the whole length of the window. 

4.3 Bathymetry Combined wifh Beam Steering 
The proposed method of bathymetric processing can readily be combined with polar beamsteer~ng (Fig.10). The simplest 
configuration is one where the transmitter beam provides the required azimuth resolut~on, while a split aperture with long 
axis in elevation is used for reception. Polar beamsteering is used to generate "multibeams" spanning the elevation angles 
of interest. The quadrature match-filtered sampled echo for each aperture generated by the polar beamsteering algorithm 
can be substituted directly into the bathymetric computation. 

r 12S1rpk , , 
Fig 9. Misalignment of comelation windows Fig 10. Bathymetry combined with polar beamsteering 



5. Synthetic Aperture Auto-Focus 

Fig 11. Compare echo from leading Rx, trailing array 
with trailing Rx, leading array 

correlstlon ansplasement m unoe ol samples 

Fig 12. Echo ccf, 15 dB signallnoise ratio 
500 random retlectors/m2 

5.1 Methodology 

Johnson, Hayes and Gough [lo] proposed the estimation of lateral platform movement by cross-correlation of sampled 
side-scan echoes. The author has investigated a similar method with the differences that quadrature match-filtered echoes 
are correlated, and that displacement is estimated both from the ccf peak position and the quadrature phase at the peak. 
Simulation studies show that lateral platform displacement can be estimated with high accuracy for small along-track 
displacements of the platform. However correlation fails completely when the along-track movement between pings 
approaches half the length of the receiver array - precisely the movement required for SAS processing [13]. A simple 
heuristic argument explains this phenomenon. Consider the point-spread functions for a particular echo sample in adjacent 
platform positions. For synthetic-aperture operation, the point spread function for the combined aperture, with platform 
positions half the receiver array length apart, is half the area of the separate psfs. Now suppose that the random reflectors in 
this combined footprint make a contribution to the echo of {z i ) .  Then contributions for the individual footprints must be of 
the form {zi) & (5). where {zj) represents the contribution from random reflectors which are not in the combined footprint. 
The expected correlation between corresponding samples from adjacent positions is given by 

The expected contribution from the middle terms is zero, because of the random phases of the zi and the q. The expected 
contribution from zjzj* cancels the contribution from zizi*, since the areas containing the two sets of reflectors are equal. 
Hence the expectation of y reduces to zero as platform separation approaches half the length of the receiver array, and 
cross-correlation provides no information. Because of this problem, the alternative geometry of Fig. l I is proposed in order 
to align the point-spread functions for adjacent platform positions. The transmitter is located ih the centre of the receiver 
array, and only the receivers at each end of the array are used for auto-focus. The platform moves precisely half this 
receiver array length between pings (pulses). For cross-correlation, the point-spread functions are aligned by comparing 
echo received by the leading transducer from the trailing array position with the echo received by the trailing transducer in 
the leading array position. 

5.2 Simulation Studies 

Simulation studies have been carried out with similar pulse parameters to Section 5, and a receiver array length of 1 m. 
The scatterers were distributed randomly over a 10 m x 10 m region. For simulation runs with 500 points/mz and 10 dB 
signaVnoise ratio, the average error in estimating platform displacement was 60 p.  A typical ccf is shown in Fig.12. 
Correlation failed when SNR was reduced to 0 dB, though it succeeded again for sparser scatterer distributions. Using the 
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above method, it would be possible to align all platform positions in the synthetic aperture by success~vely aligning 
adjacent platform positions. However this is almost certainly not the optimum method of alignlng a sequence of platform 
positions, since information available from other transducers on the platform is ignored. This optimization is planned as a 
main area for investigation, possibly as suggested in [I I]. The sensitivity of correlation to scatterer density in the presence 
of noise is a matter for concern. The maximum density of 500 points/m2 used in the simulation runs is not particularly high 
for sediment, since it corresponds to a scatterer spacing of several centimetres. On the other hand, a uniform random 
scatterer distribution IS not representative of higher frequency sonar data, where some feature can usually be detected by 
eye, so there should be more information in real sonar echoes. 

6. Experiments and Experimental Equipment 
An experimental 32-channel sonar recorder has been designed by the Dept. of Technlcal Geology at Lund Technical 
University, in collaboration with Subvision AB who constructed the equipment The recorder IS des~gned for operation 
over a very wide bandwidth, 50-500 kHz, with sampling rates up to 2 MHz for each channel Each channel lncludes a DSP 
chip to control sampllng and other channel operatlcns, as well as an individual hard d~sc.  In future thls DSP chip could be 
used for quadrature match filter~ng of all input echoes, required for both imag~ng and bathymetry. The large number of 
parallel channels allows a reasonably long array length for physical aperture imaging. It is also valuable for SAS 
processing, since the movement of the receiver array between pings is set by the length of the receiver aperture [I]. The 
technical objective is to combine good quality physical aperture images obtalned at medlum frequency Into SAS images. 
This requires auto-focus techniques which perform well at centimetre wavelengths. The 32-channels can be sp l~ t  into 
separate apertures for bathymeby. Tank experlments have now begun, and the first experimental Images obtained. The 
next stage is to move out to Malmo harbour for bathymetric and auto-focus experlments uslng real sea-bed. It is then 
planned to carry out lake experiments from a moving vessel in con~unction w~th  Bofors Underwater Systems. 

7. Conclusions 
The paper has presented theoretlcal and s~mulation studies which Imply rad~cally superlor performance for bathymetric 
sonar using a chirp source. If these stud~es are validated by field experiment, a could provoke a rev~val of interest in the 
simpler interferometric geometries, and further increase interest in chirp sonar developments Interest~ng simulation results 
have also been obtained for SAS auto-focus, although here there is much theoretlcal work st111 to be done. However a 
powerful tool should be ava~lable for estimating cross-track position~ng errors over "teatureless" terrain. It IS urgent to 
obtain experimental support for these claims, but also to obtain a more real~st~c seabed s~mulat~on model sultable for echo 
correlation invest~gations 
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10. Appendix A: Instantaneous Phase Measurement by Quadrature Match Filtering 
Consider the chirp source signal 

where A(t) is a symmetrical envelope function centred on t=O. If A(?) varies slowly in comparison with the lowest period of 
the chirp, then the Hilbert Transform of p(r), 

The in-phase match filtered signal is given by 

using symmetrical displacements for convenience. Then by standard trigonometry, 

where 

Now 

plus the integral of a sin term which vanishes because of the symmetry of A(t-l/Zz)A(t+'/2t) about zero. P2(7) is small 
because of the high frequency of the modulation under the integral sign, provided A(t) varies slowly as stipulated. Hence 

Similarly the quadrature match-filtered signal 

Consider the complex quadrature match-filtered signal X(r) = P(z) + iQ(z). 7he envelope 

is a function of bandwidth, while the phase, fz, is a function only of the mid-frequency f 
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Abstract 

The QTC VIEW sediment classification system has been applied to shallow, high resolution seismic data recorded 
with the IKB-SEISTECTM profiler from the navigable channel of the St. Lawrence estuary in Canada. A number of 10 
minute sections of seismic data in water depths from 10-15 m were selectedfrom profiles covering a the wide variety of 
bottom sediment types found in the channel. These data sets were used in n unsupervized classification scheme to 
differentiate the various sediments and seafloor morphologies. Five distinct classes (of sediments) were identified ranging 
fromfine silt/clay to medium sand. However, it was found that shallow gas, in various forms has a controlling influence 
in some areas. 

On a applique la methode QTC VIEW de classification des sddiments d des donndes sismiques de haute rdsolution 
recueillies avec un profileur IKB-SEISTEC dans le chenal navigable de l'estuaire du Saint Laurent ( C a d ) .  Parmi la 
grande variiti de types de sediments qu'on trouve dans le chenal, on a choisi des sections de 10 minutes provenant de 
profondeurs sirubs entre 10 et I5  metres. On a utilisd ces donnbs dans un plan declassification dirigi pour identifier 
les diflirents sidiments et les diffe'rentes morphologies du fond. On a identifid cinq classes de sediments, allanr de 
vase/argile fine ci sable moyen. Toutefois on a trouve' que des gas de diffdrentes formes dans les sediments peu profonds 
ont une influence ddtenninante ci certains endroits. 

1. Introduction 
Marine surveyors have been using echo sounders to classify the seabed for many years. Normally the echogram 

displays the time of arrival of the echo from the seafloor and presents depth as a mark placed on scaled paper. Inferences 
on the nature of the seabed can be made by observing the intensity of the seabed return as well as the changes in arrival 
time. This qualitative evaluation is possible because more information is present In the return~ng signal than that solely 
utilized by the echo sounder to indicate water depth. The echo received from the seafloor by an echo sounder is a measure 
of the acoustic properties combined with the acoustic backscatter characteristics of the sediment. Acoustic backscatter is 
controlled, in part, by the roughness of the seabed. If the surface of the seafloor is rough, then reflected energy will be 
return to the sounder transducer from wide angles. Since the distance travelled by off-axis energy is longer than the normal 
case, the received echo from a rough surface is longer in duration than for echoes reflected from a smooth surface. By 
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applying signal processing techniques to sea floor echoes, accurate and repeatable acoustic classification of the seabed can 
be accomplished. 

In the early 1970's. certain attributes such as echo amplitude and energy content were extracted from the bottom echo 
to provide real-time indications of acoustic reflectivity. In the 1980's, dedicated seabed classification was introduced 
which processed the seafloor echo envelope thereby generating values representing the acoustic response from specific 
seabed types. 

The present generation of committed instruments uses high speed digital signal processors to extract many dominant 
features from the echo envelope in real-time providing greater accuracy and reliability in the discrimination of seabed 
types. One such commercially available instrument is the QTC VIEW which has recently been introduced for digital 
seafloor classification [ 1 ],[21. 

In parallel with these improvements in processing sonar data, there has been advances in the techniques for sub-bottom 
profiling in shallow water. In 1987 a novel bi-static, broadband, seismic system was tested in the Mackenzie Delta area of 
the Canadian arctic where water depths less that 10 metres predominate [ 3 ] .  Subsequent development of this technique 
lead to the introduction of the IKB SEISTECTM in 1992 which has enabled high resolution profiling to be extended into 
water as shallow as 2 metres [4],[5]. In 1995, such a seismic system was used in a pre-dredging survey in the navigable 
channel, of the St. Lawrence between Montreal and QuCbec City in Canada. The raw seismic data was recorded in digital 
format on a DAT recorder so that various types of post-processing could be undertaken. The fact that good weather 
prevailed for the duration of this survey meant that the quality of the recorded data was very high and therefore ideal for 
further analysis. 

With the recent introduction of the QTC VIEW classification system, an opportunity existed to replay the seismic data 
from the St. Lawrence through this advanced system to evaluate its performance with broad-band seismic rather than 
higher frequency sonar echoes for which it was originally designed. In a recent experiment, the seismic data was replayed 
to simulate, as accurately as possible, actual survey conditions. The recovered analog seismic signal was applied to the 
normal input terminals of the QTC VIEW system and processed in data collection mode also in real time. The results of 
the application of the normal sonar seafloor classification routines to this seismic data set are discussed briefly in this 
paper. Initial results indicate that river floor sediments can be classified in real time by their seismic response using this 

2. Equipment 

2.1 The high resolution profiling system 
The sound source used in the IKB SEISTECTM high resolution profiler is an electrodynamic "Boomer" with produces a 

single positive pressure pulse with a peak amplitude of 216 dB//lpPa@ Im and a pulse duration ranging from 100 - 140 ps 
(Figure 1). Spectral analysis of the far field pulse reveals that useful energy is available from this source from I kHz - 12 
kHz. Although Boomers have been used in geophysical surveying for many years, shallow water performance was limited 
by the traditional "eel" receiving array since target echoes and signals often coincided. The receiver used in this system 
comprises a short 25 cm line hydrophone mounted axially in a fixed reflecting cone with a 62 cm circular aperture. This 
line-in-cone receiver is supported in a surface towed catamaran along with the Boomer source. The advantage of this 
configuration over traditional methods for shallow water surveying is that the geometry of the source and receiver is fixed 
and the combined acoustic response of the source and receiver is consistant over a wide range of operational conditions. 

The directional characteristics of the Boomer coupled with a near matching response of the receiver means that very 
consistent echoes can be received in target water depths ranging from 1 to 200 m. Figure 2 is an example of an echo 
response obtained from a relatively flat area of the seafloor in shallow water. The system impulse response consists of a 
small amplitude precursor (+ve pressure), followed by a negative excursion, a s~ngle positive and a second negative 
excursion. This characteristic shape is useful for determining the phase characteristics of reflecting horizons. The overall 
bandwidth of the system allows for a vertical resolution between reflecting layers of 25 cm; a feature has that has recently 
been exploited in discriminating shallow faults in San Francisco Bay [h]. 

The normal arrangement for data recording is shown in Figure 3. The signal from the line-in-cone receiver is 
amplified before transmission to the surface where it is made available for recording and analog processing prior to 
imaging on a grey scale recorder or direct digital recording. On playback, either the raw or processed analog signal 
together with a synchronizing pulse corresponding to "time zero", the Boomer tiring instant, are recovered from the DAT 
recorder and made available for further conditioning, processing and analysis. In this experiment, the unprocessed (Raw) 
signal was recovered from the DAT and applied to the QTC VIEW input terminals without any additional analog signal 
conditioning. A synchronizing pulse was also recovered from the DAT recorder to simulate the transmitter excitation 
pulse. 

2.2 The QTC VIEW 
The QTC VIEW is a seabed classification system designed for use with echo sounders with operating frequencies up to 

220 kHz. The system consists of hardware package whose input is normally connected directly to the sounder transducer 
terminals. An accompanying software package running on a Personal Computer analyzes, displays and stores the acoustic 



parameters. In operation, the system automatically tracks the bottom echo, digitizes the echo and analyzes the resulting 
waveforms using multiple trace statistics and multivariate analysis. 

600 800 
Time ps 

Figure 1.  Output pressure signatures from B3 Boomer at different energy levels 

1 1.5 2 2.5 3 3.5 4 4.5 5 
Time ms 

Figure 2. Typical seafloor echo from smooth surface (Inverted - positive pressure down) 
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Figure 3. Schematic of recording and replay equipment configurations. 

A sonar pulse impinging on a seabed is reflected and scattered at the seabedlwater interface and the immediate sub- 
surface structure. The returned echo pulse contains components of the transmitted pulse (direct reflection) with the off-axis 
backscatter and volume reverberation superimposed. The shape of the returning signal is therefore influenced by the 
seabed roughness, the impedance contrast between the water and sediment and the volume reverberation of sound in the 
upper sediment layers. Thus, the combined response contains contributions from the physical properties of the water and 
seafloor material, the geometry of the sediment surface and the internal structure of the sediment all of which change 
considerable even over short distances in any dynamic environment. The bottom response, therefore, is highly variable and 
complex suggesting that a statistical analysis, applied to e~tracted~parameters from multiple echoes, may be an appropriate 
method for differentiating and ultimately classifying sediments. 

The seabed classification technique is comprised of the following processes: First a number of waveform shape 
descriptors are generated from each bottom echo. These are then reduced in number using a statistical analysis to 
determine those parameters which most usefully describe the echoes. These parameters are then used to classify logical 
groups of similar echoes into a dynamic, real time, 3 dimensional (colour) display. 

The system can be applied in a supervised or unsupervised manner. Using a supervised classification technique, a 
series of sample echoes are collected from known seabed types. The information is compiled into a catalogue and used 
during subsequent real-time sea floor mapping. The system analyzes incoming echoes, chooses an acoustic class from the 
catalogue which most closely resembles the new echo, and provides an estimate of the confidence in the choice of class. It 
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information and logically group the total number of traces into a set of acoustic classes. The classification scheme is 
applied to the echoes with their associated geographic reference to classify sea floor sediments. 

3. Geological Setting 
The Gulf of St. Lawrence is the main drainage system for eastern Canada and the Great Lakes and an important 

shipping route for ocean going vessels. Between MontrCal and QuCbec city, normal river flow conditions exist with the 
river flowing in a north-east direction. Although the river can be up to 5 km wide in places (Lac Saint-Pierre), for most of 
this region its width is normally less than 2 km. However, a relatively narrow navigable channel with a minimum depth of 
12 m is maintained by dredging. 

The 1995 seismic survey commenced at the port of MontrCal where the river bed is composed mainly of glacial 
material or rock outcrop covered by a thin, mobile layer of silts and fine sand. From an acoustic viewpoint, the riverbed is 
"hard and penetration using high resolution seismic profilers is limited to the surface mobile layer. However, further east 
the river sediments increase in thickness and are finer in composition. As one approaches Lac Saint-Pierre 80 km, north 
east of Montrtal, the sediments are finer still with interbedded clays and silts being common. At the eastern part of Lac 
Saint-Pierre, less internal structure is seen in the upper sediment column indicating that fine to medium sands are present. 



4. Data Reduction Methodology - Unsupervised Classification 
The seismic data set replayed through the QTC VIEW consisted of 17 ten minute profiles selected from the original 

survey records. Each 10 minute section of data represents about 2.5 nautical miles and is composed from approximately 
2000 individual echoes. The data were analyzed using unsupervised classification. Echo shape descriptors were generated 
from the entire data set. Each data record was reduced to three values representing the first three princ~pal components of 
variance from the total data set,. All data were plotted and five distinctive acoustic classes associated with ~ndividual line 
sections were identified (Fig. 4). 

Feature #2 
Feature #I 

Figure 4. Plot of the three principal components from each data record. Clusters of points represent the five acoustic 
classes. Each ellipse is centered on the mean of each cluster and the wire mesh surface represents 1 standard deviation. 

The original, unprocessed, hardcopy from the five profiles identified above were analyzed (Fig. 5). Five broad seismic 
facies were interpreted (Table 1). These data were compiled into a catalogue and used as the reference by which classify 
the seventeen original profiles of which two are discussed below. 

Description 
Acoustidly hnrd surface with much reverberant energy. 
Rough surface topography - distributed gns curtain 
Moderately rough surface with horizontal structure visibly all the way to surface 
Very consistent section of softer sediments 
Soft sediment with rippled surface 

Table 1. Classification scheme used to describe the seismic data set. 
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Figure 5. Seismic profiles from the five reference sections. The left hand scale is two-way travel time from the sea 
surface in milliseconds. The right scale on section E is distance in meters calculated with a sound speed of 1460 m.sec-1. 

Note the gas enhanced reflectors at 18.5 m in Panel C and at 17m in Panel B 

5. Results 
Initially, each of the five reference profiles were processed using the catalogue developed from the five reference 

profiles. As expected each of the sections were classified as having an acoustic signature similar to that class in the 
catalogue. One exception occurs where profile "A" contains a small number of echoes s~milar to that of Class "B". This is 
explained by recognising that each cluster of points from the reference profile has a relatively tight scatter but outliers may 
overlap with other classes. 



When the reference catalogue processed profiles other than those used to generate the catalogue, the results are 
variable. Figure 6 is a ten minute section of data with the classification shown as a bar of various shades of grey 
representing the classification. 

Figure 6. Seismic profile representing a ten minute section of data processed by the reference catalogue. The scale on 
the left is the two-way travel time to the sea surface. The bar at the top shows a shade of grey representing a class for the 

seabed directly below. Letters at the top of the bar indicate the class associated with the shade of grey below it. 

The profile shows two distinct surface reflectors. To the left the section exhibits a h~gh rel~ef surface that is virtually 
free from reverberation. A gas curtain with associated 'gas brightening' has masked most subsurface structure and appears 
to be more defuse at the center of the section [7]. There is a distinct difference in the acoustic character of the bottom echo 
over the latter part of this section where the seabed has less relief and more immediate reverberation possibly indicating a 
coarse surficial sediment. This portion of the profile shows less gas near the surface and weak parallel reflectors are visible 
to approximately 3 ms of the seabed. The lack of a gas curtain to the right of the sect~on also suggests coarser sediments. 

The section was identified as having an acoustic response similar to class D initially followed by class E near the 
center and class A towards the end. The correlation between the first part of this profile and class D as seen in Figure 5 
appears weak. There is a stronger correlation between the center portion of this profile and class E which shows slight 
relief on the surface of the seabed with little reverberation possibly indicating less dense material and gas brightening at 
depth. There is a high correlation with the latter portion of the section and class A which exhibits some reverberation at the 
sea bed surface and weak parallel reflectors. The class A reference section exhibits gas enhanced reflectors at depth. 

Figure 7 is ten minute section of data exhibiting a more varied acoustic response. The section can be characterized in 
terms of surface scatter effects and a gas curtain at specific depths below surface. 

Figure 7. Seismic profile representing a ten minute section of data processed by the reference catalogue. The scale on 
the left is the two-way travel time to the sea surface. The bar at the top shows a shade of grey representing a class for the 

seabed directly below. Letters at the top of the bar indicate the class associated with the shade of grey below it. 

The left side of the profile in Figure 7 has a relatively flat seabed with little surface reverberation suggesting a soft 
material. There is little shot to shot coherency except towards the end of the Initial portlon where surface reverberation 
may indicate a coarsening of the sea bed material. Gas appears to be diffuse in the near surface and Increases at 2-3 ms 
below the sea floor. The highly undulating appearance of the deeper gas reflector, may represent off-axis response from 
gas charged sediments. The character of the sea floor changes just before the center of the section by exhibiting higher 
bathymetric relief and increased surface scatter. Weak parallel reflectors are observed in the sub-surface and gas near the 
base of the section masks any deeper structure. 

The classification along this secbon consists of acoustic responses sirnllar to classes A through D. In a broad sense the 
initial portion of the section contains class D and the latter portlon contains classes A and B. Class C is represented 



500 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

throughout the section but is predominant near the center. There is a reasonable correlation between class D and the first 
portion of the section. Both exhibit weak surface reflectors and defuse gas. The correlation with class C is less clear and 
may be related to increased surface scatter effects. Classes A and B occur in the latter portion of the section with Class A 
exhibiting mixed correlation with very similar surface reverberation and weak parallel reflectors at depth, yet poor shot to 
shot coherency. At the very end of the section, class B correlated well with the reference section showing high 
reverberation at the surface and good shot to shot coherency of the immediate bottom echo. 

6. Summary and Conclusions 
The purpose of the experiment was to evaluate the application of statistical based seabed classification techniques to 

sub-bottom profile data. The line-in-cone receiver and fixed geometry of the SEISTEC profiler provides certain 
advantages in consistency of data to allow detailed statistical treatment of sub-bottom seismic data to proceed. The results 
indicate a certain level of repeatability with the data set in that the five original reference sections were identified and 
classified properly when reprocessed independently of the reference catalogue. 

The success in the classification of other processed sections independant of the reference profiles was variable. For 
seabeds with minimal shot to shot echo coherency at the seabed, the success was limited whereas other seabeds exhibiting 
strong coherent surface reflectors were classified correctly. The success rate could probably have been improved by more 
closely constraining the time window being used for processing and analysis. In addition, the selection of a ten minute 
section as a data window may have contributed to added biases and uncertainties. In some cases, there was a degree of 
variability along these reference sections which would have influenced the choice of useful acoustic parameters and limit 
accurate classification. 

Since the analysed seismic signal is influenced by sub-seabed structure as well as the physical properties and surface 
geometry of the seafloor, we must conclude that where the sub-bottom characteristics change significantly, we can expect 
errors in classification. Shallow gas, which appears in the seismic sections in various forms:- as defuse reflectors, 
brightened reflectors or coherent layers at various depths, demands special consideration. Not only are the gas charged 
sediments highly variable in terms of their acoustic reflection characteristics but gas enhanced reflectors produce echoes 
with very high amplitudes relative to normal sub-bottom reflectors. These high amplitude yet delayed reflectors could 
dominate the classification process particularly in the softer sediments where gas often accumulates. We must therefore 
consider using shorter windows at various depths when future seismic data is being processed in this manner. 
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Abstract 

The physics of sound propagation in saturated, porous (Biot) media differs from propagation in fluids and 
elastic/anelastic solids because of the existence of a second compressional wave, the "slow" wave. Many 
environments in bottom interacting ocean acoustics consist of mud and sands which can be modeled as 
saturated, porous solids with low shear moduli. In order to understand the physical mechanrsms responsible 
for acoustic propagation, attenuatron, and scattering in these processes, we have extended our Numerical 
Scattering Chamber code to solve Biot's equations in two dimensional Cartesian coordinates. The NSC 
formulation is based on the method of time domain finite differences and is applicable to the rough and 
laterally heterogeneous structures that are found on the seafloor. Within the same code we can compare 
acoustic, elastic, anelastic and Biot models for realistic environments with subbottom heterogeneities and 
seafloor roughness with scale lengths comparable to acoustic wavelengths. A11 multiple interactions and mode 
conversions are included in the solution. 

1. Introduction 
Chotiros [ I ]  outlined three cases where Biot's theory for wave propagation In porous media could be applied to 
the interpretation of bottom interacting acoustlc data. He postulated that the existence of the Blot slow wave 
was necessary to interpret the energy partitioning of an acoustic beam on a water to water-saturated sand 
interface. If slow waves play an important role at flat interfaces between homogeneous media, what role do they 
play in forward and back scattering from rough interfaces or from sub-bottom heterogeneities? Time domain 
finite differences have proven to be a useful tool in identifying the physical processes responsible for scattering 
from elastic and anelastic seafloors [2-41. We are developing a tlme domaln finite difference code to study the 
additional mechanisms that may be introduced in saturated porous media. 

Time domain finite difference methods have a number of advantages over other methods for simulating 
bottom scattering. Time domain solutions to the two-way wave equations contain all multiple interactions 
between scatterers, including all mode conversions between compressional (fast and slow), shear and interface 
waves. Interface roughness and sub-bottom heterogeneities, with length scales on the order of acoustic 
wavelengths, can be studied with the same methodology. Models can consist of arbitrary combinations of 
acoustic, elastic, anelastic and poro-elastic media. Wavefront snapshots, in addition to time series at arbitrary 
locations within the model, provide useful insights into the propagation and scattering of sound in complex 
media. 

2. The Method 

2.1 Biot's Equations for Heterogeneous Media with Non-Uniform Porosity 
Biot [S] (Equation 8.24) gives the wave equation for a heterogeneous, non-uniform porosity, poro-elastic 
medium: 
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where p, h,, a and M are poro-elastic parameters, u, and U, are displacement vectors for the solid and fluid 
components respectively, f is porosity, q is the fluid viscosity, k is the permeability, pf is the fluid density, p is 
the total mass of bulk material per unit volume, and m is a third mass parameter. Also: 

Note that just about all other equations in Biot's porous medla papers, Including all of the famlllar equations, 
assume uniform porosity and homogeneous material. In our finite difference approach we rely on grad~ents of 
elastic parameters (and porosity) to compute the effects of interfaces. We do not introduce boundary conditions 
explicitly. So  it is important to have the correct equations for heterogeneous, non-un~form poroslty material. A 
finite difference solution to Biot's equation 8.25 for a homogeneous, uniform poroslty, med~um was treated by 
Zhu and McMechan [ 6 ] .  Hassanzadeh [7] presented solutions to Biot's equations for dilatational waves in a 
homogeneous, uniform porosity medium ([8], equation 7.1). Neither of these approaches is satisfactory for our 
applications. 

Following Biot [5] (1) can be rewritten in a form similar to Biot's equatlon 8.25 but valid for 
heterogeneous, non-uniform porosity material: 



Also, the more familiar form of Biot's equation 8.1 becomes for a heterogeneous, non-uniform porosity 
material: 

NV2u + (N + A ) V ~  + QVE 

+ ' {v [of (U - U)] + vf (f? - E)}+ Vp - [VU + ( v U ) ~ ]  
f 

where from Biot's equations 8.19, 8.2 and 3.31 (low frequency approximation): 

Alternatively, in terms of the porosity weighted pressure in the fluid, s=-fp, and the volume averaged stress 
tensor for the solid, Z, ( I )  can be expressed as a coupled system of the equations of motion [9]: 

and the stress-strain relations in terms of displacement: 
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where I is the identity matrix. Note that contrary to elasticity, in poro-elasticity the infinitesimal cube over 
which the stresses and strains are defined is not homogeneous. It is necessary to consider the gradients in 
porosity in the stress-strain relation. On comparing (6) to (4) it would appear that the first and second equations 
in (4) should correspond to .Z and s respectively but they do not. The discrepancy has not been resolved. 
Equations(6) and (7) are equivalent to equation (4). however, when porosity is uniform ( f=O). The equations 
in this case which are valid for heterogeneous, uniform-porosity material are: 

A finite difference solution to these equations was presented by Stephen [ lo] .  A solution to these equations, 
valid for uniform porosity media, is discussed below. 

2.2 Approximations and Assumptions 
In establishing the wave equations for poro-elastic media Biot made the following assumptions [9]. 
Disconnected pores are treated as part of the solid matrix. The porous medium is macroscopically isotropic. 
The pore size is much less than all geoacoustic wavelengths. Deformations are small so that the differential 
equations will be linear. The force of gravity and temperature variations are neglected. A low frequency 
approximation is made so  that the flow between the pores can be considered Poi'seuille type. 

In applying our finite difference approach to these equations we make further assumptions. All of the 
parameters are assumed to be frequency independent over the bandwidth of the source, which is an octave in 
pressure in our examples. We do not include intrinsic anelasticity for the solid frame. We solve the poro-elastic 
equations for a point source in a two dimensional, Cartesian geometry. We neglect porosity gradients in the 
stress-strain relation so  the code is appropriate for only slowly varying porosity. 

3. An Example 
For testing purposes we consider as an example a point source in a poro-elastic layer between an acoustic 

half-space and an elastic half-space (Figure 1). The parameters for the poro-elastic medium represent a water 
saturated sand [ l l ]  without intrinsic attenuation (Table 1). Our values differ slightly from [I I ] .  Our bulk 
modulus of the fluid corresponds to a water velocity of 1500m/s. Also we chose a very, small permeability to 
initially test the code without the viscous coupling term. . - 



Table 1: Parameters for the poro-elastic layer in Figure 1 .  

Porosity 
Viscosity 
Permeability 
Fluid Density 
Solid Grain Density 
Grain Bulk Modulus 
Fluid Bulk Modulus 
Dry Skeleton Bulk Modulus 
Dry Skeleton Shear Modulus 

Poro-elasti c 
Medium + 

Point Source 

Parameters in Table 1 

Elastic 
Medium 

Figure 1 :  For testing purposes we consider a poro-elastic layer between an acoustic half-space and an elastic 
half-space. 
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The parameters required in (8) can be expressed in terms of the parameters in Table 1. 

The source time series in pressure is the third derivative of a Gaussian curve with a peak frequency of 
400Hz. The time increment is 11400th of a period at the peak frequency. The spatial sampling is 11280th of a 
compressional wavelength at the peak frequency in pressure in the acoustic medium. This corresponds to 
sampling the shear waves in the lower medium at 10 pointslwavelength. For testing we chose the compressional 
velocity and density of the upper acoustic medium and the lower elastic medium to match the compressional 
velocity and density of the poro-elastic layer when the porosity is zero. Obviously more realistic values for the 
compressional velocity and density of the upper acoustic medium would be 1500mls and 1000kglm3, 
corresponding to water. For this case the spatial sampling would be about 114 points per wavelength. Since all 
times and distances in the calculation scale proportional to inverse frequency the output can be specified in 
periods and compressional wavelengths in the acoustic medium. 

Figure 2 shows a snapshct at 7.5Periods after the initiation of the source pulse for a layer thickness of 1.82 
wavelengths with the source at a depth of about 0.9wavelengths. The top frame labeled 'compressional' 
corresponds to a scaled version of the divergence of the solid displacement vector. The lower frame 
corresponds to the curl of the solid displacement vector. At this stage we have not confirmed the validity of the 
amplitudes. Kinematically however we can see the wavefronts corresponding to the direct, surface reflected and 
bottom reflected fast compressional waves to the right of the upper figure. The slow wave generated at the 
source is the circular wavefront on the left of the upper figure. The short wavelength bottom reflection 
corresponds kinematically to a converted slow wave but the amplitudes have not been tested. Since the 
formulation assumed uniform porosity it is unlikely that the converted slow wave is correct. 



Figure 2: Snapshots of the divergence (top) and curl (bottom) of the solid displacement vector 7.5 periods 
after the source pulse was initiated in the test model. 

4. Conclusions 
This paper is a progress report of on-going research. Further validity testing for homogeneous, porous media is 
clearly required. We recommend that benchmarks be established for porous media problems. Using a Gaussian 
pulse-beam rather than a point source will limit the wave number content of the incident field while restricting 
the computational domain. Ultimately the code should be applied to analysis of actual field data. 

The time domain finite difference method is a promising technique for addressing the physical mechanisms 
of forward and back scattering from range dependent porous media with interface roughness andlor volume 
(sub-bottom) heterogeneities. Wavefront snapshots provide insight into the conversion between fast, slow and 
shear waves at interfaces between homogeneous poro-elastic and elastic layers. Within the Numerical Scattering 
Chamber methodology one can address a broad range of scattering problems for acoustic, elastic, anelastic and 
poro-elastic media. 

5. Acknowledgements 
The work described in this paper was supported by the Office of Naval Research under Contract Number 
N00014-96-1-0460. 

References 
[ I ]  N. P. Chotiros, "Biot model of sound propagation in water-saturated sand," J .  acoust. Soc. Am., vol. 97, pp. 

199-214, 1995. 
[2] R. A. Stephen and S. A. Swift, "Finite difference modeling of geoacoustic interaction at anelastic 

seafloors," J .  acoust. Soc. Am., vol. 95, pp. 60-70, 1994. 
[3] R. A. Stephen and S. A. Swift, "Modeling seafloor geoacoustic interaction with a numerical scattering 

chamber," J .  acoust. Soc. Am., vol. 96, pp. 973-990, 1994. 
[4] S. A.  Swift and R. A. Stephen, "The scattering of a low-angle pulse beam by seafloor volume 

heterogeneities," J .  acoust. Soc. Am., vol. 96, pp. 991-1001, 1994. 
[ 5 ]  M. A. Biot, "Mechanics of deformation and acoustic propagation in porous media," J .  appl. phys.,  vol. 33, 

pp. 1482-1488, 1962. 



508 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

[6] X. Zhu and G. A. McMechan, "Numerical simulation of seismic responses of poroelastic reservoirs using 
Biot theory," Geophysics, vol. 56, pp. 328-339, 1991. 

[7] S. Hassanzadeh, "Acoustic modeling in fluid-saturated porous media," Geophysics, vol. 56, pp. 424-435, 
1991. 

[8] M. A. Biot, "Theory of propagation of elastic waves in a f l u ~ d  saturated porous solid. I. Low-frequency 
range," J. acoust. Soc. Am., vol. 28, pp. 168-178, 1956. 

[9] N. Dai, A. Vafidis, and E. R. Kanasewich, "Wave propagation In heterogeneous, porous media: A velocity- 
stress, finite-difference method," Geophysics, vol. 60, pp. 327-340, 1995. 

[ lo] R. A. Stephen, "A finite difference formulation of Biot's equatrons for vertically heterogeneous full 
waveform acoustic logging problems," in Full Waveform Acoustic Logging Consortium Annual Report, M .  
N. Toksoz and C. H. Cheng, Eds. Boston: Massachusetts Institute of Technology Earth Resources 
Laboratory, 1987, pp. 115-123. 

[ I  11 R. D. Stoll and T. K. Kan, "Reflection of acoustic waves at a water-sediment interface," J .  acousr. Soc. 
Am., vol. 70, pp. 149-156, 1981. 



Temporal Modeling of High Frequency (30 - 100 kHz) 
Acoustic Seafloor Backscat t er: Shallow Water Results. 

D. D. Sternlicht and C. de Moustier 
Marine Physical Laboratory 
Scripps Institution of Oceanography 
9500 Gilman Drive 
La Jolla, CA 92093-0205, USA 
E-mail: dan@mpl.ucsd.edu 

Abstract 
A temporal model of high frequency seafloor acoustic backscatter is presented and compared to recorded echoes from 
terrigenous sediments. Using acoustic properties correlated with mean grain size, the echo shapes and amplitudes 
of the model are compared to data collected in San Diego Harbor with fully calibrated 33 kHz and 93 lcXz narrow 
beam piston transducers. While there is considerable variation for small horizontal translations of the transducer, 
the mean echo envelopes compare well with the shapes and amplitudes predicted by model simulations. 

1. Introduction 
In recent years a number of acoustic techniques have been developed for characterizing the upper layer of seafloor 
sediment: [I, 2, 3, 4, 5, 61. While empirical techniques have demonstrated market value, we are investigating 
a physical approach with a temporal model of high frequency acoustic seafloor backscatter. Using geo-acoustic 
parameters correlated with the grain-size distribution of ocean sediments, this model simulates the shape and 
magnitude of echo-envelopes received by a monostatic transducer aimed at the bottom. The primary goal in 
working with a temporal representation is to facilitate a greater understanding of acoustic scattering at the 
bottom/sub-bottom interface. However, the ability to match simulations with measured echo envelopes, where the 
only unknowns are the bottom characteristics, is the foundation of a sediment classification tool currently under 
development. 

The temporal model predicts average echo shapes and energy levels for realistic scenarios defined by acoustic 
frequency, sediment type, system configuration, and deployment geometry. The software representation of the 
model was developed by iterative comparisons to data recorded with a fully characterized system. In this paper 
we first describe the mathematical formulation of the model. Specifications and calibration of a dual frequency 
system are then presented along with the signal processing steps necessary after echo digitization. Deployment 
of the system and data collection are described, followed by comparisons of the model with recorded echoes from 
fine-grade, shallow water sediments, where the transducers were inclined 0 to 16 degrees from nadir. Finally, we 
discuss the prospects of using the temporal model as a tool for sediment classification. 

2. Model 
The temporal model simulates the expected intensity envelope of echo-sounding monostatic piston transducers 
operating between 10 and 100 kHz. It incorporates the transducer's geometry and beam pattern, ocean volume 
spreading and absorption losses, and the geoacoustic parameters which describe the water/bottom interface and the 
sediment volume. The model component representing interface backscatter incorporates the roughness spectrum 
of the interface, the local bottom slope, and a coherent reflection coefficient. Sediment volume backscatter is 
derived from the spectrum of subbottom refraction index fluctuations, and the roughness characteristics of the 
interface governing sound transmission to the sediment. 

Figure 1 illustrates the process described by the model. A short acoustic pulse represented by the arc, insonifies 
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Figure 1: Graphic representation: Temporal Model of High Frequency Acoustic Seafloor Backscatter 

the sediment which scatters energy back to the transducer. The graphs in the upper right corner depict the 
measured backscatter from the insonified areas and volumes as a function of time. The bottom graph represents 
the backscatter from the sedimentfwater interface as the projection of the pulse onto the seafioor traverses the main 
lobe of the transducer. The middle graph represents energy penetrating the sediment volume and scattering from 
subbottom inhomogeneities. The model computes these components separately and combines them to estimate 
the measured signal represented by the top graph. 

Consider a transducer which insonifies the bottom with a short, non-uniform pulse, and subsequently measures 
the echo. I ( t )  is the integral over the bottom area and represents the backscattered energy coincident upon the 
transducer face at time t: 

In this formulation, A is the area of seafioor which has come into contact with the transmitted pulse; b represent 
the directivity, where 4 and are angles referencing the transducer axes and elemental area, dA; r is the distance 
between the transducer and dA; and a, is the seawater absorption coefficient. I, and I, represent the interface 
and sediment volume backscatter intensities referenced 1 meter from dA. I, is the product of transmitted intensity 
incident at  dA and interface backscatter function u,(p, v, 7, wz,  fa, 8). u, is based on the Kirchhoff approximation as 
described in Jackson et a1 [7] and Mourad and Jackson [a], where; p and v are the relative density and the relative 
sound-speed; 7 and wz are the exponent and strength of the roughness spectrum, fa is the acoustic frequency of 
the pulse, and 8 is the incidence angle of the wave-front upon the interface. With slight modification to Jackson 
et al, I, is calculated by integrating the subbottom component of the signal, the sediment attenuation a,, and 
the sediment volume backscatter function u, through the sediment, and properly modulating by the interface 
roughness statistics governing transmission through the interface. 

For most natural seafloor surfaces, the variance of heights between two points on the seafloor increases as the 
distance between the points, I ,  becomes larger. In our measurements 1 represents the horizontal distance traveled 
by the pulse within the transducer's footprint - where the footprint, lf = 2alt tan(8bw/2), is defined at normal 
incidence by the transducer's half power beam width Ob,, and altitude over the bottom, alt.  For situations where 
the variance of sea-floor heights is large compared to the transmitted pulse length, the output of the temporal 
model may be convolved with the corresponiling altitude distribution as described in Pouliquen [4]. When applying 



this method, we assume that the altitude is normally distributed with variance equal to the structure function 
described in [7] and evaluated with 1: a; = Dh(l). 

3. System 
For testing the temporal model we built a dual-frequency echosounder system which was cal~brated in a shallow 
water tank. A Hewlett Packard Arbitrary Wave Form Generator creates a gated sinusoid which is amplified by an 
EN1 2100 power amplifier. The T R  (Transmit-Receive) switch constructed for this system has 2 input channels 
(power amplifier and AID) and one output to the transducer. Its active circuit allows the high-volt,age output 
signal t o  excite the piezoelectric ceramic transducer, while protecting the receive circuitry The small transducer 
voltages generated by the echo, pass undistorted through the TR switch and are subsequently amplified, band pass 
filtered, and digitized by a Gagescope CS125 oscilloscope card, sampling slightly faster than the outgoing signal's 
Nyquist frequency. An Applied Geomechanics clinometer, measuring pitch and roll at  0.1 degree resolution, is 
installed parallel with the transducer face and sampled every ping repetition. Envelope detection is performed by 
inverse system filtering (described in section 3.2), base-banding, and low pass filtering. 

3.1. Wansducer Specifications 
For each transducer, the following table summarizes the acoustic transmit frequency (fa), half power beam width 
(6'bw), transmit pulse length (T,), transmit voltage response (TVR in dB re: 1 pPa/Volt @I 1 m), and the open 
circuit voltage response (OCV in dB re: 1 Volt/pPa). 

The measured beam patterns of these transducers are conical, approximated by the first order Bessel function, 
with sidelobes lower than -15 dB. 

Transducer 
Reson TC2084 
AirMar MI92 

3.2. Extracting Pressure Signal from Voltage Time Series 
To exploit the angular dependence of seafloor acoustic backscatter, short acoustic pulses are used to insonify a 
series of small sectors within the footprint. This ideal scenario is illustrated by the arcs of figure 1. The footprint 
becomes smaller with decreasing altitude, therefore the pulse must be made commensurately smaller. However, 
the shortest pulse length achievable is roughly l / A  f ,  where A f is the transducer bandwidth. In this work we 
operate with pulse lengths close to this limit and correct for the riselfall times introduced by the device's transfer 
function. 

In its raw form, the temporal model assumes a uniform frequency response for the transducer, but few trans- 
ducers have such ideal characteristics - especially when operated near resonance. Thus we must convert the 

fo (kHz) 
33 
93 

measured voltage waveforms into the correct pressure waveforms before comparison with the model. The trans- 
ducer's mechanical-electrical transfer function is determined by deconvolving a direct path measurement, made 
with an independent broadband hydrophone, from the signal received by the transducer after reflection from a flat 
aluminum plate. Figures 2.a and 2.b show the digitized direct path and reflection measurements, x(t) and y ( t ) ,  
while figure 2.c shows the corresponding spectra. Figure 2.d presents the mechanical-electrical transfer function, 
H ( j ) ,  calculated as H ( f )  = Y(f)/X(f).  

The input t o  the temporal model of seafloor acoustic backscatter is thus, the echo envelope of the direct path 
measurement, appropriately scaled using the TVR. The output of the temporal model is compared to measured 
echoes which have been inverse filtered (H-'(f)) and appropriately scaled using the OCV. 

4. Measurements 
The diiculty of reproducing representative seafloor substrates and appropriately scaled survey geometries in the 
lab, makes field testing of the model mandatory. Development of the model was therefore coordinated with echoes 
measured pier-side and underway from a small launch. 

Ob, (deg) 
21 
10 

TVR (dB) 
164.5 
157.5 

rP (msec) 
0.450 
0.160 

OCV (dB) 
-179.0 
-176.5 



512 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

g 0.5 IF 
0.2 0.4 

0 
0 80 90 100 110 

Time (msec) Frequency (kHz) 

Figure 2: AirMar M192 signal characteristics @ 93 kHz: (a) x(t), transmit signal; (b) y(t), reflected signal; (c) 
X( f )  and Y ( f ) ,  spectra; (d) H(f) ,  transfer function 

4.1. Pier-side Measurements  
Preliminary versions of the model were compared to measurements from a transducer attached firmly to a pier 
jmsonifying a flat section of seafloor. These tests confirmed the accuracy of the time-base and relative sound 
intensity levels predicted by the model, and demonstrated the necessity of incorporating the transducer's transfer 
function in shallow water applications. In sequences of pings recorded over 5 minute intervals, echo shapes were 
nearly identical. Thus, the acoustic character of the bottom below the pier varies slowly over time, yielding stable 
echo statistics. In addition similar bottom stability is expected during the 20 minutes of a short survey in the bay, 
such that variability in the echo structure should be mostly due to changes in substrate roughness or composition. 

4.2. Shallow Wate r  Survey 
In January of 1997, the echo sounder described in section 3 was installed in the instrument well of the 40 foot 
launch ECOS, operated by NRaD. We surveyed a N-S trackline of the San Diego Harbor trough - the deepest part 
of the bay with depths of 15-20 meters. With survey speeds of 1-2 knots and ping repetition rate of 5 Hz, the 
bottom was typically sampled 30 to 60 times over the length of a footprint. Bottom echoes wele recorded with 
the 33 kHz and 93 kHz transducers inclined 0 to 16 degrees from nadir in the roll plane Angles of pitch and roll 
were digitized for each ping repetition. Sea conditions were mild, with pitch and roll standard deviations typically 
less than 0.5 degrees. 

4.3. Survey Si te  B o t t o m  ID 
Bottom characterization was based on video coverage recorded during the survey, consulting a sediment data base 
for the surrounding area, and the analysis of particle size distribution for several sediment grabs taken during 
the survey. The Mean Grain Size, M4, of the samples is calculated via Inman [9]. This standard method for 
characterizing sediments assumes that the variable 4 = -logz(D,), where Dg is the measured grain size in mrn, is 
normally distributed. Analysis of the samples implies that the substrate ranges between Clayey Sand and Sandy 
Mud per the labeling scheme set forth in the Hzgh-Frequency Ocean Envzronrnental Acoustzc Models Handbook 
[lo]. Associated with these sediments are empirically derived values of the geoacoustic parameters used in the 
sediment interface and volume backscatter functions and summarized in the following table: 



(b) dB: re 1 uPa 

20.5 21 21.5 22 22.5 
time (msec) 

20.5 21 21.5 22 22.5 
time (mS) 

Figure 3: Survey Data - 33 kHz 

These values are defined m section 2, where u2 is known as the volume parameter and defined by UL = o,/cr,. 
The video image reveals an uncomplicated bottom, appearing as long stretches of homogeneous substrate. 

This, combined with > 98% spatial overlap of echoes and the generally level bathymetry, were conditions we felt 
ideal for testing the accuracy of the temporal model. 

4.4. D a t a  
The waterfall plot of figure 3.a displays 300 consecutive bottom echoes received with the 33 kHz transducer. These 
measurements were made underway, with the transducer inclined 2 degrees with lespect to nadir in the roll plane. 
Figure 3.b displays the same data in raster grayscale format expressed in dB re: 1 pPa. The abscissa represents 
time after pulse transmission. Using the standard approximation of sound speed in seawater (1500 m/sec), the 
transducer's altitude over the bottom is -16 meters, the footprint diameter is -6 meters and, a t  5 Hz ping 
repetition, spatial overlap amounts to -60 pings per footprint diameter. The laster image for thls 40 second (20 
meter) track segment shows the gradual downward slope of the bottom modulated by the vessel heave. The early 
returns evident in pings 230-280 are, most likely, caused by a school of fish swimming over the bottom. 

w2 (c?n4)  
0.001119 
0.000518 

4.5. P i n g  Alignment a n d  Averaging 
The waterfall plot demonstrates the high variability of echo amplitude and shape for horizontal translations which 
are small compared to the diameter of a footprint. The scattering theory employed 1s stochastic, and upon averaging 
echo envelopes, the form and amplitude predicted by the temporal model takes shape. Befor? averaging, pings 

y 
3.25 
3.25 

o2 
0.002 
0.001 

v 

1.0364 
0.9873 

p 
1.224 
1.149 

Site 
North 
South 

Sed Name 
ClayeySand 
Sandy Mud 

M4 
4.093 
5.876 
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Figure 4: Model vs Data 

are aligned along a minimum amplitude threshold, filtering out vessel heave and small fluctuations in altitude. 
Pressure envelopes are averaged using a kernel of 20 pings, discounting sections of data in which fish or vegetation 
are obviously present. 

4.6. Analysis 
Figure 4 compares the temporal model with data for scenarios where the main lobe of the transducer intersects 
the bottom near-normal and slightly off-normal, as summarized in the following table: 

where the acoustic frequency (f,), transducer tilt angle (OT), and altitude (alt) are preset, or directly measured 
quantities; and the mean grain size (M4) represents the descriptive parameter used to generate the model. The 
quantity (d,) represents the calculated 10 dB skin depth of the inferred substrate - taking into account the sediment 

macro 

J 
J 
J 
J .  

(a) 
(b) 
( 4  
(4 
( 4  
(f) 
(g) 
(h) 

OT (deg) 
2.0 

8.0 

2.0 

8.5 

f,(kHe) 
33 

93 

alt (m) 
15.63 
15.80 
16.35 
16.40 
19.35 
19.27 
18.97 
18.82 

M+ 
5.0 
4.5 
4.3 
4.5 
4.2 
5.0 
6.0 
4.0 

d, (cm) 
64 
38 
39 
38 
14 
23 
74 
15 

crib (cm) 
2.9 
3.6 
5.2 
4.8 
3.1 
2.2 
2.7 
4.0 



absorption and the interface transmission coefficients, and Oh represents the standard deviation of the altitude 
due to macro-roughness. Note that due to the gentle slope of the bottom in this area, BT approximates the main 
lobe's incidence angle with the seafloor. 

For these graphs, the theoretical pressure envelope, P(t) ,  is derived from the square loot of the modeled 
intensity envelope, I(t) :  P ( t )  = [I(t) . p, . c , ] ' / ~ ,  where c, and p, denote ~espectively the sound speed and the 
density of seawater. Dashed lines represent the model output for mean grain slze ( M 4 )  values between 4 and 
6. Solid lines represent aligned/averaged data. The graphs are arranged such that pairs (a,b), (c,d), (e,f), (g,h) 
represent data from the same track - where each graph shows two averaged envelopes dlsplaved approximately 
50 pings apart. While data and model are displayed with the time-base shifted to zero, the11 ielative temporal 
positions remain intact. 

From inspection of the graphs, the temporal model does a reasonable job predict~ng the mean amplltude of the 
data, where measured amplitudes appear to obey Gaussian or Rayle~gh statistics, and amplitudes near-normal are 
larger than off-normal - due to the angular dependence of the backscatter funct~ons Also evident from the graphs 
is the agreement in echo shape between model and data. The echoes for the off-normal measurements are longer 
than those measured near normal incidence as the tilted transducer insonifips a longer swath of the bottom. We 
expect that matches in amplltude and shape, as functions of M6 and BT, ~111 be useful tools in identifymg seafloor 
substrates. 

For most natural sediments, the variance of heights (0:) over a glven footprint ( l f )  Increases as the mean grain 
size increases. Sediments domnated by large pams  are considered to be rougher than sediments dom~nated by 
small grains. This relationship can be seen in (ah)  for the data pairs of figure 4 The most dramatic example 
is the 1.3 cm increase in (oh) between data pair g and h, as the inferred substrate changes from sandy m u d  to 
clayey sand.  The 33 kHz and 93 kHz transmit signals have physical round-trip lengths In water of 34 cm and 12 
cm respectively. On comparing these lengths with ah ,  we applied the macro-roughness convolution described a t  
the end of section 2, to model calculations for the 93 kHz transducer. As a result, the modeled returns appeal 
smoother, thus simulating the effect of averaging echoes from a substrate wlth relatively large rrl, 

While the data shown here are well-behaved, there are segments of data which exhlblt energy spurs, ocurring 
after the expected interface return, and not predicted by the volume component. This may be due to large scale 
roughness or to the presence of a subbottom layer. Inspection of skin depth (d,) implies that for appreciable 
backscatter to occur, this layer would have to exist within a meter of the sedirnent,/wat,er inte~face for the finer 
sediments, and within 50 cm for the substrates with M+ nearly equal to 4 - as dictated by the difference In sediment 
absorption coefficient between sandy mud  and clayey sand. From these obseivatlons we infer that small changes in 
the large scale interface roughness are responsible for the var~ation in shape and amplltude observed in the data. 

5. Conclusions 
In this paper we have described a temporal model of high frequency acoustic seafloor backscatter, demonstrating 
ability to estimate the shape and amplitude of stackedtaveraged echoes collected under survey conditions. In 
shallow water applications, the accurate representation of signal and data are Important for making meaningful 
comparisons. Therefore in this procedure, the transducer's directiv~ty, transmit/rece~ve response, and mechanical- 
electrical transfer function are used for expressing model and data in physical units, and to insure fidelity in signal 
shape. 

The appropriate choice of variables for calculating large scale interface roughness (macro-roughness) and sedi- 
ment volume backscatter is not entirely clear, and better understanding of these issues should increase the model's 
accuracy. Furthermore, we need to investigate a more robust method of calculating representative echo envelopes 
from the raw data - as in better methods of stacking, averaging, and filter~ng. With echo shape and backscatter 
strengths derived from model and data, we are currently working on algorithms which compare these features and 
deduce sediment type. 
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Abstract 

In propagation at higher frequencies, localfluid motion in "hidden coordinate" systems and local discontinuities due to 
gas bubbles and bioturbation have a perturbing effect on the wave field. To model these effects, a baseline model that 
reflects the influence of basic primitive variables such as porosity and mean effective stress is first derived on the basis 
of the Biot theory and then effects of various discontinuities are introduced as perturbations to the baseline model. 

1. Introduction 

Since the Biot theory was first applied to the geoacoustic modeling of the seafloor by Stoll and Bryan [I], it has proved to 
be a powerful tool in studying the response of a wide variety of sediments that make up the ocean bottom. The initial 
motivation for modeling these particulate materials with a two-component, phenomenological formulation, such as the 
Biot theory, was to allow more flexibility in incorporating various physical mechanisms that control energy loss, 
compressibility and shear stiffness in a realistic manner, attributing each to the component (Individual grains, flu~d or 
skeletal frame) that is appropriate. The resulting model is much better able to replicate the complex behavior that is 
observed over a wide frequency range than a straight viscoelastic formulation. However, one pays a price for this 
flexibility in that the user is required to evaluate over thirteen input parameters, many of which are interrelated in a very 
specific manner by the mechanics of particulate material. 

Much of the early experimental work by geophysicists studying the geoacoustic properties of seafloor sediments was 
carried out at relatively high frequencies in the range of several kHz to a MHz. On the other hand geotechnical 
engineers, interested in earthquakes and building vibrations, carried out experimental studies at low frequencies ranging 
from less than one Hertz to about 100 Hz. If the attenuation measurements made by these two groups are compared and 
it is assumed that the sediments respond essentially as constant Q materials (i.e., attenuation in dBlm linearly 
proportional to frequency) there is a major inconsistency particularly when considering the coarse sediments such as 
sand. It was this inconsistency that motivated the search for a more realistic mechanical model that could account for 
energy losses of various kinds that would be expected in water-saturated, particulate sediments In the ensuing 
application of the Biot theory it was found that for the coarser sediments, motion of the Interstitial fluid relative to the 
skeletal frame produced viscous losses which, when added to frictional losses occurring at the intergranular contacts, 
resulted in an overall attenuation that matches experimental results at both high and low frequencies. 

In finer grained sediments, overall relative motion of the pore fluid in the direction of propagation is much smaller 
because of low permeability, however viscous dissipation still plays a role in determining overall attenuation because of 
local fluid motion in a 'bidden coordinate system" near the intergranular contacts. Using the principle of viscoelastic 
correspondence, this kind of viscous loss is incorporated into the model by casting the moduli of the skeletal frame as 
viscoelastic operators. Biot discusses a number of different kinds of operators in two of his later papers [2,3]. This kind 
of viscoelastic operator was recently used by Stoll and Bautista to model the soft sediment of Eckernfoerde Ray in the 
Baltic [4]. Biot also discussed an operator that is appropriate to model the behavior of sediments containing free gas 
bubbles in [2] and [3]; we will use this kind of operator in a later example. 
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2. Constructing a Baseline Model 

In studying various acoustical phenomena such as scattering, bubble resonance and bottom interaction, it is necessary to 
supply various geoacoustic parameters that describe sediment compressibility, shearing stiffness and attenuation, usually 
in the form of complex, frequency dependent moduli. In many cases reference to historical data collections such as those 
given by Hamilton (e.g., [5]) can provide useful input provided the data base includes entries for a similar sediment type 
obtained in the appropriate frequency range. However, this is not always possible because of the limited scope of the 
historical data available and the wide range of frequencies and sediment types that are currently of interest. Furthermore, 
attempts to extrapolate these data over several decades of frequency or to use a regression curve based on a single 
independent variable such as grain size have lead to some misleading generalizations . A good example is the persistent 
and erroneous notion that attenuation can always be assumed to vary as the first power of frequency. Hence a properly 
formulated baseline model, derived on the basis of the Biot theory and able to predict the correct response over a wide 
frequency range, becomes an important tool in determining the starting point for studies of the perturbing effects we wish 
to study. 

The first step in establishing a baseline model is to determine complex bulk moduli for the individual grains, K,, the 
skeletal frame in a water environment, &. and the interstitial fluid, Kf, and the complex shear modulus of the frame, p, 
all potentially frequency dependent. These familiar moduli can then be related to the parameters used in the Biot coupled 
equations of motion using the following equations provided the assumption ot homogeneous strain is made (i.e., 
volumetric strain of pore volume is the same as volumetric strain of frame so that the porosity of the sediment, P, remains 
unchanged - see [6], pp. 9-10). 

H = (Kr - K , , ) ~  I D  + K, + 4 p , ~  
c = K,(K, - K J I D  

M = K ~ I D  
where 
D = K ~ ( I  + P(K!K, -  I )  - K,, 

Since each of the moduli in (1) is associated with a specific attribute of the model, it is possible to selectively 
incorporate realistic mechanisms for energy loss depending on the type of sediment being modeled. For example, in a 
granular sediment composed of hard, polycrystalline grains of fairly uniform size and shape, the sum of two kinds of 
energy dissipation result in the overall attenuation that is observed; one is the result of overall relative motion between the 
fluid and the skeletal frame which is controlled by the permeability of the frame and the other is friction at the 
intergranular contacts between particles. Since friction is an inherently nonlinear phenomenon, we are forced to use a 
linear approximation or a truncated constant complex modulus in order to keep the resulting equations of motion linear. 
Many viscoelastic models that result in an approximately constant value for the quality factor ,Q,have been proposed for 
this purpose (e.g., see [ l ]  and [3]). 

When there is no fluid in this kind of sediment, the attenuation of a propagating plane wave is a linear function of 
frequency since the energy loss per cycle is constant irrespective of frequency. When fluid is introduced into the voids, 
additional viscous damping occurs due to relative motion between the fluid and frame and since fluid mobility depends on 
the permeability, the frequency at which the effects of viscous damping become dominant depends on the intergranular 
pore size and geometry. In clean sands the effects of viscous damping begin to dominate at frequencies as low as 100 Hz 
whereas in sediments that contain significant amounts of much finer material, the effects may not be obvious until one 
reaches the high kHz region. The Biot parameters that control the fluid mobility are the permeability , the viscosity of the 
pore fluid, a pore-size parameter and a so-called structure factor (also sometimes referred to as an inertial coupling 
factor). 

In addition to the global fluid motion, or "sloshing" as it is sometimes called, there is local tluid motion near the 
intergranular contacts and between adjacent cells in finer sediments composed of plate-like particles in a "cardhouse 
structure. This local flow, which occurs in a "hidden coordinate system" as Biot puts it, is generated by relative approach 
of particles causing squeeze-film motion or by the nonuniform volumetric strain of adjacent cells in the finer sediment. 
Hence, it is essentially in phase with the volumetric strain of the skeletal frame and its effect can be incorporated into the 



model by the use of viscoelastic operators which operate on the bulk and shear moduli of the frame. This approach was 
used by St011 and Bautista [4] to establish a baseline model for the soft sediments of Eckernfoerde Bay in the Baltic. They 
used a generalized viscoelastic model based on an adjustable distribution of relaxation times as proposed by Cole and 
Cole [7]. This formulation is one of many that have been used in the physical sciences to describe rate-dependent 
processes (e.g., see Gross [8]) and is particularly adaptable to the present problem because of the wide distribution of cell 
sizes and geometries that exist in real sediment which necessitates a correspondingly wide distribution of relaxation 
times. 

The distribution function used in the Cole-Cole model is of the form 

where s = In 2120 and or controls the sharpness of the peak in a bell-shaped symmetrical distribution. ( e. g., see Stoll [6], 
pg. 97). The distribution of relaxation times given by (2) results in a complex modulus with real part N, and imaginary 
part Ni given by 

N, is an amplitude factor and q,-' is the frequency at which Ni is maximum. The overall complex moduli of the skeletal 
frame are determined by adding the above modulus to a constant complex modulus that is determined on the basis of the 
sediment response at low frequency. 

In modeling the soft, gassy sediments of Eckernfoerde Bay, parameters input to the Biot model were determined 
mainly on the basis of field experiments performed during the Coastal Benthic Boundary Layer Special Research 
Program sponsored by the Naval Research Laboratory. This sediment has an average porosity of 86% and a low 
permeability of the order of 5 x lo-" cm so that global relative fluid motion has a negligible effect on the response at 
frequencies less than about .5 MHz. Hence simplification to the Gassmann approximation is warranted and only the first 
of equations (1) is significant. Since the Biot equations reduce to the Gassmann equation when the fluid mobility is very 
low, no special treatment is necessary in using the full set of Biot equations except to choose the parameters controlling 
fluid motion (i.e., permeability, pore-size parameter and density coupling factor ) to be of the right order of magnitude. 
The complex shear modulus, was evaluated on the basis of measurements of shear wave velocity and attenuation at 
low frequency using Love wave measurements [9]. The three parameters for the Cole-Cole modification of the frame 
bulk modulus were chosen in order to match p-wave attenuation measurements at 58 and 400 kHz by Richardson and 
Briggs [lo]. The attenuation predicted by the model is shown in Fig. 1 along with some historical data for ocean bottom 
silts and clays from Hamilton [5] and other sources (see [I I] for a general review of attenuation measurements in marine 
sediments). The model predicts an increase of p-wave velocity from 1421 m/s at I Hz to 1434 to 1440 m/s at 400 kHz 
which is in agreement with the range of observed velocities in the Eckernfoerde experiments. 

3. Effects of Free Gas as a Perturbation of the Baseline Model 

When gas bubbles form in the pore water of a sediment, significant changes in the geoacoustic response occur. Much of 
the research on this topic through 1980 was summarized in two papers by Anderson and Hampton 1121. From their 
discussion and several more recent papers [13,14], it is clear that the size and distribution of the gas bubbles can be quite 
variable, ranging from a uniform distribution of small bubbles in the normal interstices of the sediment to large disruptive 
bubbles that create their own cavities to distributed regions of free gas that encompass volumes of sediment containing 
many grains. Hence the problem of modeling the effects of gas in a comprehensive way is quite challenging. In general, 
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Fig. 1. Attenuation for baseline model and two cases of partial gas saturation. The historical data 
points are for clays and other fine-grained materials with the two solid symbols corresponding 
to the soft sediments of Eckernfoerde Bay. 

significant changes in compressional wave speed and attenuation are to be expected and a pulsation of the bubbles in the 
frequency range near their resonance frequency can be expected to produce a marked effect on the geoacoustic response. 

In order to incorporate the effects of bubbles into his model, Biot [3] suggested that the fluid compressibility be 
modified by invoking an operator that produced a phenomenological response similar to a simple harmonic oscillator 
such as the one shown in Fig. 2. By incorporating mass and damping elements, this model takes into account an inertia 
effect in the hidden coordinates and viscous dissipation arising from the concentrated radial velocity of the fluid in the 
vicinity of a bubble. In this model the compressibility of the fluid at frequencies well below resonance is essentially 
controlled by the elastic elements k l  and k2 acting in series so they are related to the quasistatic compressibility of the 
gassy sediment, 1lKw, by 

Ilk, + Ilk, = [nRKw + ( I  - n # )  Kr]lK,,,Ks = IIK,: 

where n, is the fraction of sediment pore space occupied by gas and K, and Kg are the bulk moduli of the water and gas 
respectively. At frequencies well above resonance the bubbles have insufficient time to compress and the apparent 
compressibility of the gassy fluid is essentially l lkz  so that kz = K, and kl  = K,,,K',, / ( K ,  - K',,,). With these assumptions 
the model shown in Fig. 2 leads to a complex compressibility of the form 



Fig. 2. Schematic of model for compressibility of gassy fluid suggested by Biot. 

Since the viscosity, c, and mass, m, are parameters in a phenomenological model, which are not easily quantified in terms 
of physical variables such as bubble size and resonance frequency, it is useful to recast this equation in the form 

wherein the damping ratio, D, may be written in terms of the inverse quality factor, IIQ 

D = (IIQ)I,/= 

and the undamped natural frequency, a, related to the resonance frequency using 

Hence the complex bulk modulus of the fluid, zf , can be introduced into the equations (I)  once the resonance 
frequency and damping for the bubbles in a specific micro-model of the gassy sediment are determined. However, for the 
reasons mentioned above, this is a formidable task because of the wide variety of different configurations the gas may 
assume and a number of different approaches to this problem have been attempted . As examples, Anderson and 
Harnpton [I21 calculated resonance frequency using a hybrid equation based on historical equations derived for resonance 
of bubbles in water and in elastic solids whereas Dutta and Ode [I51 studied the problem of radially oscillating gas 
pockets using the Biot theory applied to repeating cells containing a gas pocket in a porous matrix. 

As an example of how the above equations modify the predictions of the baseline model, p-wave velocity and 
attenuation have been calculated for a hypothetical case where bubble resonance occurs at 20 kHz and overall damping of 
the pulsating bubbles results in a quality factor of approximately 1. While resonance frequencies are found to vary over a 
wide range depending on bubble size and water depth ( i.e., from 2 kHz to over 600 kHz) these values were chosen as 
typical for soft, fine-grained sediment with bubble radius of the order of 0.5 mm on the basis of calculations given in 
[121. Calculations were made for two different gas concentrations, n, = ,001 and ,0001 ( i.e., voids containing . I% and 
.01% gas by volume). The effect on attenuation by gas in these concentrations is shown by two curves in Fig. I and the 
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Fig. 3. P-wave velocity for baseline model and for two cases with partial gas saturation. 
Resonance frequency is 20 kHz and gas fraction of pore space is shown next to curves. 

effect on p-wave velocity is depicted in Fig. 3. As can be seen from these figures, even the addition of a small amount of 
gas results in significant changes in velocity and attenuation. While the cases shown here are hypothetical, they illustrate 
how the effects of gas can be introduced as a perturbation on a carefully fitted baseline Biot model thus allowing 
comparative studies of the predictions of various micro-models for evaluation and comparison with experimental results. 
Moreover the simple model shown in Fig. 2 may be generalized to include the effects of a distribution of bubble sizes by 
casting the mass, viscous and elastic parameters as distribution functions in a manner similar to that used in Section 2 
where a distribution of relaxation times based on the Cole-Cole model was used to modify the complex modulus of the 
skeletal frame. 

4. Use of the Baseline Model in Scattering Studies and Other Cases of Interest 

The usefulness of a baseline model in studies of scattering can be seen by considering the parameters used in a recent 
paper by Lyons et al [13]. The scattering model used in this paper depends on the resonance frequency of the bubbles in 
the sediment and on the attenuation of waves propagating in the sediment between the pulsating bubbles. These authors 
considered a scattering model because microscopic and radiographic studies of the pore structure revealed rather large, 
irregular gas pockets that suggested that scattering would become important at frequencies much lower than in cases 
where small gas bubbles were contained within the natural interstices of the sediment. Hence the dynamic shearing 
modulus of the sediment surrounding the bubbles becomes important in determining the resonance frequency, and the 
propagation characteristics of the sediment (p-wave velocity and attenuation) between larger bubbles, play a key role in 
constraining the scattering model. Unfortunately the proportion of gas present in bubbles smaller than about I mm was 
unknown, so that it is not clear what would be the most appropriate choice for these propagation characteristics given the 
important effects of very small amount of gas demonstrated in Section 3 above. In any event, it is felt that use of a 
baseline model and systematic parametric studies such as those demonstrated in Section 3 would be useful in defining the 
basic parameters necessary to constrain this kind of study since it forces the user to consider all pertinent input 



parameters in an integrated way rather than choosing bits and pieces of experimental and historical data in an ad hoc 
manner. 

Another perturbation of the basic Biot theory was recently proposed by Leurer [16] who incorporated more damping 
into the response of montmorillonite-rich fine-grained sediments by modelling the individual composite grains as 
viscoelastic to account for "squirt flow" from the interlayers of the montmorillonite. In this case the bulk modulus of the 
grains, K,,becomes complex with a frequency dependence that is determined by the form of viscoelastic operator that is 
chosen. 

5. Summary and Conclusions 

Several examples have been described wherein the basic Biot theory can be used as a baseline model in order to study the 
effects of different kinds of perturbing effects. These include the effects of local fluid motlon In "hidden coordinate 
systems " caused by inter-cell flow or squeeze-film motion, the influence of free gas in the form of bubbles and the effects 
of anelastic particle response. In each case operator equations of the k~nd suggested by Biot have been used to modify 
the moduli of various components in the baseline model which serves as a reference for assessing the relative influence of 
the perturbing effect. In the case of scattering studies, the baseline model constrains the choice of input parameters which 
have often been chosen in an ad hoc and sometimes unrealistic manner. 

Thus the Biot theory allows more realistic modelling of the physical mechanisms that control energy loss, 
compressibility and shear stiffness, allowing each to be assigned to the most appropriate component of the sediment. 
Moreover it forces the user to consider the response of the sediment over a wide range of frequencies, taking into account 
all of the interacting physical mechanisms rather than concentrating on a single mechanism over a narrow bandwidth 
wherein predominant trends in overall behavior may be overlooked. 
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Abstract 

An underwater forward-scattering investigation was undertaken w ~ t h  n random rough corrugated pressure re- 
lease surface manufactured out of Styrofoam. Measured wavefields associated with the reflection caustzcs agree 
with predictions. The frequency dependence of the mth higher-order zntenslty moments I,,, was measured and 
compared to  theoretical predictions. The dependence of I2 on distance from the surjace was also investigated. 

[This work was partially supported by the Office of Naval Research.] 

1. Introduction 
The lnteract~on of an ~ n c ~ d e n t  wavefield w ~ t h  a non-planar surface can Introduce reglons of tocus~ng In the scat- 
tered (reflected or transm~tted) portlon of the wavefield The solut~on to the scattered pressure IS  slmply the 
Helmholtz-Klrchcff Integral In general, thls Integral can not be solved analyt~cally, so one uses numerical 
techniques that ~nvolve  approx~matlons (e g statlonary phase approximation) However, in the reglons of fo- 
cuslng, (the caust~cs)  the statlonary phase approxlmat~on breaks down Theretore an extenslon to that approxl- 
matlon that can handle the focus~ng effects ot caustlcs 1s In order Once the extenslon has been made, then In- 
formation regard~ng the caustlc structure Itself can be used to extract phys~cal ~ n s ~ g h t  to the underly~ng proc- 
esses. 

An extension to the stationary phase approximation for corrugated surfaces has been derived [I] .  The extension 
is 
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where P is the pressure amplitude at time t measured at receiver locationx,. due to a source located at X,, , k 
is the wave number, W is the angular frequency, Ai is the Airy function, P, is the Pearcey function, R , ,  (B,v,,) 
represent the distance from the receiver (source) to the nth scattering point on the surface. The other terms 
(a,, b,, d,,  and the w )  are all geometric terms depending upon the locations of the source and receiver as well 
as the particular scattering surface. The three summations in (1) represent the three different types of contribu- 
tions one can obtain for the particular class of problem at hand. The j sum represents the standard ray ap- 
proximation (no echoes having merged), the 1 sum represents the merging of two rays (referred to as fold 
terms), and the q sum represents the merging of three rays (called cusp terms). Some regions have only rays, 
some only folds, some only cusps, and some have mixtures of the three. 

1.1 Surface Generation 
The formulation of ( I )  explicitly assumes a one-dimensional corrugated surface. A one-dimensional surface is a 
surface whose height function depends only upon one of its coordinates, ~ ( x , y )  = ~ ( x ) .  A computer program 
capable of generating realizations of a population of Gaussian spectrum random rough corrugated surfaces with 
root-mean-square (rms) roughness 1.5 cm, and correlation length 10 cm was used to generate a number of such 
surfaces. From this number, a particular surface realization was selected for manufacture out of Styrofoam. 
The physical dimensions of the surface were about 1 m wide by 1.5 m long. The variations were in the long di- 
mension. This surface then served as a pressure release surface in the underwater investigation. Since the sur- 
face profile was specified numerically, the same surface was used in the computer implementat~on of ( I )  as well 
as the underwater experiments. The caustics of this surface are those for the reflected wavefleld. (For a picture 
of the caustics for this surface, see Figure 3 of [I] . )  

A broad-band omnidirectional source was operated in the frequency range of 95-400 kHz. The source was lo- 
cated approximately 1.1 m from the surface, and the receiver was scanned from 5 cm to 60  cm from the surface. 
Two types of pulses were of interest, the first were "short" pulses (similar to single cycle pulses used for B- 
Mode imaging in clinical diagnostic ultrasound) and the second were "long" pulses or tone-bursts (similar to 
Doppler ultrasound pulses). The short pulses allowed us to isolate the effect of individual contributions to the 
reflected signal (this corresponds to knowing the values for J ,  L, and Q in ( I )  and tracking them individu- 
ally). The long pulses allow the various contributions to interfere and thus approximate the steady state field 
scattered from the surface. 

Since the pulse would be used in the underwater experiments and in the computer simulation of ( I ) ,  the fre- 
quency content needed to be minimize. In order to minimize the bandwidth of the output s~gnal ,  a sine wave 
modulated by a cosine-squared envelope pulse was used. This pulse was synthesized by a computer and drove 
the signal generator. The equation that gives the pulse shape is the real part of 

0 
iexp(-i2@)cos2 2xF(t - t , )  

i exp(-i21Fft) 
iexp(- i2Vt)cos2 2xF(t  - t , )  

where f is the center frequency of the tone burst, F is the envelope parameter glven below, and t, (with 
j=0,1,2,3) are times related to the number of cycles in the burst. The relations of the t ,  to t, (the time for the 
center of the burst ) are as follows: 

where nenv (new) IS the number of cycles in the envelope (steady state) reglon of the burst. To calculate the en- 
velope parameter F, use 



The cosine squared envelope was chosen to start at a time such that the zero of the envelope corresponded to the 
first zero in the first cycle. The maximum of the envelope would occur when the oscillations under the envelope 
crossed through a center zero (antisymmetric about the center of the pulse). This resulted in pulses with integral 
number of cycles. The number of cycles chosen depended on the center frequency of the pulse and were set to 
maintain quasi-constant bandwidth over the signals of interest. For example one frequency cycle number combi- 
nation is 125 kHz 4 cycle: This choice gives a bandwidth for the envelope of approximately 15 kHz. By keeping 
this bandwidth constant, the following combinations were utilized: 95 kHz 3 cycle, 200 kHz 6 cycle, 250 kHz 8 
cycle, 275 kHz 8 cycle, and 400 kHz 12 cycle. Figure I shows a representative synthesized pulse for a case 
without and with steady state cycles. 

Figure 1. Representative types of pulses used. Panel (a) shows a 200 kHz center frequency with a cosine 
squared envelope, a total of 6 cycles are present. This sort was used in both types of experiments. Panel (b) 
shows the same 200 kHz center frequency and the ends are 6 cycles with the coslne squared envelope, the mid- 
dle portion contains 24 cycles with unit amplitude envelope. This sort was used only in the Gaussian recovery 
experiments. 

2. Experiments 
Though two distinct types of experiments were performed, the methods and procedures were nearly identical. In 
both cases, the measurement of the reflected wavefield was the goal. In the first type of experiment (which will 
be called twinkling exponent type) the incident frequency was the primary variable changed. In the second type 
(called Gaussian recovery) the pulse duration (number of cycles) was the primary variable changed. The fre- 
quency was held constant for this type. 

The experiments were conducted in a 7'6" deep by 8' diameter yellow-pine tank, filled with filtered tap-water. A 
corrugated Styrofoam surface was mounted at one "end" of the tank. The source was located I .  I m away from 
the surface, at the same depth in the water tank as the top of the surface, and in the midplane of the surface. The 
top of the surface was designated as the origin for the scattered wavefield geometry. In the geometry of the sur- 
face (no y dependence) the source was located at (x,?, <,)= (l.l,O) where the distances are in meters. 

A broadband omnidirectional receiver was used to sample the scattered wavefield for a variety of receiver loca- 
tions (x, ,z,) .  A computer-controlled two-dimensional positioning system was used to move the receiver to 
scan the reflected wavefield. The total effective range of scanning is 1.4 m by 0.75 m. A schematic of the ex- 
perimental setup is shown in Figure 2. The pressure amplitudes were measured at each receiver location for 
each frequency of interest. The computer simulation using ( I )  would be ran over the same receiver locations. 
The results could then be compared. 
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Figure 2 Schematic of experimental setup. 

3. Extraction of frequency dependence 

In a harmonic acoustical wave field, the intensity I is taken to be proportional to JP(X, Y , z j 2  where P is the 
pressure amplitude at  a receiver location (x, y,  2 ) .  Thus for this setup the mth normalized moment of the inten- 
sity becomes 

where ( ) denotes a spatial average over the scattered wavefleld from the surface. From (5) it is obvious that 
1, = 1 which is clearly independent of k. This is simply the statement that the energy flux (proportional to 1,) is 
not altered by phase perturbations. For the remaining moments, the behavior depends upon the number of con- 
tributors, (pulse echoes) interacting at a given site. The number of contributors determine the values of J ,  L ,  
and Q for (1) .  

3.1 Theoretical predictions 

3.1.1 Small number of contributors . - 
When the number of contributors is small and caustics are dominating the wave field, then the higher moments 
( m  > 1 ) diverge with increasing k. Berry [2] showed that this divergence scales with k according to 

I z m \  = C , { I ) ~ ~ " ~  
\ I , v,>O , m > 2  ( 6 )  

where V, is the twinkling exponent for the mth moment and C,,, is a coefficient related to the random medium 
(in this case the surface). Note that by using the formalism of (5) the normalized moments I,,, will retain only 

the k "" dependence. In addition the requirement in ( 6 )  that m > 2 follows because the leading dependence on 
k is different for m = 2 .  The form of (5) gives,[2] 



d vm = lim- (In I m )  
k+-dlnk 

whlch IS lnsensltlve to factors of Ink in I, Thus the second moment whlch I T  proportional to Ink is predicted 
to have V2 = O  and (7) does not capture the dependence on Ink (For a discussion of the Ink dependence, 
see sectlon 1 of [3] and the references cited therein ) 

The results of catastrophe theory predict that the contribution to I,, from the jth class ot catastiophe I S  [2-61 

where P,describes the increase of the amplitude for increasing k at the caustic while Y, describes the de- 
creasing focal volume. Thus the V,,, exponent is a competition between these two effects. 

For any corrugated surface only cuspoids need to be considered. For the geometry of the surface used in this in- 
vestigation, however, the full list is not required; only the fold (or A z )  and cusp (or A?)  ace necessary. For the 
fold ( j = 1) 

and for the cusp ( j = 2). 

2 P z = 4  , y z = 4  

So combining (8) and (9) yields the twinkling exponents associated with the fold as 

V,.l = F 
and combining (8) and (10) yields the twinkling exponents for the cusp as 

-ap Vtn.2 - (12) 
Since the I, are defined as ensemble averages, as k + oo the largest of the available V,,,,i will determine how 
I,,, diverges. For the two cuspoids available, the possible V,, are (for the fold) 

'3.1 = fi 9 v4,1 = 5 , V5,l = 1 
and (for the cusp) 

V3,2 = 4 r V 4 , ~  = a  9 VJ,2 =$ 
thus the largest of each of these gives 

However, the experimental setup is such that almost all of the data are taken trom regions that exclude the cusp 
polnts. This means that although (15) represents the tw~nkling exponents one qhould expect if the entcre wave- 
field were measured in the k -+ w limit, for an experiment with only a tew cusps and a l~rnited range of k ,  the 
exponents are expected to be close to those of fold caustlcs alone [g~ven  by (14)l Theretore for t h ~ s  experi- 
mental work, the predicted approximate functronal dependence for the second through the fifth moments are, 

1 2 = l n k  , I , = k l "  , I, = k2'\ and I, = k . 
The hypothesis tested in the experiments is that these catastrophe theory predlctlons are correct. 

3.1.2 Large number of contributors 
When the number of contributors is large, which corresponds to receive1 locations tar from the rough surface, 
the real and imaginary components of the complex amplitude pressure become Gauss~an d~stributed Gausslan 
quadrature fields imply an ampl~tude, Id, that obeys a Rayleigh probability density tunct~on [7] The result~ng 
lntenslty d l s t r~but~on  will obey a negative exponential probability density tunct~on (PDF) The probability den- 
sity function of lntenslty becomes the exponent~al d l s t r~but~on  
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By knowing that a random process whose quadrature fields obey Gaussian statistics yields an exponential intensity PDF, 
a means of checking if a random process is Gaussian is evident: If the measured intensity PDF is not consistent with the 
predicted exponential PDF then this suggests that the process is not Gaussian. This is important because the focusing dis- 
cussed previously is highly non-Gaussian. As such if the wave field is being dominated by caustics then the measured in- 
tensity PDF should not be in agreement with (17). 

In addition, the moments for the exponential distribution are known to be [8] 

thus giving normalized moments of 

I,,, =m!. (19) 

Clearly (19) has no frequency dependence in ~t and thus does not d~verge  as k + m T h ~ s  1s In dlrect contradlc- 
tlon of the predlct~ons uslng (6) so the lnteractlon of the number of contr~butors I S  clearly ~mportant. 

3.2 Measurements 
The results for four data runs are shown in Figure 3. The specifics for each of the data sets are in Table 1 .  

Set X, range (m) Z, range (m) Number of Frequencies used (kHz)  
sampled 
points 

1 0.1 -> 1.35 0.20 -s 0.21 2505 95 125 275 

Table 1: Experimental conditions for twinkling exponent measurements 

2 3 3 4 4 5 5 
Moment m 

Figure 3 The results for the twinkling exponents vs. moment number for the four data sets. The line shows the 
theoretical prediction ( 13) for the told case. 

Since part of the work involved an improved numerical technique based on(l) .  the resulting computer simulation 
code was also tested for similar regions of interest as the experimental regions. The two experimental sets la- 
beled 3 & 4 in Figure 3 were used as the basis for simulation runs I & 2. The results for the simulation runs are 
shown in Figure 4.  The region scanned in data set 3 (4) is labeled as silnulation 1 (2). The frequencies in 
simulation 2 are the same as for those used in data set 4.  Due to computer time constraints, simulation I, used 
only the lowest three frequencies from the experiment and the simulated region was reduced slightly. 
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Figure 4 The results for the twinkling exponents vs. moment number for the two computer simulation sets. The 
simulation was an implementation of ( I ) .  The line shows the theoretical prediction for the fold case based on 
(13). 

4. Extraction of distance dependence for I2 
A separate set of experiments was performed to test the prediction that the second moment behavior depended 
upon distance from the surface as well as number of echoes. For these experiments, the pulses used were those 
with the long unit amplitude envelope shown earlier. These pulses were long enough that the various echoes 
could interfere with each other and allow the recovery of the Gaussian wavefield moments. 

For both the experimental data and the simulation data (shown in Figure 5 ) .  the second moments started out be- 
low the Gaussian limit of 2! and grew as the region of the cusps was encountered. After reaching a maximum, 
the value would begin to decrease with distance. For the short pulses, the value would decrease below the 2! 
limit. For the long pulses, the value would settle near 2! at approximately 30 cm from the surface. 

The experimental conditions are show in Table 2. 

X,. range (rn) Z, values (rn)  Short Pulse Long Pul\e 

0.1 -> 1.4 0.035 0.06 0.2 200 k H z  200 kHz 
0.04 0.07 0.25 6 cycles 30 cyclec 
0.045 0.08 0.3 
0.05 0.1 0.4 
0.055 0.15 0.5 

Table 2: Experimental conditions for Gaussian recovery measurements. 

5. Conclusions 
In a caustic dominated wavefield, the higher order moments of the intensity ( m  > 2 )  were found to increase as 
the wave number to an exponent as predicted by theory. High-frequency approximations based on catastrophe 
theory were demonstrated to give physical insight into the non-Gaussian behavior of the intensity statistics in the 
caustic dominated portion of the wavefield. It also explains the transition to the classical Gaussian result for 
regions where the number of ray contributors is large. 

The effort documented here was carried out after a forward scattering experiment off of the arctic ice canopy [9] 
revealed merging of echoes. The results are relevant to other rough surfaces or volume propagation through in- 
homogeneities if these problems are dominated by large scale (relative to the acoustic wavelength) features. For 
surfaces with both large and small scale features further research is needed to understand how the small scale 
features effect the wavefield and thus the higher order moments of the scattered intensity. 
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Figure 5 The normalized second moment as a function of distance from the surface. The Gaussian limit of 2! is 
shown for reference. Panels (a) data and (b) simulation are for the short pulse. Panels (c) data and (d) simula- 
tion are for the long pulse. 
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Abstract 
A new method of wavefront curvature passzve rangzng rs zntroduced that zs baser1 on a iiiodel-briretl approach The 
szgnal and measurement systems are placed znto state-space form, thereby nllotvzng the zrnknorun pamineters of 
the model, such as the stgnal beanng, mnge, and source frequency to be ~ s t z i i ~ a t ~ d  by aiz mtetzded Iialinan filter. 
Sznc.5 the processor treats the parametel-s of rnteiest as tinknown paiametti s to b~ f\hmated. t h ~ i f  zs no erjdzczt 
beamformer structure. After a theoretzcal exposztzon of the underlyrng tlzeorrl. The performatzct of the processor zs 
evaluated wzth syntheszzed data sets. The results zndzcate that the method 1.9 o highly effectlot- clppi-oach 

1. Introduction 
Recent studies in ocean acoustic model based processing (MBP) have shown it to be a very rffective technique, 
since it allows the introduction of the signal and propagation models directly into the signal proccsslng structure In 
a self-consistent manner. The approach is based on casting the problem into state-bpare form There are basically 
two sets of equations in the MBP representat~on: the state equat~ons themselves, and the ~neasurenlent equations, 
which relate the states to  the actual measured quantities. In the stocha.st~c case, a Gauss-Markov representat~on 
evolves, whlch allows the inclusion of both the measurement noise and the state or "process" 1101se as second-order 
statistical models. Once this framework is estabhshed, it is possible to ~nbest~gate orran aconstlc s~gnal processing 
problems in a very general way, since full advantage can be taken of exlst~ng systems theorj (r.g , observab~l~ty, 
identifiability) and techniques (Kalman state est~mators) to character~ze a recursive processol which const~tutes 
a min~mum-variance, adaptlve est~mator [I-41 That is, the so-called innovation zequenl:e, which 1s automat~cally 
generated by the Kalman filter, allows the performance of the model to be monitorecl, wh~le dt the same time 
Kalman estimators can be ut~lized on-lme to continuously update nloclel param~ters, zuch as the qound speed 
profile, thus makmg great inroads into the so-called m7smatch problem 1.51 

In t h ~ s  study we shall conslder the problem of estimat~ng the range, Ibearlng, nntl ~ou tc r  frequency of a ilarrow 
band source wlth a towed array In the next sectioil we shall for~nulate thc prol>lem uncle1 the assu~nption that 
the slgnal at  the array can be modeled as a c~rcl~lar wavefront [6] Thu permlls th t  tmle delay between a glven 
hydrophone and the circular wavefront to be expressed as a function of the hydrophone'z p o s ~ t ~ o ~ l  as a function of 
tlme. This formulation IS then put ~ n t o  state space form T h ~ s  leads to appros~mate mllllmunl varlallce est~mates 
of the parameters These estimators take the for111 of an extended I<alinan Alter 

The formulation of the model IS given in the next sectlon. This is followecl Ily tlir state qpace forin of the 
processor in Sect~on 3. Section 4 evaluates the performance of the proreszor rtsi~lg synthetir data and the last 
section contains a d~scussion of the results. 

2. Circular Wavefront Model 
The geometry and kinematics are depicted in Figure 1 where a slngle hydrophone 13 (-on.;~cIered 'The lmt~al  bear~ng 
6'0, and initial range, ro are related to the instantaneous range ~ ( 1 )  I > J ~  the law of coanles That IS 
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f source radiating 

phone moving at speed 
v located at x(t) 

0' 
L 

Figure 1: Geometry of example scenario 

r2(1) = r; + x2( t )  - 2r0x(t)sin8n. 

The difference between ro and the range at  time t ,  denoted by 6, is 

Thus, the travel time from the hydrophone position and the wavefront is 

where c is the speed of sound. 
Now consider an N element array where the first hydrophone is locatetl at the ongm ( ~ ( 0 )  = 0) We denote 

the value of the travel time for the nth hydrophone as rn where rn = 6,/c and 

with the definitions 

and 

xn( t )  = xn(0) + vt.  (7) 
Here, v is the speed of motion of the nth hydrophone along the x a m ,  ant1 x,,(O) is the pos~tlo~l of the nth 
hydrophone at  t = 0. Although ~t 1s not necessary, for simplicity we shall assume the values of 1.0 and 0" to he the 
same for all hydrophones. This is equivalent to assuming that the apertule of thc array 1.. small rompared to the 
range of the source. 



3. State-Space Form 
In order to cast our problem ~ n t o  state space form, we define the state vector as [I.~, fll $01' The corresponding 
system equation is given by 

Assuming a narrow band source, the resulting measurement equation, wll~ch 1110dels the hydrophone outputs, is 

The fact that the propagator matrlx in (8) is zero means that the parameter vector IS henlg treated as a constant, 
i.e , there are no dynamcs to the system Since the measurement equation 1s nonl~near 111 the parameters of 
interest, it will be necessary to implement t l ~ e  so-called extended I<alman filter (ELF)  The EIiF represents the 
nonllnearit~es w ~ t h  a first order Taylor serles approximat~on The necessary d e r ~ x a t ~ v e ~  for this approx~n~ation are 
contained in the Jacobian matrix, which we denote as CJ, where 

a?-Q B f o  080 

C J  = 

Equat~ons 8, 9, and 10 c ompletely define the necessary equations to ~mplement the EIiF \Ve use the discrete 
form of the equat~ous and carry out the caluclat~ons on SSPACK [7] Thoze ~eacle~* ~ h o  ~nterrsted m the deta~ls 
of the ~mplementation of the EKF are directed to [ I ] .  

4. Performance Analysis 
The synthet~c tlme serles generated to test our algor~thm IS based on the soulre - leeelver ronfigurat~on clep~ctecl 111 
Flgure 1 Here, a stationary point source IS radlat~ng at  afrequencq fo = 51 0 H z  4lthough the techn~que IS clearly 
not l~mited to  h ~ g h  frequenc~es alone, we use a low frequency 111 our example for thr purpov of romputat~onal 
exped~ency. If the source were moving, the I<alman filter would trark the zloc111. cliangtng healing The rere~vlng 
array IS assumed to be movlng at speed v In the x d~rection. ro and 00 ale, ~espect~vel\ ,  the 1111t1al ( f  = 0) range 
and bearing of the source. In the following exan~ples, the true values of iy1 and $0 ale 2000 ~netels and 25' ~ ( t )  IS 

the instantaneous value of the range to the single hydrophone show11 111 t11~ Figule The towed array 13 assumed 
to have four hydrophones spaced at 15 meters lnovlng at a speed of 5 r n ~ t r l ~ J ~ e c  T h ~ s  const~tutes a phys~cal 
aperture of 45 meters Slace the apertu~e IS i11uch shorter than the lange 1 0  me >hall azruine that ~ . ( f ) ,  1.0, and 6'" 
are the same for all four hydrophones Although t h ~ s  assumption IS not necezsal! 11 i~mpl~fies the kinemat~cs of 
the example 

In F~gure 2, the est~mates of ro and BU for the case of 0 dB SNR alr ihonn Help, ~t 19 as,umed that the 
bearing 60 IS known a przorz It could he obta~ned, for example, from an 1111tlal allay bedrlllg measurenlent The 
Kalman filter was ~ n ~ t ~ a l ~ z e d  u ~ t h  a range of 3000 meters and a source frrcluenrv of 5 1  1 H :  .is ran he seen, the 
source frequency converged qulte rap~dly, whereas the range requ~red a full lulllute 111 F~gure 3, rvervth~ng IS the 
same as In F~gure 2 except that SNR has been ~ncreased to 10 dB Not sulpr~srngl\, the lange cstnnatr IS not only 
less "no~sy" but converges more rap~dly In F~gurc 4 ,  the source bear~ng 11 ah hren ~nr l~~cled  as an unknown. Thus 
the state vector IS as shown In Equat~on 8 whereas for the prevlous exampl~. the *rate vrctol conta~necl only 1.0 
and fo The source frequency was ln~t~al~zecl at  2 i 0  and, as can be seen the con\rlgenrr IS q u ~ t ~  rap~cl 

5. Discussion 
This study has shown that by assumlng a clrcular model for the wa\r fioi~t f o ~  the <~gnal model, a Iialman 
estimation scheme can prov~de a strnultaneous est~mate of the range, b e a ~ ~ n g  ant1 frccluelicy of ;rn aroust~r zource 
This approach has already been developed for a plane wave moclel [8], afl~ere it Bar s1101vn that the bear~ng and 
source frequency can be jointly estimated. The major advantage of thi< al11,loach 1s that ~t rx l~ l~ i -~ t ly  ~nrlucles the 
array motion in the slgnal model, thereby Improving the detect1011 and r , t ~ m a t ~ o l ~  I~chav~or 

An analysis of the performance bounds on a movlng array has b e ~ n  tliwtctl 111 thi. norkz of Sterg~opoulos 
[9] and Edelson [lo] 111 wh~ch it 1s concluded that the CRLB on the I~rarlng \<lllailce I* low~r  when thr source 
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frequency is known a priori. In particular, it can be shown that the ratio of the CRLB of the moving array to  
that of the same array when it is fixed is given by 

Here, D is the "dynamic aperture," i.e., the speed of motion of the array times the total t ~ m e ,  and L is the length 
of the physical aperture. As can be seen, there is the potential for a highly significant ~~nproveinent in performance 
since this ratio dramatically decreases as D increases. 

Heuristically, this improvement in performance arises from the fact that there 1s bear~ng ~nforlnation contained 
in the Doppler Consider a single hydrophone inoving at  speed v. Assu~n~ng that the source frequency wo is known, 
the observed (doppIer shifted) frequency is given by 

Thus, the bearlng angle B can be est~niated from the doppler shzft ~f the speed of mot1011 1s known What is 
important here is that t h ~ s  estimator of bearing uses information that is indrpenr lent  of any bearing information 
that would be obta~ned from an array beamformer, which does not expllc~tll~ ~nrlude the motion of the array 111 ~ t s  
algorithm. A fully populated array, then, has the potential to (1) estimate the sourcr frequency, (2) obta~n bearing 
information from the doppler on each hydrophone and (3) obtain bearing inforrnat~on from the finite aperture. In 
our example, t h ~ s  property of moving arrays haad provided the ability to est~lnate the range of an acoustic source at  
a distance of 2000 meters with an array whose physical aperture is only 45 meters, but whose sguthet~c aperture 
is several hundred feet for times on the order of a minute by introducing a circular wavefront model in place of 
the plane wave model. 
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Abstract 
There zs a consensus that hzgh-frepuency acortstzc scatterzng by the ocean bottom zs partly due to sedzment volurnetnc 
tnhomogenerttes, r e., mndom Juctuattons zn sedzment sound speed and denszty. lhderstandrng the spatzal dzstrzbu- 
utron and tempoml vanabrlzty of such rnhomogeneztres at the centzmeter scale 6s of great tmpo7 tance to modelzng 
and predzctzng sound zntemctzon wzth shallow water sedzments. Core data protrzde only sedzment tlarzabzlzty an 
depth, whzch zs not suflczent for determznzng sound scattering, sznce j7rictuatzons of sedzment parameters versus 
horizontal dzmenszons are also needed Efforts were made to measury sound speed and porosety vanabrlztzes of 
sedrments uszng technzques based on ocoustzc tomogruphy and mzcroelectrzc conductzvzty Whzle the results are 
stall prelzmznary, tt zs clear from the avazlable data that sedzment znhomogenezty zs a general phenomenon, and 
measurements such as those reported here wall make zt posstble to conduct unambzguous model-data comparrsons 
zn future hzgh-frequency bottom-scatterzng experzments. 

1. Introduction 
Natural sedimentation processes make sediment parameters, such as the co~llpress~onal and shear speeds, denslty, 
and attenuat~on coefficients, deviate from stratification in a random fashlon, and such dev~at~ons  will cause sound 
to scatter. Convent~onally, these deviations are d~vided Into two categories water-bottom Interface roughness and 
sediment volume inhomogeneities, wh~ch include all var~abilities other than the roughness While the roughness 
issue has been extensively studied both theoretically and exper~mentally, it IS only relat~vely leceiltly that scatterlng 
by volume inhomogene~tles has started to receive serious attention T h ~ s  paper IS devoted to the Issues concerning 
the measurement of volume ~nhomogeneit~es In sediments. While rocks, shell pieces, and gas bubbles 111 sediments 
can be significant contnhutors to scattering, they should be studied as separate sub~ects We confine the d~scussion 
in this paper to scatterlng due to the fluctuating medium parameters of the bottom 

Since it is impractical to measure the details of the sediment volume ~nhomogene~tler determn~~st~cally,  to study 
sediment volume scattering, a statistical approach is often used to study tile avelage 1nten91ty of the scattered 
sound. References on model~ng sediment volume scattering can be found in [I]-[7] These models are based on a 
first-order perturbatlon approximat~on of the wave equation, and the sediment 1s assumed to be a flu~d medium. 
Recently, Ivakin and Jackson [8] showed that for a sedimented bottom, a flu~d nlodel IS an excellent approximation 
in treating scatterlng problems When the sediment is modeled as a Auld mechum, there are three acoustic 
parameters that determine the scattering process They are the sediment sound speed, dens~ty, and attenuation 
coefficient. While ~t is not certain that the attenuation coefficient is a constant over space for a given frequency, ~t 
is potentially a scatterer. However, since attenuation manifests ~tself in the wave ~ q u a t ~ o n  as the Imaginary part 
of the wavenumber for a given frequency, and it IS known that the ~maglnary part of the wavenumber 1s much 
smaller than the real part for almost all sed~ments concerned, scattering due to the random fluctuat~on of the 
attenuation coefficient is a second-order effect at  best compared with that due to the fluctuat~ons of sound speed 
and density. Thus, the sound speed and density are the only parameters left to be determined. If we assume 
that the sound speed and density fluctuate randomly in three-dimens~onal space around thelr mean profiles, the 
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first-order scatter~ng cross section 1s completely determined if the auto- and cross-correlat~on funct~ons of the two 
random quan t~ t~es  are known [l ,  41 In order to compare measured 111gh-frequent! acatter~ng strengths to model 
predications, ~t 1s essential to have measurements of these correlat~on funct~ons that ale accurate to sub-wavelength 
scales. These correlation funct~ons could be est~mated from core data. But rores prov~de only depth ~nformation; 
estimation of correlat~on functions from such cores can result In error because (1) varlab~l~ties III depth can be due 
to fine, flat layering, which does not cause scatter~ng, and (2) the statlst~cal character~st~cs of variab~hty In the 
horizontal direct~on can be quite different from those in depth In the follow~ng, t s o  efforts a~med  at  prov~ding 
horizontal, as  we11 as depth, data for estimating the correlation functions of sound speed and deusity In sedinlents 
are presented. The sect~on on sediment microconductivity presents a method to measure poros~tj fluctuations, and 
therefrom, density fluctuations The section on acoustic tomography presents a method for measuring sedlment 
sound speed variability 

2. Sediment Microconductivity 
Seawater 1s a conducting medium whereas the sed~ment solids themselves usually are nlade of 11oorly conduct~ng 
materials. Thus, sed~ment electric conduct~v~ty, or equivalently its rec~procal, resist~v~ty, 1s a mrasure of sed~ment 
poros~ty When sedlment porosity 1s known, sed~ment density can be ohtalnecl fiorn the cIr~~=,~tlen, of the seawater 
and the sediment grams, quantit~es that are relat~vely easy to measure Archie [i)] proposed the following erllpirical 
relationsh~p between conductiv~ty and poros~ty. 

where q5 is porosity, F is a "formation" factor which is the ratio of the conduct~vity of the ~ n t e r s t ~ t ~ a l  water, c,,,, to 
that of the sediment, c,,  and the parameter n is a constant depend~ng on the type of the sed~ment I ~ e ~ n g  measured 
Later, in order to better fit data, Archie's formula was mod~fied to include an add~ t~ona l  parameter, a ,  which 
depends on the distribution of sediment part~cle sizes [lo]: 

It can be understood that the conduct~v~ty of sediments depends on the shape and pack~ng btrncture of the 
sediment grams because they mll dec~de the passageways for charges to go thlougli For >ed~ments made of 
ident~cal spher~cal part~cles, there IS a theoret~cal predicat~on of the relat~on between p o ~ o s ~ t y  and condnctlv~ty 
[Ill. However, theoret~cal relat~ons are not ava~lable for real sediments ow~ng to the cornplex~ty of the gram slze 
compos~t~on and packmg. In pract~ce, the constants n and a are determn~ed usnlg an ~nrlependent method for 
each sed~ment 

Conventional conduct~v~ty probes consist of a s~ngle sensor wll~cl~ can meazure cond~irt~vlty verrus depth [I21 
In order to measure dens~ty var~ab~lity In the horizontal as well as in depth, we are developing a mu1t1-sensor 
conductiv~ty probe F~gure 1 1s a schematic of the probe system It cons1st5 of 16 equally spa(-ad (1 cm), lclent~cal 
probe t ~ p s  made of platinum spheres w ~ t h  a d~arneter of 0 6 mm, wh1c11 ensules that the spatlal irsolution of each 
t ~ p  w~l l  be better than 1 m3 By mechan~cally controll~ng the penetration depth of the probe mto the sediments, 
we w~l l  be able to obta~n a two-dimensional data set of sed~ment concluct~v~tv, ant1 f i on~  that an c3tlmatlon of the 
two-d~mensional vanab~hty of the sed~ment poronty uslng (2) The system has bean tested and cahbrated In the 
laboratory uslng shallow-water sed~ment samples obta~ned from Lores First, the concluctiv~tp of sed~ment samples 
and that of the overlay~ng water were measured using the probe, and the po~os~ ty  of the s ampl~s  was es t~~nated  
using (2) The porosity of the samples was also measured ~ndependently by \%e~gh~ng the samples wh~le wet and 
after drymg. Ow~ng to space I ~ m ~ t a t ~ o n s ,  we w~ll  not give the deta~ls of the ca l~bra t~on procesz 111 tlns paper 

We have used t h ~ s  probe to  measure the conductiv~ty of a few sed~ment roles obta~necl off the Northern 
Californ~a coast In the summer of 1996 F~gure 2a IS one example of the n~rasnled data The figure shows the 
reciprocal of the format~on factor, or the ratlo of sediment conduct~v~ty to that of overlay~ng wa te~ ,  plotted against 
depth for the 16 channels The result 1s un~ ty  clur~ng the first few m~lllnieter\, ~ n d ~ c a t ~ n g  the p~obe  was ineasurlng 
the seawater just above the sed~ment The sediment conduct~vity decrrazes clu~chly over depth m the uext few 
millimeters and then stabilizes Since there are 16 channels on the probe, lhr hor~zontal v a r ~ a b ~ l ~ t y  IS obta~ned 
over a width of 15 cm F~gure 2b shows the mean profile of the conduct~v~ty averaged over the 16 channels and the 
mean porosity profile est~mated from the mean conduct~vity profile The paramete~s used to convert conduct~vity 
to porosity were taken from [I31 based on emp~r~ca l  data One of the aclvnntagc> of llavnig two-d~mens~onal data 
is that we can estlmate the depth-dependent mean profiles as shown herc I.er thc t ~ o  cl~men,~onal poros~ty data 
be p ( z ,  z )  and the mean porosity profile be P ( t )  = (p(x, z ) ) ,  we define the noimahzed flurtuat~on cl, as 
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Figure 1: Configuration of the Conductivit,)r Probe 

[a) Two-dimensional data (b) Mean profiles 

Figure 2: Example of 2-D conduct~vity data and mean profiles averaged across all 16 channels; core u70. 

As stated in the Introduction, this is one of the two quantities for which we want to estimate the spectra 
One of the interesting questions is whether cp  is spatially stationary. Since the mean profile is depth dependent, 

the stationarity oft,, over depth is of special concern. Figure 3 shows three different sets of poros~ty variability 
data. There is no apparent depth or horizontal dependence in any of the three Therefore we conclude that in 
these particular sets of data the porosity variability is spatially stationary. When a random process is stationary, its 
correlation function depends only on the difference coordinates, and its power spectrum IS the quantity that is the 
input to first-order scattering models [I]. Next, we estimate the two-dimens~onal power spectrum of cp. The power 
spectrum is obtained by averaging the square of the absolute value of the Fourier transform from all data sets. 
Figure 4 is the estimated power spectrum. In this particular case, the two-dlmens~onal power spect,rum is isotropic 
Hence, assuming that the three-dimensional power spectrum is isotropic in the horizontal d~mensions as well, we 
can estimate i t  through its onedimensional power spectrum [14] Figure 5 shows an averaged one-dimensional 
power spectrum and a fit to a power-law spectrum of the form. 
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Figure 3: Porosity variability, en, data of three cores, u70, o70h, and s60hw. 

Figure 4: Two-dimedona1 power spectrum obtained from averaging multiple core data. 

where wl = 1.1 x lov6 and r n l  = 1.7. Based on this result, the isotropic three-dimensional power spectrum is 

with ws = 2.9 x and ma = 3 7 Here we have demonstrated the capabil~ties of the sediment microconductivity 
probe in providing data for estimating the sediment porosity power spectrum Wlnle encouraging, we emphasize 
that these results are preliminary and a field verslon of the probe 1s yet to be built that will be able to provide an 
srtu data. 

3. Acoustic Tomography 
Now we shift our attention to sound speed measurement. In order to measure zn sztu sediment sound speed 
variability in both horizontal and depth dimensions, acoustic tomography is a natural cho~ce Yamamoto [14] has 
conducted a series of tomographic measurements. Here we present an acoustic tomographic system specifically 
designed to measure an srtu sediment sound-speed variabilities to support modeling of high-frequency bottom- 
scattering work. 

The tn srtu sediment acoustic imaging system consists of an array of needle-11ke probes that can be pressed 
into the sediment, where each probe is a vertical line array of acoustic transducers The current system conslsts 
of three identical probes attached to a sturdy frame and connected to a subsea electronics pressure housing. Two 
probes are oriented vertically and pressed into the sediment about 1 m apart, the t h ~ r d  is orlented horizontally, just 
above the seafloor, between the two vertical probes (see Figure 6). Since these probes are all aligned on a common 
plane, the current system is capable of only two-dimensional imaging Eventually, more probes may be added to 
obtain three dimensional data. Each probe contains 20 acoustic transducers, arianged as a l ~ n e  array with 5-cm 
spacing. Thus the active area 1s approx~mately 1 m long on each side Each transducer in every probe 1s capable 
of both transmit and receive. An internal multiplexer in the probe is used to select a single transducer so that the 
number of wires in the cabling IS minimized. The probes are connected to the subsea electroillcs module which 



Figure 5. One+dimensional power spectrum in depth and a fit to a power-law spect,ruin. 

Figure 6: Configuration of the sediment tomography probe system 

contains a transmitter, a receiver, and a microcontroller for multiplexer and gain control. A multi-conductor cable 
extends to t,he surface. This cable connects to a PC via an analog input for data acquisition and to a serial port 
for multiplexer control. A small power supply is the only other surface equipment requlred to operate the subsea 
electronics. Individual transducers are selected by the PC software for transmit and receive, and a ping is initiated. 
This design allows 1200 direct raypaths between pairs of transducers and receivers Figure 7 demonstrates some 
of the ray paths crisscross the 1 m2 area. 

I .  I 
YI 0 M 

HORIZONTAL DISTANCE (om) 

Figure 7: Sample ray paths of the sediment ton~ograplnr system. 
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All possible raypath combinations between the probes are sequentially ~nterrogated. The objective is to accu- 
rately estimate the travel time from transmit to receive on each ray path. Data are aclqulred by an analog-to-digital 
data acquisition board plugged into the PC. A Windows based application program has been wr~tten to control 
the multiplexer for transducer selection and to acquire and store the raw sonar data The resulting set of average 
sound velocities forms the input to the tomography processing algorithm. 

The transducers used are free-flooded cylinders, with a resonant frequency of 100 kHz and a bandwidth of 
approximately 40 kHz. These cylinders have a torroidal beam pattern, and therefore are oriented with their 
longitudinal axes perpendicular to that of the probe itself, so that then beam patterns arc aligned with the 
imaging plane. The elements are potted in polyurethane and suspended between two high-strength steel stiffening 
bars. The diameter of the probe is 1.5 in., expanded slightly at  the top to accommodate the interface circuitry 
and connector pigtail. A long, thin printed circuit board extends along the entire length of the probe, outside of 
one of the steel bars. Also encapsulated in the polyurethane is a stainless steel tube connected to the probe tip to 
allow use of a water jet for assistance in penetrating difficult sediment. 

One experiment was conducted a t  the Hadley Harbor near Woods Hole, Massachusetts, on November 15, 1996, 
on the vessel Asterras belonging to the Woods Hole Oceanographic Institution. First, a set of calibration data 
were obtained when the entire system was in the water column. Then two d~vers guided the system into sediments. 
There were two deployments about a mile apart, both in soft clay sediments The probe systenl worked flawlessly 
and easily penetrated into the sediment at these muddy sites without use of the water jet. Althongh we could not 
tell the difference between the two srtes by v~sually examining the sediment samples, the first location allowed little 
sound transmission, whereas the second provided clear data with better qual~ty than expected It is hypothesized 
that large amount of gas might have been present at the first location so sound waves were prevented from going 
through the 1 m course. However, further measurement is needed to verify this hypothesis. 

Figure 8 shows some selected channels of time-series data. In this figure, the transm~tter is the tenth element 
from the bottom on the left vert~cal probe, and the receivers are all the 20 hydrophones on the other vertical 
probe. On the left is a set of calibrat~on data recorded when the system was suspended in the water column. On 
the right are actual time series on the hydrophones corresponding to those as on the left. The s~gnal gain was 8 
and the signal level in the figure was normalized, with the highest channel havmg a value of 100. Signal levels in 
other channels relative to the highest one are given in the figure on the right. The normalization factor is 2.13. 
The arrival-time changes relative to the calibration data were picked up and used in a back-projection algorithm 
to invert for the sound speed in the sediment. Figure 9 is the inverted sound-speed image. 
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Figure 8: Field experiment time series. (left) calibration data; (right) data measured in the sed~ment 

The pixel slze of the image 1s 5 cm by 5 cm. The mean sound speed 1s 1480 m/s The vanab~l~ty  1s moderate In 
the upper half meter, whereas the lower half shows large var~abil~ties An exam~nat~on of t ~ m e  ser~es such as those 
shown in Figure 8 reveals that, In addition to the direct arrivals, there are mult~ple later arr~vals with conwderable 
amplitude. Clearly they are the result of forward scatter~ng due to the presence of yet unknown sratterers Further, 
note that the amplitudes of the direct arrivals on the lower hydrophones are cons~derably smaller than those on 
the upper ones, indicating a strong attenuating mechanism a t  work. It is known that when gas is present. the 
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Figure 9: Inverted two-dimensional sound speed variation from hid data. 

effective sound speed will be markedly reduced. Indeed, in the lower half of the image, the inverted sediment 
sound s p e d  is much l~wer than that in the water column. Therefore, we hypothesize that there was g w  prwnt  
in the sediment. From the arrival amplitudes, we estimated the attenuation coefficient M a function of depth. 
The result is givm in Figure 10. Since in the estimation we used the amplitudes of the first arriving peak, and 
the transmitted signal k an apchirp starting at 80 kHa, the attenuatbn coeficient is that a t  80 k& only. While 
the attenuation coefficient is about 25 dB/m in the upper half, a common value for tkis type of clay sediment, 
it jumps to 65 dB/m in the lower half. At two of the hydrophones, the first arrivals were so small that we could 
not reliably estimate the amplitude at all. Such a high attenuation coefficient is raze acept  when gas is present. 
To verify the presence of gas, a new experiment will be conducted at the same site in the next phase along with 
coring and gas-catching measwements. 

Figure 10: Estimated attenuation coefficient versus depth from field data. 

4. Discussion 
Two major issues need to be worked on concerning the conductivity probe. The first is the frailty of the tips of 
the probe. While the remlution requirement forces the tips to be small, it is mechanically difficult tcp make its 
structure sturdy enough to withstand repeated field deployment. The seeon$ issue is on averting cenductivity 
to porosity. Althaugh empirical relations such as (2) have been used extensively, a systematic verification of their 
applicability is yet ta be done. Finding the relation between the conductivity and the tortuosity of the sediments 
in addition to porosity would also be potentially fruitful. 

While the tomographic instrument works as designed, an increase in its spatial resolution would be desirable. 
Currently, its resolution is about 5 cm, too coarse compared with that of the conductivity probe, which is 1 cm. 
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As a result, we cannot resolve the issue of the cross correlat~on between sound rpeed and dens~ty In add~tion, 
deployment of this system in sandy sediments remains to be tested. 

In summary, we have developed two systems for the purpose of support~ng modeli~ig of h~gli-frequency bot- 
tom scattering by sediment volume inhomogeneities. With such instruments, two-d~mens~oual data on sediment 
variabilities can be obtained, and a model-data comparison with no free parameters IS poss~ble Condoct~ng a 
comprehensive high-frequency bottom-scattering experiment along with ~~leasure~iie~its of the e n v ~ r o ~ u ~ ~ e ~ ~ t a l  pa- 
rameters using such instruments as described here, a clear understanding of the hottoin scatter~ng process can be 
expected. 

Acknowledgments 

The following people made major contribut~ons to the conductivity probe Ned L B ~ o n n ,  Jia-Qin Zhang of the 
Woods Hole Oceanograph~c Ins t~tut~on,  aud Daniel G Fr~sk of MIT who was u o ~ h ~ n g  uncle1 a ruinmei ieseaich 
program at WHOI Dr Robert A Wheatcroft prov~ded the core data for ineaslring conclucti\ ity 

Dr Dezhang Chu, Thomas A Austin, aiid Alan A H~nton of WHOI ale the priilc~ple r-o-worhers on the 
tomograph~c system 

T h ~ s  work has been supported by the Office of Naval Research 

References 

[I] Jackson, D. R , K B Bnggs, I< L Williams, and M D R~chardson. 'Testr of model.; f o ~  h~gh-frequency 
seafloor backscatter," IEEE J Oceanzc Engzneerzng, vol 21, No 4. pp 458-470. October 1996 

[2] A. P. Lyons, A. L Anderson, and F. S. Dwan, "Acoustic scatter~ng from the seafloor hloclehng and data 
comparison," J. Acoust Soc. Am., vol. 95, pp. 2441-2451, May 1994. 

[3] Jackson, D. R. and I<. B. Briggs, "High-frequency bottom backscatt,ering: Roughness versns sediment, volume 
scattering," J. Acoust. Soc. Am., vol. 92, pp. 962-977, August 1992. 

[4] P. D. Mourad and D. R. Jackson, "H~gh frequency sonar equatlon models for bottom bach*catter and forward 
loss," Proc. OCEANS '89, IEEE vol 4, pp 1168-1175, September 1980 

[5] D. R. Jackson, D P W~nebrenner, A. Ish~maru, "Appl~cat~on of the composite roughness model to h~gh- 
frequency bottom scattering," J Acoust. Soc. Am., vol. 79, pp 1410-1422, RIay 1086 

[6] An. N. Ivakin and yu P. Lysanov, "Theory of underwater sound scatter~ng by random ~iihomogene~ties of 
the bottom." Soo, Phy Acoust., vol. 27, pp. 81-64, 1981 

[7] P C. Hineu, "Theoret~cal model of acoust~c backscattering from a smooth h~abed, '  J iltoust Soc Am , vol 
88, pp. 325-334, July 1990 

[8] A. N. Ivakin and D R Jackson, unpublished (submitted to J. Acozlst. ,$'or d9n ) 

[9] G. E Archie, "The electr~cal r e s ~ s t ~ v ~ t y  log as an aid In determ~n~ng some reserxorr chalacteristics," Trnns 
AIME, vol 146, pp 54-62, 1942 

[lo] V N Dakhnov, "Geophys~cal well logg~ng," Quarterly of the Coloiodo Yrhool of hltnts pp 57, 1962 

[ l l ]  P. N Sen, C. Scala, and M. H Cohen, "A self-similar model for sedimentary rocks w ~ t h  appl~cat~on to the 
dielectric constant of fused glass beads," Geophystcs, vol. 46, pp 781-795. May 1981 

[12] D. Andrews and A Bennett, "Measurements of d~ffus~v~ty  near the sed~ment-water ~nterface w ~ t h  a fine-5cale 
r e s ~ s t ~ v ~ t y  probe,' Geochtmtca et Cosmochzmzca ACTA, vol 45, pp 2169-2175, 1981 

[13] R. H Bennett et a l ,  "Geoacoust~c and geolog~cal character~zat~on of surfar~al lilarlne sed~ments by In s ~ t u  
probe and remote sensln'g techniques," In CRC handbook of Geophyszcal Explolcltzon at ,>'ecr, 2nd Ed , R A 
Geyer, Editor, CRC Press, Boca Raton, FL, pp. 295-350, 1992 

[14] T. Yamamoto. "Velocity variabilities and other physical properties of lnarlne secl~ments measured by crosswell 
acoustic tomography," J. Acoust. Soc. Am., vol. 98, pp. 2235-2248, October 1995 



Effects of Sea Bed Structure on High Frequency Acoustic Reverberation 
in Shallow Water 

Heidi A. Terrill-Stolper, Roger W. Meredith 
Naval Research Laboratory 
Bldg. 1005, Code 7174 
Stennis Space Center, MS 39529 
Email: terrill@zoe.nrlssc.navy.mil, meredith@vixen.nrlssc.navy.mil 

and 

Melvin D. Wagstaff 
Planning Systems, Inc. 
115 Christian Lane 
Slidell, LA 70458 
Email: mel-wagstaff@psislidell.com 

Abstract 

Although undoubtedly sea bed structures, patterns, and composition affect the reverberation of high-frequency acoustic 
energy, the extent of their influence is not well known. The effects of varying selected bedform parameters for sandy sea 
floors in shallow water at two depths are modeled. Visible changes are observed for different bedform patterns and 
sandwuvelength changes of -0.5 m. Changes of 0.05 in the sand wave height-to-length ratio are statistically detectable. 

1 .  Introduction 
One of the challenges in sonar operation is identifying the signature of a real "target" in the clutter produced by the environ- 
ment. The sea floor, including material, structure and pattern, is one source of environmental clutter Furthermore, in ad- 
dition to background interference, variability of the sea floor structure and parameters can produce constructive Interference, 
or "false" targets, that mimic real targets. 

The purpose of this research is to help characterize the effects of bathymetry on general sonar operations and, specifi- 
cally, in mine hunting tasks. This includes investigating the types of sea bed parameters that lead to the production of 
false targets, assessing the role of bathymetry in target fading of mine hunting sonars, and determining if range dependent 
bathymetry is relevant to mlne hunting sonars. A full understanding also requires a general assessment of how bathymetry 
affects the statistical variability of bottom reverberation. 

2. Method 
2.1. Bathymetry Model 
Observations have shown that sand covered regions of the sea floor are relatively dynamlc with wave- or current-generated 
bedforms occurring from depths of a few centimeters near a beach to as much as 200 m on the continental shelf [I]. Wave 
generated sand waves are generally symmetric, having patterns classified as long-, intermediate-, and short-crested, brick, 
and random. Current or wave-current generated sand wave patterns include long crested, wavy (sinuous), cuspate, linguoid, 
as well as asymmetric versions of the wave generated sand waves. 

The bathymetry-generation model developed for this study allows for choice of symmetric or asymmetric sand waves, 
maximum sand wave height, h, and length, h, sand wave pattern (currently, choice5 are long-crested, short-crested, and 
random), and orientation of the sand wave pattern with respect to the primary observation direction. Although it is 
possible to combine several overlying sand bedforms (i.e., sand ripples formed on larger sand waves or dunes, andlor a 
sloping bed), these features have not been implemented in the present study. 

The sand wave height equations used to generate the symmetric (wave-generated) and asymmetric (primarily current-gen- 
erated) bedforms are modified from the equation given in Sleath [2] for symmetric sand ripples For symmetric sand waves, 
the equation was modified to have the sand wave height run from zero to a maximum desired sand wave height, and the 
equation for 5 was abbreviated to first order. In the symmetric sand wave case the equation for sand wave helght, y, is 
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L 
where h is the maximum sand wave height, k is the wave number, and x is the range along the beam path. 

In the asymmetric case, the equation was modified by the addition of a phase angle, 9; all other parameters are un- 
changed. The value of 4 determines the extent of the asymmetry. Calibration of the phase factor to the symmetry parame- 
ter is not yet complete, therefore no determination as to the affect of the symmetry parameter on the reverberation has been 
attempted. Furthermore, some of the sand waves that have been classified as asymmetric may be either essentially sym- 
metric or unrealistic since selection of the phase factor in the present study was random. The asymrnetrlc sand wave equa- 
tion is 

- 
Each bathyrnetry generated has a bullt-ln random factor. For the long-crested sand waves, thls 1s a randomly selected 

phase shift. In the symmetric case, the phase shlft IS implicitly included in value of x, alter~ng the startlng polnt on but 
not the shape of the sand wave profile It is separated explicitly as the phase factor, 4, for the asymrnetrlc case Figure I 
(a,-b.) shows the effect of the phase shift on the shape of the sand wave profile F~gure la IS a 10 m wavelength, symmet- 
ric sand wave, as defined by ( I ) ,  with a phase shift of 90°, or 2.5 m, lmpllcltly Included In the value of x Figure Ib. 
shows the same sand wave with the phase shift now explicitly included as the factor 4 in (3) Defin~ng the direction of in- 
creasing range towards the shore, this sand wave has a symmetry parameter of 325, as defined by Inman [3 ]  

Short-crested sand waves, defined by Inman [3 ]  as sand waves having crest lengths between 1 and 3 h, are all started in 
the trough, with the crest length and position along the crest determined randomly for each successwe sand wave. If the 
randomly selected position on the sand wave is within 0 25h of either end of the crest, then the sand wave amplitude, h, is 
linearly interpolated from between 0 and the selected wave height coordinated with the dlstance from the end of the crest. 
Figure Ic. demonstrates the effect of this random variation in sand wave ampl~tude along a single radial 

' t, 0 I ' , ,  I I 1 

0 5 10 15 2 0 
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Figure I : Comparison of long-crested, (a.) symmetric and (b.) asymmetric sand wave profiles with a phase shift, I$, of 90° 
and (c.) short-crested, symmetric sand wave profile. Sand wavelength is 10 m, height-to-length ratio is .21. 

2.2 .  The Reverberation Imaging Program (RIP) 
The Reverberation Imaging Program (RIP) 141 uses a modified ray trace model trom the Naval Research Laboratory (NRL) 
range-dependent active system prediction (RASP) model 151. Input for the model includes sound speed profiles for each 
beam path, sonar data, bathymetry files, and sea floor material, with choices ranging from mud to rock. Other environmen- 
tal data, such as the surface, bottom, and volume loss and scatter may be user supplied or based on standardized models. 
The model calculates a one dimensional directional derivative along each beam pathway by linearly interpolating between 



successive bathymetry points for use in determining the backscatter from a ray impact point. Model output consists of 
reverberation level versus time step. 

2.3. Modeled Sonar and Environment 
The sonar parameters including pulse length, frequency, and source level (dB re I microPdHz) are based on the SQQ- 14 
sonar. The sonar is placed at a depth of 20 m, with a 5O down tilt. The vertical profile is "standardized," with rays traced 
out to +88 degrees from the sonar center with an interval of one ray every l o  for angles greater (less) than +21° (-21'). 
from +14O (-140) to +21° (-210) with an interval of one ray every 0.2O, and from +14O to -14O with an interval of one ray 
every O.lO. The pulse length is 0.001 seconds, the center frequency is 80 kHz, and the source level is 224.0 dB re I 
microPa/Hz. Although the RIP program takes as input specific sonar parameters, the output is the reverberation off the sea 
floor, not the traditional sonar screen output. 

The modeled environment consists of a typical shallow water summer sound speed profile (ssp), modified from a real 
summer ssp measured near Panama City, Florida. The ocean surface is assumed to be flat. Surface, bottom, and volume 
loss are based on standard models. The sea floor sand is taken to be medium grained sand over the total range for all beams. 
The same sound speed profile was used in RIP for each beam path. This ssp was measured at intervals of approximately I 
meter to a depth of 30 m. RIP runs are made at depths of 35 and 100 m. Consequently, the measured sound speed profile 
was modified by changing the depth of the last measured value to 100 m, making it appropriate for use at both the model 
depths. This modification is reasonable for the 35 m depth, since the water temperature, salinity, and pressure are unlikely 
to have changed significantly over 5 m. However, this is not necessarily the case for the 100 m depth. It is estimated, 
using the sound speed equation from Clay and Medwin [6], that between the actual measured depth of 30 m and the model 
depth of 100 m, there would be a change in the sound speed on the order of 5 mls, assuming an average water temperature 
of about 15.6O C, and a temperature change on tt,e order of 20 C, and constant salinity. Colder water would result in a 
greater difference in the sound speed, as would greater temperature changes. However the worst case sound speed change is 
estimated to be -15 d s ,  assuming a temperature change of 40 C (measured from Arctic data [ 7 ] )  and water temperatures 
from 11.6O C to 15.60 C. Since the primary focus of this research is changes in the reverberation with bathymetry 
changes, this discrepancy in the sound speed at the maximum depth has been neglected, but further investigation of the 
influence ssp has on the reverberation is planned. 

The pulse length determined the minimum sand wavelength allowed. The minimum allowed step size (in meters) was 
determined from the pulse length, T (in seconds), using the relation 

( ~ 1 2 )  x T (4) 
where c is the sound speed, taken in this case to be 1500 mlsec. For the SQQ-14 sonar, this translates to a 0.75 m 
minimum step size. The minimum sand wavelength allowed is then no less than 5 times the minimum step size. Each 
bathymetry file consists of 800 rangelheight pairs, calculated from the bathymetry model described above. The range of 
interest was 1000 m, with the actual step size used being the smaller of one fifth of the sand wavelength or 1.25156 m, the 
step size required to give 800 data points ranging from 0 to 1000 m. 

This research concentrates on symmetric and asymmetric sand waves having long- and short-crested patterns. Sand 
wavelengths range from 7.5 m to 15 m, with height-to-length ratios from .05 to .21. The sand waves grow out of a flat 
bed at the selected depth; each depth choice (35 m and 100 m) is the maximum depth of the sea bed at that level. Figure 2 
shows pseudocolor plots of the long- and short-crested sand wave bathymetries. The selected wavelength is 10 m, the 
height-to-length ratio (htlr) is .21. 

Figure 2: Pseudocolor 
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Thirty-one beams are used to construct the reverberation plots. These beams are numbered 1 to 31, with the center 
beam, beam number 16, defined as the primary observation direction. The horizontal beam width is 2O, so the 31 beams 
span an angular width of 6 8 ,  or + 3 8  on either side of the primary observation direction. RIP employs scattering angles 
measured in the vertical plane containing the sonar and the scattering point. No horizontal scattering component is 
currently included when computing reverberation. Evaluation of sea beds having orientations other than perpendicular to 
the primary observation direction is deferred until a horizontal component is included in the scattering. Beams 12 to 16 are 
used to obtain statistical results. 

3. Results 
The output of RIP was studied both directly through graphical examination of the model output and indirectly through a va- 
riety of statistical methods. Each of these methods has different strengths, and reveals different features of the simulated re- 
verberation. The two depths have been treated separately, but comparisons between the results for other input parameters 
for a given depth have been made. 
3.1. 100 meter depth 
At the lOOm depth, at least three RIP runs were completed for each of the selected symmetric case parameter sets, and one 
RIP run for each of the asymmetric parameter sets. The additional RIP runs completed for the symmetric case at this depth 
have greatly improved the reliability of the statistical results. 

The reverberation at this depth has much more variability than that at the shallower depth. Reverberation returns start at 
about .1 seconds after the start of the time series. In the region between .1 and .4 seconds the reverberation has minimal 
variation, except for the presence of two "dark bands. After about .4 sec, return from the main "beam" of the sonar starts. 
This region is characterized by relatively high variation in the reverberation. Although the magnitude of the variability of 
the reverberation reduces with time through this region, the average reverberation level does not change substantially. 
Eventually, the overall variation in the reverberation drops to negligible levels, but, unlike the reverberation for the 35 m 
depth which tends to smooth out completely, there are still "bright" spots or peaks in the reverberation all the way to the 
end of the time series, at about 1.3 sec. Figure 3 shows a comparison of the pseudocolor plots of the reverberation from 
the 10 m wavelength, htlr = .21 long- and short-crested bedforms at 100 m. The shading is scaled from darkest, reverber- 
ation level 30 dB, to lightest, reverberation level of 110 dB. 

The reverberation histograms show a consistent pattern of narrowing the total reverberation range as the htlr is lowered. 
This shift in the shape of the reverberation histogram is most obvious in the short-crested symmetric sand wave case. 
Figure 4, shows the changes in the reverberation histograms with the height-to-length changes for the 100 m depth. 

3.1 . l .  Symmetric Sand Waves 
Symmetric sand waves were modeled in both the long- and short-crested wave patterns for wavelengths of 7.5, 8.0, 10.0, 
12.5 and 15.0 m, and wave height-to-length ratios of .05, .lo, .15, and .21. 

A sand wavelength change of 0.5 m (7.5 m to 8.0 m) is detectable for the long-crested symmetric sand waves at this 
depth, but cannot be consistently identified for short-crested sand waves. Changes of 2 and 2.5 m, however, are readily de- 
tected for both sand wave types. Changes in the sand wavelength may be easier to detect for smaller height-to-length 
ratios, since the reverberation from the lower height to length ratios generally have fewer areas in the reverberation plot 
where the return from the sand wave is unusually high. 
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Figure 3: Pseudocolor plot comparison of the (a.) long-crested and (b.) short-crested sand wave reverberation 
depth. Sand wavelength is 10 m, htlr = .21. 
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Figure 4: Comparison of the reverberation histograms of symmetric sand waves. For long-crested sand waves, a,) htlr = 
21,  b.) htlr = .15, c.) htlr = .lo. and for short-crested sand waves, d.) htlr = .21, e.) htlr = .15, f.) htlr = .lo. 

Interestingly, although the reverberation histograms of the long- and short-crested sand waves show a similar pattern, 
the patterns of the mean reverberations are not consistent. The long-crested sand waves have the lowest mean reverberation 
for the htlr .05 at around 54 dB, the next lowest mean reverberation is at htlr .21, at about 55.5 dB, the highest mean 
reverberation is for htlr .15, averaging around 57.5 dB, with htlr .I0 averaging about 57.0 dB. Short-crested sand waves 
with htlr .05 have the lowest mean reverberation, again around 54 dB, but the next lowest mean reverberation is for htlr 
.lo, averaging around 56 dB, htlr .15 mean reverberation averages around 56.5 dB, and htlr .21 slightly higher. 

Not only do short-crested sand waves have smaller variability in the cenuoid and mean reverberation levels between the 
various height-to-length ratios, but greater variability between the mean reverberation values for sand waves having the 
same parameters than do the long-crested sand waves. This is attributed to the variability in the maximum sand wave 
height when the beam path intersects the ends of a sand wave crest. 

3.1.2. Asymmetric Sand Waves 
Asymmewic sand waves were modeled in the long-crested wave pattern for wavelengths of 7.5 and 10.0 m, with wave 
height-to-length ratios of .lo, .12, .15, .193, and .21, wavelength 7.75 m with height-to-length ratio .21, and wavelength 
8.0 m, height-to-length ratios of .lo, .15, and .21. Wavelengths 7.5, 8.0, 10.0, and 15.0 m with height-to-length ratios 
.lo, .12, .15, ,193, and .21 were modeled in the short-crested wave pattern. 

Although the shape of the reverberation peaks and troughs in the long-crested case varies between the different sand wave 
parameter choices, the variation cannot be coordinated to the change in the shape of the sand wave with changes in 
starting phase. Modeled short-crested asymmetric sand waves had the same shape, since the starting phase was the same for 
all. Further study into the effect on the reverberation of the shape of the asymmeuic sand wave is planned. 

Differentiating between reverberation plots having sand wavelength differences of 2.0 m or more is easily done for both 
sand wave patterns. For the long-crested sand wave pattern, differentiating between the reverberation plots with sand 



552 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

wavelength differences of 0.5 m (7.5 to 8.0 m), can be done consistently, but requires much more careful examination of the 
reverberation plots. It is not always possible to differentiate between the 7.5 m and 8.0 m sand wavelength reverberation 
plots in the short-crested sand wave case. 

3.1.3. Comparison of Symmetric and Asymmetric Sand Waves at I00 m 
No differences in the reverberation plots can be detected between symmetric and asymmetric sand waves of similar sand 
wavelengths. In general, the larger the height-to-length ratio, the wider the reverberation range and the greater the frequency 
of high reverberation levels. This pauern is in accord with the idea that the greater height-to-length ratios increase the back 
scatter by providing a larger component of the gradient perpendicular to the acoustic ray path over larger areas of the sand 
wave. 
3 2. 35 meter depth 
At the 35 m depth, one RIP run was done for each set of parameters selected. Statistical evaluation gave very little useful 
lnformahon; often there were no clear hfferences between the results for different parameters As yet it is not clear ~f this 
lack of differentiauon in the reverberatlon statlstlcs is due to the low grazing angle of the main beam acoustlc rays, the 
large dlstance (215 m) between polnts of impact of successive rays, or, slnce this problem is most obvious in the 
asymmetric case, inconsistency in sand wave shape 

The reverberation for thls depth reaches ~ t s  peak values In a short (tlme scale) region of hlgh variability This IS 
followed by a more moderate region, starting between 2 and 3 sec , where the reverberatlon output follows the design of 
the sand wave, wlth the average reverberauon level steadlly decreasing The hlghest hmes (from around 1.0 to 1 33 sec.) 
correspond to reverberation from the reglon beyond the sand wave field Thls reverberatlon zone is generally flat, wlth the 
total return continuing to decrease Often the last few tlme steps are accompanied by a sharp drop In the reverberatlon 
level. F~gure 5 shows a comparlson of the pseudocolor plots of the reverberation from the symmetric 10 m wavelength, 
htlr = 21, long- and short-crested bedforms at 35 m. The shadlng 1s scaled from darkest, reverberatlon level 10 dB, to 
lightest, reverberatlon level of 155 dB 

10 2 0 3 0 10 20 30 
Beam Number Beam Number 

Figure 5: Pseudocolor plot comparison of the (a.) long-crested and (b.) short-crested symmetric sand wave reverberation at 
the 35 m depth. Sand wavelength is 10 m, htlr = .21. 

3.2.1. Symmetric Sand Waves 
Reverberation results were modeled for long-crested sand waves with the following parameters: wavelengths 7.5 m and 10.0 
m, height-to-length ratlos .lo, .15, and 21;  wavelength 8.0 m at height-to-length ratios of .05, .lo, .15, and .21; wave- 
length 12.5 m, height-to-length ratios .05 and .lo; and for wavelength 15.0 m, height-to-length ratlos of .15 and .21. For 
short-crested sand waves, reverberation results were modeled for sea floors characterized by the following parameters: for 
wavelength 7.5 m; height-to-length ratios .lo, .15, and .21, for wavelength 8.0 m, height-to-length ratio $05; for wave- 
length 10.0 m, height-to-length ratios .05, .lo, .15, and 21; for wavelength 12.5 m, height-to-length ratio .15; and for 
wavelength 15.0 m, height-to-length ratios .10 and .21. 

As with the sand waves at 100 m, differences in the sand wavelength were apparent in the reverberation. Long-crested 
sand waves having wavelengths of 7.5 m and 8.0 m could generally be differentiated. Variations in the sand wavelength of 
approximately 2 m were easily seen in both the short-crested and long-crested sand wave cases. A minlmum change in the 
sand wavelength producing an observable change in the reverberation is currently under investigation. Changes in the 
helght-to-length ratio were not obvious In the reverberatlon plots. 



Although there is no clear differentiation between the reverberation histograms for most height-to-length ratios at the 35 
m depth, in the symmetric, long-crested case, there is an indication of a trend towards a pattern that is consistent with the 
statistical wsults for long-crested sand waves at the 100 m depth in the mean values of the reverberation. This is continued 
In the centroids of the reverberation histograms of symmetric sand waves. 

The most notable exception to the rule that reverberation plots for bathymetries are indistinguishable with respect to 
changes in height-to-length ratio (htlr) is htlr .05. Bathymetries having this htlr are easily identified in both the reverbera- 
tion, and through statistical tools including the reverberation histograms, mean reverberation values, and the centroids of 
the reverberation histograms. They have significantly lower maximum levels of reverberation, and narrower total reverbera- 
tion ranges, as seen in the reverberation histogram. 

3.2.2. Asymmetric Sand Waves 
Asymmetric sand waves were observed for long- and short crested sand waves having wavelengths of 7.5 m, 7.75 m, 8.0 
m, and 10.0 m and height-to-length ratios of .lo, .12, .15, .193, and .21. Asymmetric short-crested sand waves were also 
modeled at wavelength 15.0 m. A very limited number of "random" sand waves, consisting of 4-7 overlying, randomly 
oriented long-crested sand waves were also studied. These had sand wavelength ranges of 6.0--10.0 m, 7.5--12.5 m and 
10.0--15.0 m, with sand wave heights based on a height-to-length ratio of .21 for the shortest wavelength of the selected 
range. 

Direct observation of the reverberation showed that distinguishing between the different sand waves patterns is relatively 
easy, although the reverberation of the short-crested and long-crested sand waves have many features in common. 
Distinguishing between the different wavelengths and wave height-to-length ratios was not as straight forward. In a side by 
side comparison of the reverberation plots of the 7.5 m, 7.75 m, and 8.0 m sand waves, it was possible to distinguish be- 
tween the 7.5 m wavelength and the 8.0 m wavelength, but the 7.75 m wavelength sand wave was not distinguishable 
from either of the other wavelengths. As the wavelength difference is increased, it becomes easier to distinguish between 
the reverberation results, with sand wavelength differences of 2 m easily detected. No significant, consistent differences 
were detected between the reverberation results with changes in the height-to-length ratio of the sand wave. 

Statistical results were inconclusive for this data set. The reverberation histograms were essentially indistinguishable 
when comparing the various height-to-length ratios or the sand wave type. The centroids of the reverberation histograms, 
with the exception of the centroid of the short-crested sand waves for height-to-length ratio of .10 with a centroid reverbera- 
tion level of 59 dB, were all confined within a range of approximately 0.5 dB located between 60 and 61 dB. 

3.2.3. Comparison of Symmetric and Asymmetric Sand Waves at 35 m 
There is very little noticeable difference between the reverberation plots for the symmetric and asymmetric sand waves at 
this depth. Furthermore, the reverberation histograms of the symmetric and asymmetric, and long- and short-crested sand 
waves are virtually indistinguishable for most height-to-length ratios (the exception is for height-to-length ratio .05, which 
has not been observed in the asymmetric case). However, other statistical methods reveal some differences. The means of 
the reverberation histograms of the asymmetric sand waves are randomly distributed, while those of the symmetric sand 
waves suggest a pattern, although there is not yet enough data to confirm this. The centroids of the reverberation 
histograms also support the suggestion of a trend in the mean for the symmetric case. Another difference is in the 
cumulative distribution functions (cdf) of the reverberation. Surprisingly, the symmetric sand waves show greater variation 
in cdf than do the asymmetric sand waves, even though the asymmetric sand waves have great variability in the sand wave 
shape, in addition to the random shifts previously discussed. 

4 .  Discussion 
The reverberation is generally consistent with the bathymetry producing it. The long crested sand waves, which were very 
symmetric, produces reverberation plots that show the symmetry of the bedform. Short crested sand waves that have a 
higher degree of randomness due to the variations in amplitude produce reverberation that demonstrates a higher degree of 
randomness than do the reverberation from long crested sand waves. However, reverberation plots often demonstrate 
substantial variability between nearby beam radials that is not seen in the bathymetry that produces them, and along a 
single radial they generally show less trough-to-peak variability. This is attributed to the effects of other environmental 
conditions to which the reverberation is subject. 

Sand wavelength changes as small as 0.5 m could be detected in many circumstances, particularly for long-crested sand 
waves. Sand wavelength changes of 2 m could be detected for all sea bed patterns examined. Study to further narrow the 
threshold level for detectable wavelength change for each combination of sea bed parameters is in progress. 

The reverberation from the 100 m depth is much more likely to have multiple occurrences of "false" targets, regions in 
the simulated reverberation where the return is much higher than the typical return of the beam path. This is true of all 
height-to-length ratios examined, except .05, which does not show a tendency towards "false" targets at 100 m. However, 
the overall peak reverberation levels and total reverberation range are lower at 100 m than at 35 m. Comparison of Figures 
2, 3, and 5 gives an overview of the effects of bathymetry type and depth on the reverberation. Figure 2 shows a 
pseudocolor plot comparison of the long- and short-crested symmetric bathymetries and the corresponding reverberation 
plots are shown in Figure 5 for the 35 m depth and Figure 3 for the 100 m depth. The bedform parameters are sand 
wavelength, 10.0 m, and height-to-length ratio = .21. Although the plots shown are of the symmetric sand waves, there 
are no substantial differences in the results for the asymmetric sand waves. 
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5 .  Conclusion 
It is clear that the sea bed structure can have a significant impact on high frequency acoustic reverberation in shallow water. 
As yet it is not possible to quantify the effects of the sea bed parameters, however, qualitative conclusions can be drawn. 
Although it was expected that higher sand wave height-to-length ratios would result in increased incidence of high reverber- 
ation levels, the effect is not obvious in the pseudocolor reverberation plots. It was not until the statistical results were 
examined that it became clear that as the sand wave height-to-length ratio is reduced, the number of high reverberation 
regions is reduced and the overall consistency of the reverberation is increased. Various sand wave types produce different 
reverberation patterns consistent with the bathymetry. Smaller changes in sand wavelength are evident for the more sym- 
metrtc sea bed patterns. 
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Abstract 

Shallow water environments create complex scattering condit~ons due to the sea surface and bottom 
scattering mechanisms. An analysis of the effects of the scattering mechan~sms on sonar images of simple 
targets in shallow water scenarios will be presented and will include a examination of both incoherent and 
coherent scattering. The analysis will use an incoherent model for the simulation of sidescan sonar images, as  
well as  two dimensional coherent ray propagation and isovelocity models. 

1. Introduction 
This paper aims to discuss the effects of incoherent and coherent scattering and the inclusion of such effects in 
sonar simulation models in shallow water environments. In shallow water environments, high resolution sonar 
images include contributions from many complex scattering mechanisms including the seabed, sea surface and 
target scattering and associated multi paths. Modelling of such scenarios often simplifies the calculations by 
assuming only incoherent scattering, or by limiting the number of paths calculated. 

A model for the simulation of sidescan sonar and the images generated by such systems has been developed 
[ I ] ,  and will be discussed in Section 2. This model attempts to replicate the underlying physical processes and 
create realistic synthetic sonar images. The processes incorporated include the transducer motion and 
directivity characteristics and the propagational effects and losses in a horizontally stratified media. In 
addition the model includes the scattering from complex, realistic seabeds and can include targets on the 
seabed or in the water column. The scattering from the seabed and sea surface includes the multi-path returns 
which can influence sonar images of targets and their associated shadows. These effects of the sea bottom 
and sea surface scattering with various target scenarios will be illustrated. This model however, is at present 
limited to the simulation of sidescan sonar as a result of the simplifying assumptions of a point source and the 
neglection of the phase. The implications of these assumptions will be examined in this paper, as well as  
introducing the concepts and complexity which arises from the inclusion of coherent effects. 

The coherent effects will be illustrated uslng a slmple two dlmenslonal ray propagation model and an 
~soveloclty model whlch can examlne the varlous scatterlng paths The coherent rece~ved slgnal 1s generated 
using verslons of the same underly~ng seabed and sea surface scatterlng models as are used In the Incoherent 
case, and summlng many pulse repllcas wlth relat~ve phases and ampl~tudes as calculated trom the ray trace 
and these models The effects of small perturbat~ons to both amplitude and phase ot some of these repllcas 
w ~ l l  be demonstrated for an ldeallstlc environment (I e flat seabed and sea surface and very slmple target) w ~ t h  
the object of show~ng the posslble effects of ~n-water ~nhomogen~et~es  on h ~ g h  resolution sonar Images The 
consequences of the l ~ m ~ t a t ~ o n  of the current sonar Image synthes~s model w ~ l l  then be exam~ned as result 
of the analysls of the coherent effects along w ~ t h  some of the problems env~saged In turther developments 

The analysis will therefore consider three different models, viz. the sidescan simulation model, a 2D coherent 
ray propagation model and a coherent isovelocity model. Each of these models will be presented, along with 
details of their implementations and the results obtained from the application of the model. To  permit comparison 
of the models and the effects of in-water inhomogeneities in high resolution models, the same scenario will be 
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used in all three cases. This utilises the sound velocity profile of Figure I, with the transducer positioned at a 
depth of I lm, and assumes a target with dimensions of 2m by Im positioned on the seabed at a range of 150m 
from the transducer. 

25 I I 
1470 1472 1474 1476 1478 1480 1482 

Sound Veloctly m/\ 

Figure 1 

An analysis and comparison of the results obtained from the three models will also be presented. This will 
highlight the problems which are envisaged in extending a model, such as the model for the sidescan simulation, 
to a general coherent sonar simulation model capable of producing realist~c high resolution sonar images. 

2. Sidescan Simulation Model 
A model for the simulation of sidescan sonar images which permits the direct visualisation of synthetic sonar 
images, generated by consideration of the underlying physical processes has been developed [I]. This model is 
based on ray theory and generates each line of the image by tracing a set of rays to represent each emitted pulse 
of acoustical energy. For each ray traced two values are calculated: the time for the ray to propagate through the 
water and be scattered back to the transducer and the intensity of sound received back at the transducer. These 
values are then processed to form one line of the image. The processing to form the image considers only the 
magnitude of the signals and neglects the phase [2]. 

The ray path is calculated assuming a horizontally stratified media, but can ~nclude any sound veloc~ty profile 
The intens~ty calculations include the effects of the spread~ng and ab5orptlon losses Incurred during propagation, 
the three d~mensional beam pattern for both the transmlt and receive and the scattering trom the seabed The 
scattering can be calculated uslng the simple approximation of Lamberts Law or from the bistatic model of 
Jackson [3], which includes terms for both the scattering from the surface roughness and volume ~nhomogene~ties 
rn the sed~ment The seabed is modelled as a r e a l ~ s t ~ c  rough surface uslng trdctals, which have been illustrated to 
prov~de  a good representation of the seabed on a range of scales trom centimeter to k ~ l o m e t e ~  resolution [4 ] [5] 
In addition targets can also be included in the scene using procedurally de t~ned  objects 

2.1 Simulation using backscatter only 
In its simplest form the model calculates only the direct backscatter from the seabed and assumes the returning 
ray follows an identical trajectory to the outgoing ray. Part of a line of the image generated by calculating only 
the backscatter is displayed in Figure 2, for the scenario described previously, showing only the region in the 
vicinity of the target. A rough seabed surface has been used and the scattering model assumes a sandy sediment. 
The initial peak of the target in this signal is due to scattering from the face of the target orientated towards the 
transd~~cer.  The resulting shadow is clearly defined. This figure also shows the simulated signal if a totally flat 
seabed had been utilised in the modelling. This signal is unrealistic, and the advantage of the utilisation of 
complex fractals to model the topography and sediment roughness can be visualised. The fractal seabed was also 
used to generate the synthetic sidescan sonar image of Figure 3 which shows the target lying on the rough 
seafloor and the resulting pattern of highlights and shadows. 
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2.2 Seabed Multi-paths 
The model can then be extended to include the multiple reflections from the seabed to account for the fact that 
the sound is scattered in all directions upon interaction with the seabed. The principle direction of the reflected 
energy tends to be in the specular direction, and the rays are traced in this direction upon intersection with the 
seabed or the target. The process of tracing the specular ray from each intersection can be repeated iteratively 
until the relative magnitude of the energy received at the transducer is no longer significant. With the use of 
Jackson's bistatic scattering model the magnitude of the signal can be easily calculated in both the specular and 
backscatter directions. 

Figure 4 
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Figure 5 

The effect of the multiple reflections is most pronounced in the area directly In front of the target, as the slgnal 
is reflected repeated between the seabed and the target. This produces a larger peak In the signal and subsequent 
smaller peaks where the target is detected, as can be seen in Figure 4. The bottom bounce only paths, have little 
other effect on the signal as the energy is reflected away from the scene wlthout belng reflected from any other 
objects. 

2.3 Sea Surface Reflections 
As has been illustrated In Section 2.2, the bottom only multi-paths have only a small effect on the signal in the 
vicinity of the target. In shallow water, the addltion of the sea surface multl-paths has a greater effect on the 
signal. This is illustrated in Figure 5, whlch includes the influence of the sea surface reflections as well as the 
bottom reflections. The direct backscatter path produces the first Image of the target and the first surface 
reflected path creates a clear mult~ple view of the target and a subsequent reduction in the shadow zone, due to 
the multiple images of the target. This effect can also be visualised in the s~mulated image of the target, shown in 
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Figure 6, where the visual detection of the object in the image becomes more difficult. 
The simulated signal of Figure 5 assumed that the sea surface was a perfectly flat reflecting plane. The effect 

of the moving sea surface can be included by manipulating the surface normal of this plane to simulate the 
orientation of the sea surface waves at the point where the rays intersect the plane. This incorporated a more 
random effect into the simulated image as is illustrated in Figure 7. 

Figure 6 

Figure 7 

The model to produce the signals and images shown in the above figures has neglected the phase of the 
signals in the calculations and has assumed a polnt source and receiver. However, already the complexity of the 
model, to permit it to model realistic seabed topographies and roughness, ray refraction and 3D beam patterns, 
means that it can take several hours to generate the synthetic images shown. To  extend the model to include the 
coherent scattering and beam forming at a realistic transducer could prove to be too cc?mputationally expensive. 
The effect of modelling the coherence is discussed in the follow~ng secttons. 

3. 2D Coherent Ray Propagation Model 
To extend the investigation of the modelling to include the coherent effects, the study will use a very simple two 
dimensional raytrace model, which assumes a flat seabed and sea surface. The model has been modified to 
generate a spike array containing information about ray paths and arrival times at the target, seabed and sea 
surface. A time series is then generated by coherently adding pulse replicas modified by the time delays and 
information contained in the spike array. The amplitudes of the pulses summed are adjusted according to the 
source of the return, and the amplitude can also be given a small random perturbation to account for less than 
perfect surfaces. As no attempt is made to identify eigenrays, this approach for an active sonar simulation is only 
valid for direct path calculations and the assumption that the outward and return trajectory are identical. 

Figure 8 shows the raytrace for the sound velocity profile shown in figure 1, and the resultant spike array and 
time series representing the calculated acoustic return for direct paths. On comparison with the flat seabed 
incoherent a-scan shown in Figure 2, the additional complexity and randomness introduced from the coherent 
addition is clearly visible. 

3.1 Effect of velocity profile 
As shown in the previous section it is desirable to include additional ray paths involving reflections from the 
seabed and sea surface in this study. The ray trace and resulting time series and spike array of Figure 8 was 
calculated for the profile previously discussed, this can be compared to Figure 9 which was calculated for the 
same target scenario but with isovelocity conditions. This shows that the effect of the profile on the spike array, 
as compared with that for isovelocity conditions, will only affect the sea surface returns and will not make a great 
deal of difference to the outcome, apart from in certain infrequently occurring conditions when the array 
beampattern and tilt should happen to be critical for the angle and range concerned. 



Figure 8 Figure 9 

4. Coherent Isovelocity Model 
As a result of the small effect of the sound veloc~ty proflle, as d~scussed In Sectlon 3 1, a coherent lsoveloc~ty 
model has also been developed to s ~ m p l ~ f y  the calculat~ons w~thout  d ~ s t o r t ~ n g  t h e ~ r  accuracy Llmltlng the 
environment to ~sove loc~ty  c o n d ~ t ~ o n s  reduces the ~ d e n t ~ f ~ c a t ~ o n  of elgenrays to s ~ m p l e  geometry, maklng the 
study of the effects of the mult~ple paths cons~derably easler 

A two dimensional scenario is again considered initially for a single receive beam, as is illustrated in Figure 
10, for a scene with a flat seabed and sea surface with the target positioned at a range of 150111 and the 
transducer at a depth of 1 lm. The number of reflections can be limited to 0 or 1 ,  thereby including direct paths 
only (e.g. Figure 10 path a)  or those involving only one reflection from either the seabed or the sea surface 
(combinations of paths a, b and c). The model also has the ability to include up to two reflections, therefore 
calculating paths involving both a seabed and a sea surface reflection (paths d and e). 

Figure 10 

4.1 Comparison with Incoherent Modelling 
The model is an extension of an isovelocity sonar equation model and uses the same underlying acoustic models 
to describe the level of the scattering from both seabed and sea-surface as the Sidescan Simulation Model, which 
was described in Section 2. It also includes the effects of the array beam patterns, beam steer and target size and 
position. 

Once again a spike array is generated for all two way paths containing arrival time, cumulative path loss, and 
path type. Reflections at the sea surface undergo a phase reversal but those at the seabed do not [6]. Figure 11 
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compares (for a small time window in the target vicinity) seabed and sea surface reverberation levels and 
received signal level including target echo from the energy model (Figure 1 la), with a plot of the information 
held in the spike array (Figure 1 lb) .  In addition, the time series data generated using that spike array is also 
illustrated in Figure I lc .  

Figure 11 

4.2 Time series simulation 
This ~nformatlon IS then used to coherently sum pulse repl~cas to glve a s~mulated a-scan return Prov~sion has 
been made to allow the addltion of a random phase s h ~ f t  or j~ t te r  to each pulse rep l~ca  summed, but no alterat~on 
to the amplitude except as  calculated from the cumulative path loss Thls phase shlft was Included to allow a l~ t t l e  
variatron between consecutive calculat~ons uslng ldent~cal lnformatlon and attempt to include the effects of sea 
surface movement, less than ldeal surfaces, array movement, and through water rnhornogen~et~es The maxlmum 
slze of thls random shift can be chosen In terms of the wavelength from 0 upwards 

The summation IS carrled out In the tlme doma~n,  as convolving the sptke array tlmlngs w ~ t h  the transmlt 
waveform would have Involved a large number of dummy polnts In the splke array to retain the tlme structure, 
thus removlng any speed advantage t h ~ s  method mrght have had For s ~ m p l ~ c l t y  a l i m ~ t  has been set on the slze of 
the w~ndow that can be cons~dered w h ~ c h  In practlce for a lOOkHz slmulatlon glves a wlndow of 35msec 

4.3 Simulation Results 
Figure 12 shows the effect on the simulated time series of including direct paths and reflected paths in the 
calculations. Figure 12a allowed only the direct paths in the calculations, whereas Figure 12b included the paths 
with one reflection and Figure 12c included paths with two reflections. As might be expected the obvious 
shadow in Figure 12a is filled in to the point of being obliterated as more reflection paths are included in this 
example. Figure 13 shows the sort of effect that might be expected by including different levels of phase jitter in 
the calculation of the time series using the same spike array. 



Figure 12 Figure 13 

Figure 14 1s an example of an Image that can be b u ~ l t  up by c o m b ~ n ~ n g  the tlme serles for beams w ~ t h  
d~fferent steer angles F ~ g u r e  14a shows examples of the coherent tlme serles for d~fferent beams wh~ch were 
used to generate the Image of F ~ g u r e  14b, ~ n ~ l u d ~ n g  examples In wh~ch the target was w ~ t h ~ n  and outw~th the 
beam. 

Figure 14 

5. Analysis and Conclusions 
It has been shown that inclusion of more realistic seabed descriptions to an incoherent model adds a great deal of 
confusion to the predicted time series data, and that the inclusion of bottom and surface reflected paths has a 
significant effect on these results. These results indicate that detailed bathymetry and sea surface description are 
important components in a realistic HF sonar simulation. 

The simple coherent models add further degree of confusion even for assumed flat surfaces. Using these 
models the effect of including the forward reflected paths on the predicted time series data can be shown. 
Applying small perturbations to the amplitude or the phase of the components added into the time series might 
be a reasonable way of including effects of in-water inhomogenieties and less than perfect surfaces, and can 
have a noticeable effect on the predictions. 

There has been a cons~derable amount o t  study of the effects and methodc ot ~ n c l u d ~ n g  bottom topography 
and re f lec t~v~ty  [7], and In modell~ng 3D environments Many of these s tud~es  have concentrated on rather longer 
ranges and wavelengths, and deeper water scenarios than are b e ~ n g  cons~dered here It I S  apparent from the 
results presented here that the inclus~on of seabed bathymetry and sea surface topography is essent~al In a 
real~stic shallow water HF acoustlc s~mula t~on ,  but as yet ~t is unclear whether it I S  r e a l ~ s t ~ c  to model the 
complete scenario in a coherent manner. 

Further work is currently being undertaken to investigate possible model architectures which are able to 
handle the additional complexity and permit the extension of the Sidescan S~mulation Model to a coherent HF 
sonar model, since the orig~nal  ray tracing approach may be too computationally expensive, as has been 
illustrated in this paper. This work will also require experimental data gathering for representative scenarios for 



562 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

comparison with the simulated data, and the development of methods for the comparison of real and simulated 
data. 
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Abstract 

Recent experimental results reveal acoustic penetration into sandy sediments at grazing angles below the critical angle. 
We have been investigating a mechanism for subcritical penetration based on scattering at a rough water-sediment inter- 

face. Using perturbation theory, a numerically tractable three-dimensional model has been developed for simulating ex- 
periments. Data-model comparisons show that interface roughness is a viable 11)pothesis for the observed subcritical 
penetration. 

1. Introduction 
High-frequency acoustic penetration into seafloor sediment at low grazing angles is of interest for buried mine detection. 
For sandy sediments the critical angle can be in the 25" to 30" range, which suggests that penetration at lower grazing an- 
gles might be quite limited. However, recent experimental results reported by Chotiros [ I ]  reveal acoustic penetration into 
sandy sediments at grazing angles below the critical angle over a broad frequency range (5-80 kHz). In addition, the 
propagation speed in the sediment was inferred to be near 1200 d s ,  significantly lower than the compressional sound 
speed of about 1700 m/s in unconsolidated 28. March 1997sands. Chotiros interprets these results to indicate the excitation 
of a Biot slow wave in the sediment. Subcritical acoustic penetration into sediments has also been reported by Lopes [2]. 

We have investigated an additional mechanism for subcritical penetration based on scattering at a rough water-sediment 
interface. Examples of data-model comparisons will be given that show interface roughness is a viable hypothesis for the 
observed subcritical penetration. For this mechanism, the propagation speed of the sound penetrating the sediment is the 
standard compressional wave speed of about 1700 mls, but the apparent speed found through a processing technique simi- 
lar to that used in the experiments can be significantly less and ranges from about 1200 m/s to about 1500 d s  depending 
on the roughness conditions assumed. A simple explanation for this lower apparent speed will be given. We believe that 
further field experiments are necessary to clarify whether the observed subcritical penetration IS due to the Biot slow wave 
mechanism, to the interface roughness mechanism, or to possibly some other mechanism. 

Before considering simulations of experiments, we present results in Section 2 for the penetrating field in two dimen- 
sions obtained with an exact integral equation method. These results show the potential for a rough interface to couple 
sound into the sediment at subcritical grazing angles. In order to simulate experiments a tractablethree-dimensional (3-D) 
model is required that accounts for the finite pulse lengths used, and such a model has been developed using perturbation 
theory. In Section 3 exact results are used to demonstrate that perturbation theory is valid in a 2-D geometry for roughness 
conditions of interest and thus should be valid for the 3-D geometry as well. In Section 4 perturbation theory is used in a 
3-D model for data-model comparisons of apparent sound speed, propagation direction, and attenuation in the sediment. A 
concluding discussion is given in Section 5. 

'presently at Acuson, 1220 Charleston Rd., P.O. Box 7393, Mountain View, CA 94039. 
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2. Exact simulations of acoustic penetration into sediment 
In our work to date, we have modeled the sediment as a fluid supporting only compressional waves, since for sand sedi- 
ments it can be shown that coupling into shear waves is negligible. The problem of scattering from and transmission 
through a rough two-fluid interface can be solved exactly in the cw case for particular rough interface realizations using an 
integral equation method. Because of high computational requirements, this method is essentially limited to a 2-D geome- 
try with a I-D rough interface. Nevertheless, such results illustrate that surface roughness can couple acoustic energy into -. 

sediments when the incident grazing angle is below the critical angle. Space does not permit a detailed exposition of the 
integral equation method here. A formulation for electromagnetic scattering at a rough surface separating two media 
(closely analogous to the two-fluid case) is given in [3], and the simpler case of a single fluid with rough surface subject to 
a Dirichlet boundary condition is treated in [4]. 

With a specified incident pressure field on the rough surface, solution of the integral equation (actually two coupled in- 
tegral equations) gives the field and the normal derivative of the field on the surface. With these quantities known, it is pos- 
sible to compute, via the Helmholtz-Kirchhoff integral formula, the field at any point on either side of the interface and thus 
construct maps of the field structure. Absorption in the sediment is incorporated by using a complex wavenumber in the 
fluid below the interface. 

To illustrate the effects of roughness on acoustic penetration into sediment, we consider parameters similar to those for 
the Acoustic Testbed Experiment (ATBE) near Panama City [I]  to be discussed further in Section 4. Denoting the sound 
speed and density by cl and pl in the water and c2 and p2 in the sediment, respectively, we use c2/cl = 1.13 (which gives a 
critical angle of 27.8"), p2/pI = 2.0, and a sediment absorption of 0.5 dB/m/kHz. The 2-D spectrum of sediment roughness 
was not measured during ATBE. For numerical simulations in two dimensions, we require a I-D roughness spectrum W(K), 
which we model in the following modified power-law form: 

W(K) is defined such that W(-K) = W(K), where K is the spatial wavenumber, and the mean square surface height, h2, is 
obtained by integrating W(K) over all K. In ( I )  a "lower cutoff," KL. has been introduced to yield a finite mean square sur- 
face height. A similar cutoff will be used in Section 4 with the 2-D roughness spectrum and discussed further there. An up- 
per cutoff, KU = 2kI, where kl is the acoustic wavenumber in the water, is also imposed on (I)  such that W(K) = 0 if IKI > 
Ko. For the example in this section, wl= 0.02 cm and KL = 0.1 cm-1, which yield a roughness parameter klh = 0.66 at a 
frequency of 20 kHz. The results shown are not changed qualitatively if KL is made smaller or if Ku is made larger. 

Examples of pressure fields obtained with the integral equation method for both a tlat and a rough surface are shown in 
Fig. 1. In these figures the mean water-sediment interface is at 0.0 cm on the vertical scale, and the color display is linear in 
pressure. A 20-kHz plane wave of unit magnitude is incident from the left at a grazing angle of 20°, which is below the 
critical angle of 27.8"; this incident wave has been omitted to simplify the field structure. In Fig. I(a) the surface is flat, and 
the phase fronts of the reflected wave can be seen moving up and to the right above the interface. For this tlat surface case, 
the field in the sediment is evanescent; it decreases exponentially with depth and has a significant magnitude for only about 
a wavelength into the sediment. In Fig. I(b) the rough surface realization is consistent with the spectrum given by (1). En- 
ergy can be seen to radiate down into the sediment at relatively steep angles, in part because absorption will tend to remove 
energy propagating closer to the horizontal. 

One might expect acoustic penetration into the sediment to occur at regions along the surface where the local grazing 
angle (accounting for the local surface slope) exceeds the critical angle. However, acoustic penetration due to roughness 
occurs even if this condition is not met anywhere on the surface. It is evident from Fig. I that the field scattered down into 
the sediment is spatially incoherent, while for the Biot slow wave hypothesis, the penetrating field would be a spatially co- 
herent wave (assuming that interface and volume scattering effects are negligible.) 

In order to see if the rough surface scattering mechanism could explain the acoustic penetration results reported by 
Chotiros, it is necessary to model the full 3-D experiment geometry, which is not practical using the integral equation ap- 
proach. Thus, we have employed perturbation theory to account for the effects of scattering. In doing this, we sometimes 
consider levels of surface roughness, as indicated by the parameter klh,  which are uncomfortably large for the normal ap- 
plication of lowest-order perturbation theory. Therefore, we first turn to the question of the applicability of perturbation 
theory for our regime of interest. This is done in two dimensions, where integral equations results can serve as ground truth. 

3. Validity of perturbation theory for acoustic scattering into sediment 
Formally, we require klh << I for lowest-order perturbation theory to be accurate in predicting bistatic scattering back into 
the water from a rough bottom that can be modeled as a homogeneous fluid. Numerical studies using the integral equation 
method show that, as klh increases, the inaccuracy of perturbation theory first becomes noticeable at a k lh  of about 0.3- 
0.4. For scattering into the sediment, however, numerical results show that perturbation theory accuracy extends to 
much 



Figure 1. Pressure fields above (in water) and below (in sediment) a flat surface (a) and a rough surtace (b) obtained for a 
2-D geometry uslng the exact Integral equation method. The incident field (not shown) IS trom the left at a grazlng angle of 
20°, which is below the critical angle of 27.8". 

h~gher roughness levels. Essent~ally, the smallness of the sound speed corltrast between the water and sedlment reduces the 
effective roughness of the interface for the transmission scattering problem. As a result, perturbation theory remains accu- 
rate for much larger klh than might be expected. 

Here we simply illustrate this unproved accuracy with an example w~thout pursulng a fundamental explanation. F~gure 2 
shows a comparison between perturbation theory and exact integral equation b~s ta t~c  scatterlng results for an example with 
klh = 1.0. The sound speed and density ratios are the same as in Fig. 1, and the roughness spectrum IS again glven by ( I )  
with wl = 0.02, but KL has been reduced to 0.044 cm-1 to obtain klh = 1 .O. Again as In Fig. I, the incident grazing angle of 
20" is below the critical angle of 27.8". For simplic~ty, absorption in the sediment has been suppressed In this example. For 
this two-dimensional scatterlng problem, the scattering strength is 10 loglo (a), where a IS the blstatlc scatterlng cross sec- 
tion given by < I, >rll,L. Here I, is the Incident intensity on the surface of length L, and < I, > ts the average Intensity at far- 
field range r. With the integral equation method, the average scattered lntenslty was obtalned uslng 50 surface realizations, 
and a tapered plane wave Incident field was employed as descr~bed in [4]. F~nally, for scatter back into the water, the co- 
herent intensity (over the ensemble of surface realizations) was removed, leavlng only the Incoherent Intensity, which is the 
appropriate quantity to compare with perturbat~on theory. For scatter into the sedlment, there 1s no coherent field in the far 
zone since the inc~dent angle IS below the crit~cal angle. 

Figure 2 shows that for scatterlng back Into the water lowest-order perturbat~on theory overpredlcts the scatterlng level 
by about 1 dB near the specular direction (a scatterlng angle of 160'). which 1s not surprlslng since k t  h = 1 0 Nevertheless, 
accuracy for scattering into the sediment is excellent, and this agreement extends to even h~gher values of klh, well beyond 
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SCATTERING ANGLE (deg) 

Figure 2. Bistatic scattering strengths for scattering from a rough sediment surface for a 2-D geometry. The smooth curves 
are obtained using lowest-order perturbation theory, and the fluctuating curves with the integral equation method. The inci- 
dent grazing angle is 20°, the critical angle is 27.8". and k l h  = l .O. 

what is need for experiment simulations. In this comparison absorption in the sediment has been neglected. When absorp- 
tion is included, the comparison is again excellent, except within about 10" of grazing where the situation becomes much 
more complicated. Low grazing angle paths will be unimportant in our experiment modeling, however, since these paths 
will be highly attenuated. Thus, we believe perturbation theory is highly accurate for simulating the effects of sediment 
roughness on acoustic penetration into sediment. 

4. Simulation of measured acoustic penetration into sediment 
In this sectlon we use full 3-D slmulat~ons to examlne whether the rough surface scatterlng mechan~sm tor penetration Into 
sediment can explain results reported by Chotiros [ I ] .  In the experlment an acoustic projector on a movable tower trans- 
mitted short sound pulses to an array of buried hydrophones (Fig. 3). Because the projector was movable, the incident 
grazlng angle could be varied, and (after processing) the temporal resolut~on was about 0 I ms The recelved s~gnals from 
the burled array were used to deduce the propagatlon speed and d~rect~on In the sedlment Because the hydrophone loca- 
tlons were not known to the preclslon of a fract~on of a wavelength, these deductions were made w~th  an Incoherent proc- 
esslng techn~que as descr~bed In [ I ]  When the lnc~dent grazlng angle was well above the c r~ t~ca l  angle, the propagatlon 
speed deduced 1s conslstent w ~ t h  the measured sed~ment sound speed of 1729 mls, and the d~rect~on IS conslstent w~th  
Snell's law 

We cons~der 20-kHz ATBE results at an lnc~dent grazlng angle of 12 7", well below the cr~tlcal angle ot about 28" 
F~gure 4(a) (adapted from [ I ] )  shows an amb~guity plot In sound speed and depresvon angle obtalned from the experlmen- 
tal data Indicating a propagatlon speed for thls case of about 1300 m/s For the reglon between the w l ~ d  and dotted Ilnes, 
the propagation dlrect~on and speed were cons~dered conslstent w~th  Snell's law, given the expe~~mental unceltalntles [I]  

A deta~led descr~pt~on of the experlment slmulat~on IS glven by Moe [5] and IS only br~efly sumn~a~lzed here The Inten- 
s ~ t y  tlme serles at each hydrophone 1s obta~ned as a sum of Incoherent and coherent Intensltles, the latter belng Important 
only In tne evanescent reglon near the Interface A Gauss~an pulse w~th  pressure envelope glven by exp (-t2/t,2) w~th  t, = 
0.1 ms 1s used. The Incoherent lntenslty 1s found by dlv~dlng the surface area Into a large number ot subareas and summlng 
the tlme delayed contrtbut~ons from each uslng the blstat~c scatterlng cross sectlon (lowest-order perturbation theory) ap- 
propnate for each subarea The s~gnal level 1s reduced by spherical spreadlng trom the source to each area element and bv 
spher~cal spreadlng and attenuatlon from each area element to each hydrophone The coherent Intensity IS tound lgnorlng 
Interface roughness T h ~ s  contr~but~on can be expressed In terms of a Fourler transtorm ot a quantlty whlch ~tselt IS glven 
by an lntegratron over wave vector Analyt~cal approxlmatlons are often used to1 the latte~ ~ntegral ba\ed on a steepest de- 
scent solution [6], but here a full numerical evaluat~on IS used 
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Figure 3. Simulation geometry for acoustic penetration measurements. Note exaggeration of vertical scale. 
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Figure 4. Ambiguity plot for apparent sound speed and propagation direction in sediment. (a) Experimental results 
reported by Chotiros [ I ]  and (b) simulation results based on scattering from a rough sediment ~nterface. The frequency is 
20 lcHz and the Incident grazing angle is 12.7". In (a) the region between the lines is considered consistent with Snell's law; 
in (b) points on the line are consistent with Snell's law. 
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A 2-D spectrum of surface roughness is needed to evaluate the perturbation theory cross section, and, as mentioned pre- 
viously, the roughness spectrum was not measured during ATBE. Some guidance is provided by a spectrum obtained in the 
same region with similar water depths and sediment properties in 1984 [7], about 2 years before ATBE. These data can be 
represented in the isotropic form [8] 

valid over a length scale range from about 50 cm down to 0.8 cm (for 2rdK), where w2 = 6.2 x 10-3 cm and K =(a. Un- 
fortunately, owing to the spatial separation and the tlme lapse between the spectrum and penetration measurements, we 
cannot have confidence that (2) applies to the sedlment surface near ATBE. In add~tion ~t is likely that the sediment was 
disturbed in the process of burying hydrophones. For simulations we have mod~fied (2) with two different forms of low- 
wavenumber cutoffs: a "Gaussian" cutoff form 

and an "algebraic" cutoff form 

Using (3) with w2 from (2) and with a = 4 cm yields a spectrum relatively rich in high-wavenumber structure. Doing the 
simulation with these parameters and using an incoherent processing technique similar to that used for the experimental 
data yields the ambiguity plot shown in Fig. 4(b), which agrees closely with Fig. 4(a). It must be emphasized that in this 
simulation the actual propagation speed in the sediment is 1729 ~ d s ,  but the apparent speed as measured by this processing 
method is close to 1300 m/s in this example. Snell's law is satisfied for points on the black line in Fig. 4(b), which passes 
through the maximum in the simulation ambiguity plot. 

By using different choices for the form of the spectrum and for the low-wavenumber cutoff, we obtain apparent propa- 
gation speeds in roughly the 120&1500 m/s range. As the low-wavenumber cutoff is reduced, the apparent speed increases 
and finally stabilizes at about 1500 m/s, becoming insensitive to further reductions. For example, using (4) with KL < 
0.2 cm-1 gives about 1500 d s .  Thus, if the spectrum were of the form of (2) down to length scales of about 30 cm or be- 
yond, we would predict an apparent speed of about 1500 d s .  (The example in Fig. I should be consistent with this case.) 
With roughness spectra relatively richer in high-wavenumber components, apparent speeds in the 1 100-1 300 d s  range can 
be obtained. 

In addition to propagation speed and direction in the sediment, attenuation in the sediment is also of interest. For ATBE 
Chotiros reports slow-wave attenuations of 30-40 dB/m at 20 kHz [I]. A fit to the signal levels for all six hydrophones 
used in the simulation of Fig. 4b yields an attenuation of 19 dB/m. However, if only the top three hydrophones are used in 
the fit, an attenuation of 36 dB/m is obtained. This difference occurs because the top hydrophone is strongly affected by the 
evanescent wave and by scattered waves propagating close to horizontally, whereas the signal at the deeper hydrophones is 
made up of scattered waves propagating more steeply. 

5. Discussion 
The way in which scattered waves traveling at the normal sediment compressional speed (cz) can appear to be traveling at 
a much slower speed is illustrated in Fig. 5. Consider a short-pulse plane wave whose leading edge at some time is aligned 
with the arrows on the water side of the interface. Assume the pulse scatters at the surface and for simplicity propagates 

Sediment cp 1 (VB, $ Energ) propagates 
I n  at speed cZ 

Constant time front speed c; < cZ 
(apparent speed) 

Figure 5. Schematic showing how scattering at the sediment interface can mimic a slow wave in the sediment. 
For simplicity energy is assumed to scatter straight down. 

straight down. The leading edge will propagate down at speed c2 and at some later time be aligned with the arrows shown 
in the sediment. If one assumes the propagation direction is normal to this leading edge (as done for these experiments and 



in our simulations), the apparent speed will be c i  < c2. For c2 of about 1700 m/s, for low-incident grazing angles, and for 
vertical propagation in the sediment, it is easy to show that c i  is about 1100 mls. As the mean propagation direction 
moves forward from vertical, c i  increases so that a range of apparent speeds can be obtained depending on the mean 
propagation direction, whlch in turn depends on the properties of the sediment roughness spectrum. It is also easy to show 
that the apparent speed and direction will always be consistent with Snell's law in this simple model of a single propaga- 
tion direction in the sediment, whether vertical or not. 

In summary, we have shown that scattering from a rough water-sediment interface is a v~able hypothesis for subcr~tical 
penetration into sediments. With a suitable choice of roughness spectrum, this mechanism can expla~n the observation of 
apparent slow wave speeds in sediments. Simulated attenuations are less than reported exper~mentally, but ~f the analysis is 
restricted to a subset of hydrophones closest to the surface, simulation results are consistent with the reported values. 
Acoustic penetration experiments with the roughness spectrum measured in the precise expermental area should be able to 
determine if scattering from sediment roughness is the actual mechanism. 
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Abstract 
Ofren focused beamforming systems use the Fresnel approximation to compute the required delays. Unfortunately, such an 
approximation has a validity region that is very narrow around the broadside direction. To investrgate wider areas, in this 
paper, a novel approximation composed of the weighted terms of the conventional Fresnel approximation is presented. 
The attractive results (in terms of mean square error and enlargement of the valrdrty region) obtained by applying the 
proposed approximation to a planar array are presented. 

1.  Introduction 
Beamforming is a linear technique aimed at processing array signals in order to enhance incoming signals from a selected 
steering direction and to abate incoming signals from any other direction [I]. Thanks to its tlexibility, beamforming can be 
successfully employed in many application fields (e.g., sonar, radar, medical imaging, non-destructive testing, etc.) with 
different objectives. In any case, if the array works under far-field conditions, the delays required by the beamforming 
operation can be easily computed in an exact way, whereas, if the array works under near-field conditions, the focalization 
of beamforming is required to take into account the curvature of waves [I]. In the latter case, due to the presence of a 
square root operation, a fast computation of the exact delays is often prohibitive and an approximate version is preferred: 
generally, the Fresnel approximation (obtained by the expansion of the time-independent free-space Green's function 
[2][3]) is adopted [I] .  Moreover, the Fresnel approximation makes it possible to apply the Fast Fourier Transform (FFT) in 
the implementation of beamforming even when focalization is necessary [4], thus resulting in a great computational profit. 

These issues are particularly important in three-dimensional (3D) sonar imaging systems, where: the focalization is 
required, the enormous number of different delays to be used disallows an off-line computation of them, and the FFT 
implementation of the beamforming is highly demanded. In this case, the Fresnel approximation allows one to compute on- 
line the delays and to apply the FFT implementation, thus achieving a 3D real-time imaging [4]. Despite its simplicity and 
advantages, the Fresnel approximation has a well defined region of validity [2] that forces potential steering directions to 
be contained inside a narrow scanning region around the broadside direction. This constraint is heavy in applications like 
acoustic imaging that require a wide region of view, for both medical and underwater investigations. To avoid this 
drawback, some imaging techniques that do not need the Fresnel approximation have been devised [5][6] but, 
unfortunately, they increase the computational load andlor the system complexity. 

This paper presents a novel approximation (not too different from the Fresnel one) based on the minimization of the 
mean square error, so resulting in an acceptable precision inside wide scanning regions. In more detail, the same terms as 
used for the Fresnel expansion are weighted by coefficients whose values are fixed, given the array geometry, by a least- 
squares procedure on the basis of the desired scanning region. Thus, the new approximation keeps the low computational 
load and the low system complexity that characterize the Fresnel expansion and maintains the opportunity to be 
implemented in an F I T  focused beamformer, too. 

T h ~ s  paper IS organized as follows Sect~on 2 presents a background concerning the delay approxlmatlon and the related 
valld~ty reglon. In Sectton 3, the we~ghttng of the Fresnel approxlmatlon IS presented and ~ t s  appllcat~on to a planar array IS 
described In Sect~on 4 F~nally, results are discussed and some conclus~on~ are drawn In Sect~on 5 
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2. Background on Delay Approximation 
A beam signal (generated by a conventional delay and sum beamformer [I]) steered in the direction of the unit vector 
(versor) u is defined as: 

M 

where xi(t)  is the temporal signal received by the i-th sensor, 7(u, i) and w(i) are the delay and the weight applied to such a 
signal, respectively, and M is the number of array elements. 

Under the far-field hypothesis, the exact delay t(u, i) can be written as: 

where vi = [xi, yi, zi] is the position vector of the i-th sensor, + indicates the transposition operator (both u and vi are row 
vectors), and c is the carrier speed. This delay formulation is compatible with the FFT implementation of beamforming. 

If focalization is necessary, as the far-field hypothesis does not hold any more, then the exact delay is: 

zeX(u,i) = 
R-JW 

C 

where R is the focalization distance in the steering direction u and 1 1 , 1 1 2  is the Euclidean norm. These delays are heavy to 
compute on line (mainly due to the presence of a square root) and inhibit the implementation of focused beamforming by 
the FFT. 

For these reasons, one tries to approximate the exact delay by a formulation that allows an easy on line computation and 
the FFT implementation. This target is generally achieved thanks to the Fresnel expansion, which results in the following 
approximation [I]  to the exact delay: 

c 2Rc 
The first term of the addition depends on both v, and u, and represents the distance-independent delay equal to that defined 
in (2). The second term takes into account the wave curvature, depends on v, and does not depend on u. Thanks to the 
latter fact, one can show that the FTT implementation of focused beamforming is feasible [4]. 

According to Ziomek [2], there are three necessary conditions that define the validity region of the Fresnel 
approximation. The first imposes a small steering sector, the second condition stipulates the minimum focalization 
distance, and the third establishes the boundary between near-field and far-field regions: 

72'5 $ 5 108' ( 5 )  

where is the angle between u and vi, V is the maximum value of Ilvjl, and h is the wavelength of the carrier. These 
restrictive conditions (in particular, the one that limits the angular extension) are often not satisfied in imaging systems, 
with potential low performances in the lateral regions of images. 

3. Weighting the Fresnel Approximation 
In order to relax the constraint of (5). a possible solution is to weight the terms of the Fresnel approximation by two 
constants, k ,  and k2, computed on the basis of the desired steering region and of a fixed focalization distance. The 
importance of keeping unchanged the two terms of the Fresnel approximation lies in their computational simplicity and in 
the possibility of implementing focused beamforming by the FFT. One can write the novel delay approximation as follows: 



and try to fix the values of the two constants by mlnlmlzlng the sum of the square d~tferences between the delays provlded 
by the approxlmatlon and the exact delays Square errors can be measured over a two-dimens~onal g r ~ d  contalnlng all the 
poss~ble palrs (u, I). Denot~ng by e(u, I) the error between the approximate and exact delays, and by u l ,  u2. . UN the 
steering directions of interest, one can wrlte an overdetermined system of equat~ons by using a matrix tormulatlon 

The system in (9) can be written in a shortened form as: 

where d is the column vector (MN by I )  of the exact delays, k is the column vector (2 by I )  of the unknowns, e is the 
column vector (MN by 1) of the errors, and A is the matrix (MN by 2) containing the two terms of the approximation. 

By using a least-squares inverse [7], AL' (2 by MN), of the matrix A, one can compute a system solution k* that 
minimizes the mean sauare error: 

as follows: 

Once the solution, k*, has been computed off-line, one can begin the focused beamforming operation under the guarantee 
that the approximate delays z,, are optimum in the least-squares sense. One can ver~fy that, ~f one fixes a steering region 
perfectly overlapped with the validity region of the Fresnel approximation, the differences between the least-squares and 
Fresnel approximations are negligible, i.e., k ,  = 1 and k2 = -0.5. 

4. Results for a Planar Array 
The effect~veness of the proposed method has been assessed In the followlng cases equ~spaced h e a r  array (as descr~bed In 
[a]) and equ~spaced square array In the latter case, the steerlng faculty 1s extended to the 3D space, as shown In R g  1 
Therefore, supposing the array to be placed on the plane z = 0 and according to F I ~  I, the steerlng versor u,b can be 
defined as a funct~on of the angles a and j3, the vector v, and the least-squares delay z,, can be wrrtten as follows 

u,p = [s1na,s1np,cosacosj3] 
(13) 

(xi sina + yi sin p) ,xz + y2 
z ~ ~ ( % p i ) =  k~ c +k2- Rc (15) 

where i is an integer included between 1 and M. One can define an angle 0 as the angle between the steering versor and the 
z axis (see Fig. I), as a consequence, the relatron with a and P is: e = arcos[cos~a)cos(~)]. 

To test the accuracy of the delay approxlrnatlon, one can use the total mean square error (I e., MSE = ( ( e ( ( 2 ~ ~  plotted 
versus the focahzat~on distance, the MSE as a function of the steerlng d~rectron (computed at a fixed focallzatlon distance): 
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and the MSE as a function of the array element position (computed at a fixed focalization distance), 
I N  

~ s ~ ( ~ ~ . ~ , ) = ~ ~ e ( u , . i , '  
l=i 

where ul is one of the N steering directions. 

As an example, one can consider an array composed of 11x1 1 3h-spaced elements, working at 500 kHz, with a sound 
speed c = 1500 m/s (i.e., M = 121 and h = 3 mm). Such an array can be employed in a 3D imaging systems working under 
wide-band conditions to avoid grating lobes [9]. A collection of 25x25 steering directions with an angular spacing of 2.8" 
for both a and P has been considered for the computation of ( k , ,  k Z )  From these 625 steering directions, the pairs (a ,  P) 
for which the related 9 is higher than 30" has been disregarded; as a consequence, the final number of considered steering 
directions is N = 357. Finally, a range domain 0.25 m 5 R 1 5  m has been required. The angular extension of this scanning 
region is larger than that of the validity region of the Fresnel approximation (i.e., from (5) one can derive the constraint: 101 
< 18"), whereas the range extension is similar (i.e., the Fresnel approximation is valid for 0.09 m < R < 4.24 m). Figure 2 
shows the computed values of k, (panel a) and k2 (panel b) versus the focalization distance R, and the total MSE (panel c), 
measured in p2, for both the least-squares approximation T ~ ~ .  the Fresnel approximation T~,. and the far-field delay zff' 
Moreover, Fig. 3 compares the MSE(a,P) of the least-squares approximation with that of the Fresnel approximation, after 
fixing P = 0"; Fig. 4 shows the same comparison for the MSE(xi, yi). after fixing yi = 0.045 m. Both errors were computed 
after fixing R = 0.5 m and were measured in ps2. 

Figure 1: Geometry of a square array and related notation. 

5. Discussion and Conclusions 
One can notlce that, for every delay approxlmatlon, the total MSE decreases as the focal~zat~on d~stance Increases 

W~thln the near-field reglon, the proposed approxlmatlon has a total MSE lower than that of the Frewel approxlmatlon 
Moreover, the we~ghts k l  and k2 tend to assume constant values for a focal~zat~on d~stance larger than few meters, so 
excluding the strlct necessity for computing them for each R (In part~cular, k l  tends to be equal to I ,  as In the Fresnel 
approximation). 

Concernrng the MSE versus the steerlng d~rect~on and the array elernent, one can notlce that the proposed 
approxlmatlon has the lowest error for whatever array element, whereas the sltuatlon 1s more complex for the error as a 
funct~on of the steerlng angles In the latter case (see F I ~  3), as P was fixed equal to 0" one can notlce that 9 = a and that 
the error of the Fresnel approxlmatlon Increases w~th la1 and ~ t s  value at the border of the val~dity leglon (I e , MSE(18", 
0')) 1s about 0 006 ps2 (at R = 0 5 m) Desp~te the error of the least-squares approxlmatlon 1s not null tor a = Oo, ~ t s  value 
does not exceed 0.006 p2 over the domaln la1 c 26" Therefore, as w~thln the val~d~ty reglon of the Fresnel approxlmatlon 
the loss of Image quallty IS negl~g~ble, one can deduce that, generally, movtng trom the Fre\nel approxlmatlon to the least- 
squares approxlmatlon, the safe scannlng reglon can be enlarged from 191 < 18' to 191 < 26", w~th a galn factor of about 
1 45. 

By repeating the same reasoning on the errors computed for R # 0 5 rn, the same conclusion (about the potentla1 
enlargement of the scannlng reg~on) will be reached Moreover, ~f a change of the deslred scannlng sector IS performed, 
one can ver~fy that the least-squares approxlmatlon provldes a sort of comprom~se between the approxlmatlon preclslon 
and the extension of the deslred scannlng reglon 



Figure 2: Behaviours of the weights k, (a) and k2 (b) of the least-squares approximation versus the focal~zation distance R 
in rn. (c)  Total MSE in ps2 versus R for the least-squares approximation (solid line), the Fresnel approxirnatlon (dashed 

I~ne), and the far-field hypothesis (dotted h e ) .  
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. . 

alpha [deg] 
Figure 3: Behaviours of MSE(a, P) versus a, after fixing P = 0°, computed at R = 0.5 m and measured in ks2, for the least- 

squares approximation (solid line) and the Fresnel approximation (dashed line). 
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Figure 4: Behaviours of MSE(xi, yi) versus xi, after fixing yi = 0.045 m, computed at R = 0.5 m and measured in p2, for the 
least-squares approximation (solid line) and the Fresnel approximation (dashed line). 

Finally, concerning the FFT implementation of focused beamforming, one can verify that for a large set of focalization 
distances, the value of k, can be set equal to 1 ,  without a notable loss of precinon. Then, the equations that l ~ n k  the spatial 
frequencies of the FFT to the steering angles can hold their conventional form [4][10]. Instead, ~f k ,  # 1, such equations 
should be slightly updated by an adequate scaling factor. 

In conclusion, an approximation for the delays required by focused beamformlng has been proposed that minlmlzes the 
MSE computed over the scanning region of interest. The minimization has been obtained by weight~ng the terms of the 
conventional Fresnel approximation through a least-squares solution of an overdetermined equation system. In general, one 
can observe that, if the desired scanning region is not too extended, the least-squares approximation yields an acceptable 
precision for many practical operations. At the same time, thanks to the similarity of the proposed approximation to the 
Fresnel one, the computational load and the system complexity do not notably increase, and the opportunity of 
implementing focused beamforming via the FFT can be easily kept. The application of such an approx~mation to a planar 
array has been analysed and the advantages have been described. 
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Abstract 

Assembly of a PC/Linux based data acquisirion and processing software toolkit for coastal (shallow water) multibeam and 
sidescan swath mapping sonar systems has been undertaken by the URI Ocean Mapping Development center (OMDC) in 
collaboration with government agencies and industry. This toolkit integrates existing software developments with a 
powerful menu driven Real Time Geographic Information System (RTGIS). This paper represents a progress report on this 
effort along with examples of some of the sojbvare tools. 

1. Introduction 

The OMDC (directed by Dr. Tyce) is part of the NSF/Industry sponsored Ocean Technology Center of the University of 
Rhode Island (URI). Members include NOAA, NAVOCEANO, USGS, SAIC, Raytheon, Datasonics and Sea Beam 
Instruments. This software effort is supported by NOAA, NSF and industry members (particularly SeaBeam Instruments). 
With the software originally intended for workstations running UNIX, more recently we have moved to PCs running Linux, 
a public licensed UNIX operating system. The intent is not really to develop completely new tools but to integrate 
compatible software tools for multibeam and sidescan sonar surveying with a powerful Real Time Geographical 
Information System (RTGIS), utilizing the diverse set of software packages already developed for related applications. 

The toolkit is built around the following public software tools: 
Linux public licensed UMX for PC's 
Xfree86 Xwindows display software for Linux from The Xfree86 Project 
Tcl/Tk graphical user interface software 
Ghostscript and Ghostview public domain Postscript software from The GNU Project at MIT 
GRASS 4.1 GIS and data base software developed by the USACE CERL 
Xsonar and Mini Image Processing System (MIPS) Sidescan Sonar processing packages from the USGS 
Multi-Beam System (MB-System) and Generic Mapping Tools (GMT) from LDEO and NOAA researchers 
netCDF data management software from UNIDATA 
Data Transfer Mechanism (DTM) IPC messaging software from National Center for Supercomputing Applications 

The toolkit also makes use of the following proprietary software tools for those with licenses: 
Motif graphical user interface software 
OpenGL graphical display language for Linux 
Maptech Professional PC Helm guidance software from Resolution Mapping 
SeaViewl Seasurvey multibeam processing enhancements to MB-System from SeaBeam Instruments 
Swathmap Realtime multibeam tools from the University of New Brunswick 
RTGIS Real Time extensions to GRASS GIS software from URI OMDC 

During the past 15 years, personnel from URI's OMDC have developed and installed hardware and software to support 
multibeam and sidescan sonar operations aboard more than 15 ships from the National Oceanic and Atmospheric 
Administration (NOAA), the U.S. Naval Oceanographic Office (NAVOCEANO), Woods Hole Oceanographic Institution 
(WHOI), Lamont-Doherty Earth Observatory (LDEO), URI and private industry. From 1990 to 1992 the OMDC worked 
with the USGS and the British IOS to integrate shipboard data collection and processing of combined sidescan sonar 
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imagery and bathymetry from the GLORIA s~descan sonar aboard the research Vessel Farnella As part of t h ~ s  effort we 
introduced the GRASS GIs to the shipboard env~ronment for mon~tonng survey progress In real tlme w ~ t h  such success that 
we concluded that the next generation of hydrographic I oceanographic survey data acquls~tion and processlng system 
should be built around a Real Time GIs (RTGIS) [ I ]  [2]. 
In 1994 we began the development of an RTGIS software package as a project under URI's newly tormed NSFLIndustry 
sponsored Ocean Technology Center. The GIs software chosen for our RTGIS effort was the Geograph~c Resource 
Analysis Support System (GRASS) wrltten primarily by the United States Army Corps of Eng~neers [3]. The GRASS GIs 
package was chosen for thls work because of ~ t s  low cost, because the source code IS Included w~th the d~stnbutlon, and 
because ~ t s  raster based orlglns make ~t particularly good at dealing wlth swath sonar data 

The GRASS system is written in C and runs under UNIX operating systems GRASS has been ported to a varlety of 
computer systems ranging from 386 PC's to high-end workstations and the only spec~fic system requirement IS that GRASS 
must be run under UNIX. Our original multlbeam processing software development was VAXNMS based in Fortran. 
With the conversion to UNIX as the operating system of choice for swath sonar data processing in recent years, new tools 
needed to be developed. A number of government, university and Industry organ~zations have undertaken to develop 
UNIX based tools for multibeam and sidescan (swath) sonars, with impressive results. 

In 1995 the OMDC undertook a project for NOAA to develop a UNIX-based software toolk~t for hydrographic data 
collection and processing from coastal (shallow water) multibeam and sidescan sonar systems. The Intent was to bu~ld a set 
of compatible software tools spec~fic to U.S. multibeam and sidescan sonar hydlography out of the d~verse set of software 
packages already developed for related appllcatlons rather than develop~ng a new set of tools. Central to thls effort were 
our prior efforts to develop RTGIS tools. T h ~ s  paper represents a progress report on t h ~ s  project 

Our software toolk~t effort began first aboard Sll~con Graphlcs UNIX workstat~ons, the platform of cho~ce for most 
mult~beam software developers, and ~t has proven to be a forglvlng host Our Intentton was to eventually mlgrate the code 
to workstaaons from other vendors However, from the beglnnlng we hoped that we would be able to mlgrate the toolk~t to 
a PC platform runnlng some form of UNIX Slnce the GRASS GIs had already been ported to the PC-based publlc 
l~censed Llnux operatlng system, thls became our platform of chorce early In 1997 Thls cho~ce was made prlmarlly for 
cost (low cost computer and zero cost operatlng system) w ~ t h  performance lmprovlng w ~ t h  tlme. Portlng to Linux has been 
surpnslngly stra~ghtforward for most of our tools, In part due to the wealth ot support code available tor standard user 
Interfaces and graph~cal environments The work descr~bed here was done on a Gateway 133 MHz Pentlum w~th  32 
Mbytes of memory One 1 6 Gbyte d ~ s k  was used for W~ndows 95 operatlons and one 4 Gbyte d ~ s k  for Llnux operatlons 
Graph~cs were provlded by an AT1 Mach 64 PC1 bus card Per~pherals Included an 8 port RS-232 serlal port card from 
Cyclades w ~ t h  Llnux drlvers, a PMI PC1 bus ethernet card, an Adaptec SCSI adapter, an Exabyte 8200 tape dr~ve, and an 
HP 650C large format color plotter 

2. Software Toolkit Contents 

Software components of our toolbox Include both cost free publlc software and proprietary code w~th  l~censes ava~lable 
either commercially or through spec~al arrangements with the developers or thelr cl~ents The first type of publ~c code 
Includes the operatlng system (L~nux) w~th  TCPAP ethernet support, supporting graph~cs sottware (Xfree86). Graph~cal 
User Interface (GUI) w~dget software (TclKk), and public Postscr~pt compat~ble prlnting software (Ghostscnpt and 
Ghostv~ew). The second type of publ~c code Includes powerful general purpose GIs software (GRASS 4 I), spec~al 
purpose sidescan sonar processlng software (Xsonar), and multlbeam proce.rslng software (MB-System) together w~th  
supporhng d~splay graph~cs (GMT) and data management (netCDF) tools 

The first type of proprietary software in the toolkit is low cost support software including the Motif GUI widget software 
and an OpenGL graphic library for Linux to provide maximum compatibility with different packages. The second type of 
proprietary code is commercial mapping products, which includes 1) the electronic nautical chart program Maptech 
Professional run on a second DOSlWindows PC for helm guidance and autopilot control (based upon routes and standard 
NMEA data messages provided by the RTGIS Linux system), and 2) a sophisticated commercial set of multibeam mapping 
tools (SeaView I Seasurvey from SeaBeam Instruments Corp.) which build upon the MB-System tool set. The last type of 
proprietary software includes software developed at universities in consort with commercial and government clients who 
have the right to use and license the software. This last type includes components of the Swathmap multibeam mapping 
software developed by the Ocean Mapping Group at the University of New Brunswick, and RTGIS enhancements to 
GRASS and other tools developed by the University of Rhode Island. NOAA and SeaBeam Instruments are supporters of 
both these university groups. A summary list Of software components is provided in Table I .  



3. Software Functions 

The software packages above are part of either toolkit system software or toolkit user software. Each user software 
package has been selected for this toolkit because it satisfies a particular need, though overlap does occur in user functions 
with some tools. The RTGIS operator directly interacts with the user software to perform a specific task (i.e., data 
acquisition, processing, or display). The system software generally does not directly interact with the user. It is provided as 
necessary support for the user software. Table 2 presents a list of toolkit modules along with a brief summary of the 
functions performed by each software module. 

Table 1. Toolkit Software Components 
Package I Description 

Linux (Public  UNIX for PC% 

X Windows GUI development 

Ghostscript Postscript interpreter I 
I 

Ghostview Postscript viewer 

GRASS4. I Geogmph~c Information System 

XSonar Side scan sonar processing 
system 

MB-System Multibeam sonar processing 
system 

I 
GMT Generic Mapping Tools 

I 
netCDF Common d a b  exchange utility 

I 
DTM Data Transfer Mechanism for 

Interprocess Communication 
I 

Motif 2.0 1 X Windows GUl programming . . I system 
OpenGL Graphics programming system 

Swathmap Multibeam collection and 
processing software 

I 
RTGlS Real Tirne Extensions to 

GRASS 

Source 
ftp://ftp.cdrom.comlpub 
llinuxlslackware 
ftp://ftp.xfree86.org 

Metrolink, Inc. 

Metrolink, Inc. 

Resolution Mapping 

SeaBeam lnstruments 
corp. 

Univ. of New 
Brunswick Ocean 
Mapping Group 

URI Ocean Mapping 
Development Center 

4. Real Time Geographic Information System (RTGIS) for Swath Mapping 

Real time in the context of mapping generally means aboard ship. Figure I represents our RTGIS shipboard mapping 
configuration with sensor data being concentrated and time stamped, then passed on for collection, processing, and display. 
Both before and during surveying, line planning and trackline selection generally occurs, based upon previous operations. 
The tracklines are then supplied to a track-following system which provides helm guidance (preferably on an electronic 
nautical chart or ENC) and autopilot control if so equipped. Our present PC toolkit configuration uses two PC's to 
accomplish the tasks in figure 1. The first PC runs the Linux toolkit with RTGIS capability and performs all functions 
except helm guidance. The second runs an ENC based helm guidance system (e.g. Maptech Professional) in DOS or 
Windows. The helm guidance system is provided a single RS-232 interface with multiple NMEA 0183 format messages 
containing time, position, depth, heading, course and speed. Track lines to follow are provided via ethernet file transfer. 
The RTGIS system allows for line, track and coverage displays on top of any number of GIS data layers from previous 
surveys, including nautical charts. GIs data layers are one of the end products of all the processing tools. An example of 
GIS data layers which might be used by the RTGIS is shown in figure 2, which includes NOAA chart, coastline, sidescan 
mosaic, sample sites and sidescan imagery draped over bathymetry [4]. 
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Table 2. Toolkit Software Functions 
Module I Sofhvm 1 Functions 

Computer 
Environment 

Linux 2.0.0 
Xfree86 3.2 
TCPfTP 
Motif 2.0 

OpenGL 

TcllTk 

netCDF 
DTM 
Ghostview 
Ghostscript 
GMT 

- . . - -. . . . 
Iligital Trrraln Mod21 creatlon from raster NOAA chen detn In)c.~.; 

Data Acuuis~t~on I RTGlS I Senal data acqulsitlon and logging of multiple navlgallon .;oiiric,. g! I,) he;idlng. rtl:lgnetlc heading. and 

UNlX operating system- host for all other system and user software 
Xwindows implementation- host for all Xwindows-bmed user applications 
Cornplete TCPnP implementation- host for networking applications. ftp, telnet and ethernet data acquistion. 
Port of OSF/Motif for Linux, includes Motif window manager and all Motif libraries and headers for support 
of Motif-based application GUls 
Fully SGI-compliant port OpenGL for Linux, includes softwale double buffering. depth buffering. 
accumulation buffering, anti-aliasing, texture mapping. fog, lighting, etc. Supports OpenGL-based graphics 
applications 
System for developing m d  using GUI applications. Provides the top level RTGlS interface, or "Toolkit"; 
menus provide consistent interface to all other Toolkit user software 

Dam structure to support GMT and MB-System user software 
Interprocess Communication to supporb RTGlS real rime extensions 
Postscript map viewing 
Postscript hard copy map output to user-selectable printer or plotter 
High quality map creation of user defined data overlays and multibealn data / MB-System suppol.t 

User Software 

RTGlS 

RTGIS 
Maptech Pro 

Historic data browsing, Sidescan sonar coverage display, Survey line layout, Survey line export to Helm 
Guidance 

Survey Planning 

single beam bithymetry via 8-port serial port extel~ders 
Sidescan sonar data acquisition and logging of digital output from EG&G 960 Deck Unit via PC parallel port 
Multibeam data acquisition and logging via PC Ethernet pon 
Real time text and graphical monitoring of data logging. Rcal time ship track display 
Real time swath coverage display 
Real time output of reconstructed NMEA messages to Helm Guidance for line steeling and autopilot control 
Laptop display of NOAA chart with ship navigation overlay 

RTGlS 

I Ulsplay of current survcy line. Output to autopilot 
Data Mmaeemcnt I GRASS4.I I Pmvides geographical data base structure and ~nterface lo en KLIBMS 

I 1 RTGIS I Post-survey dam reporting, CD-ROM writing of raw and processed swath data for storage and on-line 

Sidescan sonar 

Multibeam sonar 

RTGlS 
Xsonar 
GRASS4. I 
RTGIS 

MB-System 
Seasurvey 
SeaSwath 
SeaMapper 
Swathmap 

Figure 1. RTGIS shipboard 
swath mapping configuration 

5. RTGIS Real Time 
Extensions to GRASS 

GRASS 4.1 is a fully 
functional CIS consisting of 
over 300 programs for 
displaying and analyzing 

reference 
Data acquisition and logging, lmport of Xsonar raster output to GRASS raster coverage 
Cornplete sidescan sonar processing and gridding 
Swath mosaicing, translation. m d  rubbersheeting 
Real time data acquisition and logging 
Import of MB-System raster output to GRASS raster coverage 
Cornplete multibeam sonar processing, gridding, and mosaicing 
Produce realistic geological views of multibeam data in real time 
Produce waterfall, profile views of multibeam data in real time 
Interactive, graphical processing and mapping of multibeam data 
High performance multibeam sonar monitoring and editing software 

. . -  
geographic data. ~ h e r e  are 
more than 46 display 
programs, 18 general 
management programs, 72 
raster manipulation programs, 
68 vector manipulation 
programs, 20 site manipulation 
programs, 32 imagery processing programs, 5 photo processing programs, 8 printinglpainting programs, 3 postscript 
interface programs, 32 miscellaneous programs, and 18 shell scripts. There are also numerous related programs included 
with the GRASS4.1 distribution, such as PROJ4 from USGS for coordinate transformations and PBMPlus for image file 
translation. However, GRASS has historically been used for land-based applications where the databases are well 



populated and real time data acquisition has not been a necessity. Thus, GRASS4.1 by itself is not well suited for real time 
operations. 

In order to give GRASS Real Time capabilities, a 3 component system was created. The first component consists of a 
modification to certain GRASS library routines. GRASS4.1 uses a resource file which defines a set of variables to define 
the GIS environment, similar to UNIX environment variables. GRASS uses the state of these variables as a form of Inter- 
process communication (IPC). However, the library routines provide no mechanism for controlling access to the resource 
file. This is highly inadequate for real time operations, when many background processes write and read the resource file 
asynchronously. To control access to the resource file in real time mode, the standard GRASS4.1 library was modified to 
use semaphore file locking which guarantees that only one single process will have access to the resource tile at any one 
time. 

Figure 2. RTGIS screen showing menus and displaying data lay, NOS chart, coastline, sidescan mosaic, sample sites, 
and 3-D bathymetry draped with sidescan mosaic. 

The second component for providing real time capabilities consists of a message passing facility to simplify the IPC. The 
Data Transfer Mechanism (DTM) from the NCSA fulfills this task. DTM provides a highly simplified interface to 
Berkeley sockets for IPC. The third component goes hand-in-hand with the DTM implementation. It is simply a C header 
file which coordinates the DTM port addresses for all real time modules. By including this centrally located header file, 
each real time module is provided with coordinated access to all other real time modules via message passing to the 
predefined ports. Using this 3 component real time extension to GRASS4. I, any module may request data from the loggers 
and respond accordingly in real time. While the toolkit is aimed at support for swath sonar operations (sidescan and 
multibeam), the comprehensive nature of the GIs allows support for single beam hydrography, sampling programs, bottom 
photography, survey data management, etc. 

6. Sidescan Sonar Processing with Xsonar 

The Xsonar software package was developed by Bill Danforth at the Woods Hole office of the U.S. Geological Survey for 
shipboard processing of sidescan sonar data [5 ] .  This software has been integrated with our RTGIS environment and 
provides standard sidescan data processing including automatic and manual bottom tracking and water column removal, 
geometric and radiometric corrections and filtering, track integration and geo-referencing, and multi-swath mosaicing via 
cut and paste of hardcopy output to a thermal printer. 

Figure 3 shows some of the menus and beginning screen displays for Xsonar. In the upper left hand corner is the main 
setup window. This window is used to select a sidescan sonar file for processing, configure its input parameters, and select 
the processing function. Here we have selected the input file 13-14.dat. We have selected latitudellongitude navigation 
input, a navigation filtering interval of 0.41 minutes (time), 100 meter swath width, and 16 bit input with only the lower 12 
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bits being significant. The process frame shows that we have selected slant range correction, destriping, and beam pattern 
removal processing. In addition, Xsonar provides file translation from several common sidescan sonar file formats to the 
Xsonar internal format, interactive navigation editing and smoothing, linear stretch and equalization image processing, 
histogram generation, and gridding of sonar imagery. 

The Showimage window at the lower right hand corner of figure 3 is used to view the sidescan sonar imagery, either raw or 
at any one of the intermediate processing steps. Showimage may also be used to obtain per ping information from the sonar 
file. The Showimage Telemetry window at the upper middle of Figure 3 contains pertinent information for the ping 
currently selected with the middle mouse button. A significant and powerful feature of Showimage is the ability to 
interactively correct bottom tracking using the Showimage Zoom Window shown at the lower middle of figure 3. 

Figure 3. Xsonar screen showing menus a..- king dlbplays for EG&G 100 hHr. sldcscsan aonar data. 

When all sidescan sonar processing is complete, tne aonar Map function is used to grid the sonar imagery for a user- 
defined region and resolution. The geo-referenced raster imagery file is then provided to the RTGIS using the Import sls 
coverage function. GRASS is then used for mosaicing the swath imagery. Included is the ability to translate and 
rubbersheet the swath imagery for full control of the final mosaic. The sidescan sonar mosaic in figure 2 above was created 
with XSonar and its interface to GRASS. 

7. Multibeam Sonar Data Processing 

Multibeam sonar processing is accomplished with the public licensed MB-System [6] and a subset of SeaBeam's 
proprietary SeaView package which includes Seasurvey, Seaswath, SeaMapper, and Seavisualize [7][8]. Figure 4 shows 
multibeam sonar data processing sessions using MB-System and its interface to the RTGIS. The MB Project window at the 
upper left of figure 4A is used to define a set of multibeam sonar data files to include in the current Project. Each 
multibeam Project is uniquely named and has an associated Project File which stores the complete processing history of all 
sonar data files in the Project. Included in the Project history is information about all sonar processors who have worked 
with the Project. 

At the left middle of Figure 4A is the MB Process window which provides interactive control of MB-System processing 
routines. Processing may be applied to all files in the project or any subset thereof. MB-System contains a large set of 
programs for various processing tasks. The RTGIS interfaces to the subset of processing routines suggested by the MB- 
System documentation. The RTGIS interfaces to multibeam sonar processing include generating and viewing file statistics, 
beam editing (fig. 4A), navigation editing, sidescan destriping, beam angle and grazing angle sidescan corrections, 
bathymetry and sidescan gridding, user-selectable 2D and 3D plot generation to user-selectable printers and plotters (fig. 
4B), and import of geo-referenced grids to GRASS. 



SeaSurvey is a new SeaView software package from SeaBeam Instruments. A subset of this package has been adapted to 
the toolkit. This product provides screen-based tools for viewing and analyzing swath sonar data in real-time. A variety of 
map and 3D perspective views of bathymetry and sidescan data are generated as the sonar data are collected. The 
underlying data ilo is modular and supports many sonar data formats. The displays can be interactively queried to show 
data values at particular locations, the sizes of targets of interest, or the distance and heading between two points. Survey 
or cable routes can be entered and adjusted interactively. Sections of data can be selected and loaded into several analysis 
tools. If one or more sections of ship tracks have been selected, users may launch various data analysis tools which work 
with the selected data. 

(B) 
Figure 4. (A) MB-System multibeam sonar processing showing the RTGIS interface and the mbedit beam editor. (B) 
SeaMapper multibeam trackline and coverage display. 

The bathymetry browser allows the user to inspect the swath bathymetry across track profiles several pings at a time, 
stepping forward and backward through the selected data as needed. This utility is valuable for verifying the quality of 
bathymetry data and identifying the nature of artifacts when problems occur. 

The navigation browser shows the longitude, latitude, speed, heading, roll, pitch, and heave data as time series. The user 
may compare speed and course made good with the recorded values, helping to identify problems with the navigation. This 
tool also allows the user to correlate bathymetry errors with problems in the motion sensor or VRU. 

The sound velocity analysis tool displays the current water sound velocity profile (SVP) used by the sonar, an SVP derived 
from a global database, and "bathymetry residuals" calculated using the current SVP. The "bathymetry residuals" derive 
from the average residuals of the across-track bathymetry relative to linear fits to each of the across-track profiles. If the 
seafloor is reasonably planar, the residuals are dominated by the "curl up" or "curl down" of the outer swath when the SVP 
is incorrect. Users can interactively modify the SVP and recalculate the residuals to arrive at an SVP which "flattens" the 
bathymetry swath. 

The patch test tool (fig. 5A) displays the selected data in a fashion quite similar to Seasurvey's 2D map mode. Users can 
drag the mouse to select a slice of bathymetry data, which is then displayed as individual soundings in a depth-distance 
section. If there are problems with the roll bias, pitch bias, heading bias, or navigation time lag parameters used by the 
sonar, mismatches between the data from different swaths will be obvious. The bias parameters can be interactively 
adjusted so that the data become consistent. If a proper patch test survey is done, the tool allows users to isolate and 
determine the errors in the bias parameters. For survey monitoring, SeaSurvey provides tools for real time viewing of data 
in 3-D from different perspectives (fig. 5B). 
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(A) (B) 
Figure 5. (A) SeaPatch tool for roll, pitch, heading, time correcting (B) Seasurvey 3-D real time bathymetry display 

For NOAA multibeam hydrographrc operatlons, a ,ubset of the Swathmap processlng tools developed by the University of 
New Brunswick, Canada, has been adapted to the toolklt for sh~pboard operatlons Swathmap is a developmental set of 
tools particularly well adapted for processlng data from very high data rate mult~beams llke the Reson Seabat 

8. Conclusions 

Our toolkit effort has had considerable success migrating powerful UNIX workstation software tools for swath sonar 
mapping to the PC under the Linux operating system, in major part due to the depth and breadth of the operating system 
and supporting software. While some of the tools which support intense OpenGL graphics run slowly under our present 
software emulation, faster processors and dedicated graphics hardware are expected to be available soon. In the future we 
hope to be able to add NOAA sounding selection software tools to the toolkit along with much of the Hydrographic 
Multibeam Processing System software (HMPS) developed by the U. S. Naval Oceanographic Office. 
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Abstract 

Inversion techniques that extract environmental parameters from measured reverberation often lead to mathematical 
problems that are not well-posed. Two examples illustrate this possibility. The Jir.~t shows how a model can produce 
accurate fonvard predictions though based on erroneous physical assumptions. The second example involves measured 
torpedo data, and offers some guidance to resolving ambiguities that are due to abrupt changes in the bottom sediment. 

1. Introduction 

Inversion techniques are now used to extract environmental parameters, such as bottom-backscattering strengths, from 
measured reverberation. The simplest scheme requires a forward model to compute reverberation levels at some initial state, 
and adjusts the unknown quantities using trial and error until the computed and measured levels agree. More sophisticated 
techniques estimate rates of change of reverberation with respect to the unknown quantities at some initial state, and iterate 
until convergence occurs. 

Typical inversion problems lead to mathematical models that are not well-posed in the sense of Hadamard. In other words, 
the solution may not exist, may not be stable under data perturbations, or may not be unique. Numerical methods that are 
concerned with stability are called regularization methods. The recently published book by Engl, Hanke, and Neubauer [ l ]  
is devoted to this subject. The material below, on the other hand, is concerned with uniqueness, but not in the 
mathematical sense. The problems stem from a misrepresentation of the underlying physics. 

For example, consider the following simulation for extracting 30-kHz surface-backscattering strength. The inputs are 
generated by a primary model that includes refraction and multipath effects. In contrast, the inverse model assumes that the 
ocean sound speed is constant and neglects multiple boundary interactions. Both models use an Applied Physics 
Laboratory, University of Washington (APL-UW) surface-backscattering strength algorithm [2] as described below. The 
results support the conclusion that refraction and multipath effects are insignificant. However, closer scrutiny reveals that 
this is fortuitous. Refracted, bottom interacting paths often dominate backscattered energy. Since conflicting physical 
assumptions produce the same reverberation level, the inverse problem is not well-posed. 

Reverberation anomalies frequently lead to incorrect conclusions regarding the ocean environment. For example, 20-kHz 
reverberation measured in shallow waters off the coast of southern California show an unexpected rise in reverberation 
followed by a gradual decay into the noise background. Similar anomalies have been aur~buted to caustics created by 
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sound-speed profiles having strong, negative gradients. But in thls case, photographs and grab samples of the ocean bottom 
provide overwhelming evidence that the rise in reverberation was due to the bottom sedlment changing from mud to rock 
along the track. The measurement was eventually srmulated using an APL-UW bottom-backscattering strength algorithm 
[3] and the Gaussian ray bundle eigenray model [4]. 

2. A Wonsan site in the Fall 

The three sets of data In figure 1 are computer generated predlctlons of monostatlc reverberatlon velsus elapsed time for a 
100-ms pulse The predlctlons are based on APL-UW surface and bottom back-scattering models [2] dnd [3], the APL-UW 
surface and bottom forward reflection loss models [ 5 ]  and [61, and Franco~s-Garr~son volume attenuation [7] In these 
predictions, surface reverberatlon dominated bottom reverberation by about 10 dB, and volume reverberatlon was 
neglected A complete list of environmental and system parameters and the ~ound speed profile ale prov~ded In Table I 
and figure 2, respectively 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4. 
TIME (s) 

Figure I :  Computer generated predictions of monostatlc reverberation versus elapsed tlme for the Wonson site In the fall. 
The (*) are assumed to be correct, the (-) is an initial attempt by the inverse model to match the (*), and the (...) denotes the 
contribution of simple surface backscatter to the (*). 



Parameter 

site 
season 
bottom depth 
bottom sediment type 
wind speed 
surface scattering strength 
bottom scattering strength 
surface reflection coefficient 
bottom reflection coefficient 
volume attenuation 
source level 
pulse length 
transmitter depth 
transmitter beam pattern 
transmitter vertical beamwidth 
receiver depth 
receiver beam pattern 
receiver vertical beamwidth 
horizontal beamwidth 

Value 

Wonsan 
Fall 
65 m 
coarse silt 
15 knots 
APL-UW [2] 
APL-UW [3] 
APL-UW [5] 
APL-UW [6] 
Francois-Garrison [7] 
220 dB 
100 ms 
26 m 
sin(x)/x 
3" 
26 m 
sin(x)/x 
10" 
3.2" 

Table I: Environmental and system parameters for reverberation models. 

SOUND SPEED (m/s) 
1490 1495 1500 1505 1510 
0 

Figure 2: Sound speed profile for the Wonsan site in the Fall. 
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The (*) in figure 1 were produced by a primary model, which, for the sake of thls d~scuss~on, are assumed to be correct. 
This data will be used as inputs for extracting surface-backscattering parameters. The (-) IS an initial attempt to match the 
primary data using an inverse model. Finally, the (...) denote the contribut~on of direct path surface reverberation to the 
primary result. In practice, one extracts the surface-backscattering strength by adding the differences between the (*) and (- 
) in decibels to the lnlt~al ARL-UT values. The resulting reverberation levels would match the prlmary data exactly. Since 
the primary and initial inverse data agree to within a couple of decibels over the entire tlme axls, one can argue that the 
inverse predictions including the estimate of surface-backscattering parameters are accurate. 

As noted in the introduction, the primary and inverse models differ by two major assumptions. Because the high value of 
volume attenuation at 35 kHz limits the ranges of interest to a few kilometers, the inverse model neglects ray diffraction 
and multipath; The primary model includes both effects. An obvious conclusion is that ray diffraction and multipath are 
not significant in this example. Many analysts agree that the computer resources required to gain a couple of decibels in 
accuracy is not warranted in most practical applications. 

A more thorough analysls has shown that the conclusions stated above are qulte erroneous It was just fortuitous that the 
pnmary and ln~tlal Inverse results agreed, and the primary contributlon to surface reverberat~on 1s not the s~mple surface- 
backscattered path as clalmed by the Inverse model According to the ( ) curve In figure I ,  the actual contr~butlon to 
surface reverberation falls off qulte rapldly at tunes beyond 2 5 sec as the dlrect path enters the shadow zone. The 
transmitter-surface backscatter-bottom reflect~on-rece~ver path (not shown alone) 1s the domlnant source of reverberat~on. 
The analys~s at shorter tlmes 1s more complicated Here the dlrect path has less propagatlon loss and shallower surface 
grazing angles than the bottom lnteractlng paths Slnce shallower surface grazlng angles are associated wlth less surface 
backscattering, the dlrect path reverberation may be weaker at the shorter tlmes as well In contrast, the transm~tter-bottom 
reflection-surface backscatter-rece~ver path 1s not a s~gn~ficant contributor because the narrow transmitter beam pattern 
rejects steep downward dlrected energy. 

3. SOCAL Torpedo data 

The reverberat~on data to be examlned next conslsts of 38 torpedo plngs along 14 tracks The data was measured at the 
NUWC SOCAL slte near southern Callforn~a An extensive env~ronmental survey of SOCAL was conducted In two phases 
by NUWC [8]. The first phase, November 17-23, 1993 measured bottom bathymetry and acoustlc backscatter 
charactenstlcs. The second phase, December 7- 15, 1993, collected hlgh-fidelity torward propagatlon acoustlc data and In- 
s ~ t u  measurements of water column conduct~v~ty, temperature, and depth The research vessel RN Glorlta performed a 
bottom survey w ~ t h  preclslon navlgatlon, preclslon bathymetry, s~de-scan sonar, bottom acoustlc reverberat~on 
characterlzat~on and sedlment profile and plan-v~ew Imagery. Bathymetr~c data were collected every second from an 
ODOM Echo Trac dual-frequency preclslon survey fathometer w~th a 3' beam and a 208-kHz transducer Attached to the 
hull of the RN Glor~ta was a bottom acoustlc data acqulsltlon system (BADAS) whlch acqulred and dlgltlzed signals from a 
24-kHz transducer A towfish w~th  an EG&G Model 260 s~de-scan sonar qystem acqulred data at 100 kHz, but 
malfunctroned durlng the last part of the survey. A small camera attached to the REMOTS frame, a dev~ce that can 
penetrate and Image the upper 20 cm of the sedlment, took plan-vlew photographs above the bottom In addttlon, a Van 
Veep grab sampler collected sedlment samples. 

In splte of the excellent data, the observed reverberat~on would not be successfully modeled for several years The maln 
reason was that our experience In explaining blue-ocean acoustics fa~led when the bottom depth was under 200 m The first 
mlstake was to try and extract one bottom-backscatter~ng strength for the entlre reverberat~on data set The data measured 
from all 38 torpedo plngs appears In figure 3 Thls shows a 20- to 30-dB var~ablllty at lndlv~dual recelved tlmes No 
single bottom-backscattenng strength can produce thls phenomena. The explanation was literally In front of our eyes The 
REMOTS camera and grab samples showed that the SOCAL bottom sedlment varred from mud to rock Some of the 
torpedo plngs were confined to all mud or all rock tracks, whlle other plngs recelved reverberat~on from both types of 
sed~ments. Once t h ~ s  obv~ous observation was brought to I~ght, ~t became clear that any successful lnverslon techn~que 
must allow for range-dependent varlatlons In the ocean environment, and In particular, In the bottom sedlment Although 
the variabon In SOCAL bathymetry was relatively large, the varlatlon In bottom-sedlment properties played a much greater 
acoustic role 



Macsured Reverberdion Dda 
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Figure 3: All 38 torpedo pings measured at the NUWC SOCAL site. 
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Figure 4: Measured torpedo pings 642,655, and 667 compared to CASS model predictions. 
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The numbers 642, 655, and 667 in figure 4 refer to consecutive pings on a mud to rock track. The symbols refer to 
measured torpedo reverberation, while the lines refer to Comprehensive Acoustic System Simulation (CASS) model 
predictions [9]. The measured data is a subset of figure 3. Note that the variab~lity in the data is considerably more 
between one and two seconds than at the earlier and later times. For all three pings, the increase in reverberation levels is 
due to the increase in bottom backscattering from mud to rock. Ping 667 is furthest away from the transition range, and so 
its increased reverberation level occurs at a later time. By including the transit~on range in the environment, CASS was 
able to extract the bottom-scattering strengths in terms of sediment type. 

There was a major difficulty due to an oversight in applying the APL-UW bottom forward reflection loss. This model, 
basically a plane wave reflection coefficient, showed almost no loss over rock until a critical angle of 60". The inverse 
analysis required the loss to be 6 dB per bounce. The APL-UW documentation stated that their model did not include 
scattering or shear losses. REMOTS camera photographs of the rock areas showed that the rocks were about the size of 
one's fist, or about a wavelength at 20 kHz, so that scattering due to roughness could not be ignored. 

4. Conclusions 

Environmental parameters that are extracted from measured reverberation data may not be unique unless sufficient 
constraints are imposed. Fluctuating reverberation levels are particularly difficult to invert. If the tluctuations occur over 
time periods that are consistent with internal waves, the source is clear. For shorter time periods, the fluctuations may be 
due to phenomena as diverse as multipath interference and sand ripples. The ambiguity may be resolved by changing system 
parameters whenever feasible. Fluctuations due to sand ripples should change dramatically with bearing, but not frequency. 
The opposite should hold for near-surface multipath interference. 

In the analysis presented here, the environmental models that were used to perform the inversions were acceptable with one 
exception. There is currently no generally excepted model for bottom forward reflection loss over rough rock-like 
sediments. Another shortfall is out ability to model coherent reverberation effects. The examples shown above were all 
modeled by power summing the various contributions to reverberation at specific times. This approach cannot explain near- 
surface multipath interference. 
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Abstract 

Time-domain features of shallow water Mediterranean and Yellow Sea data are simulated for frequency band widths of 
0.8 kHz with a centralfrequency of 3.2 kHz. Contour plots of pulse arrivals in time and depth are analyzed for several 
source locations and receiver off-sets. Calculations have been carried out using a new Shallow Warer Acoustical Modal 
Propagation model - SWAMP. Results indicate the ability to extract the adumbration of velocity profiles critical angles of 
the ocean bottoms and source localization. 

1. Introduction 

The examlnatlon of the transmsslon loss in a wave gulde over range and depth may reveal 11m1ted ~nformat~on about 
ductlng and even less about ocean bottom propertles Researchers have become accustomed to examining transmlsslon data 
and may be sk~lled with interpreting data to form reasonable guesses of desired propertles Data tor the less studled pulse 
problem, part~cularly, for contour plots over depth elther In range for fixed time or In tlme tor fixed range appears more 
likely to reveal information of both the veloc~ty profile and bottom propertles Indeed, a a~ngle array over depth for pulse 
slgnals would yleld far more information than a sequence of arrays over depth distributed over a broad range In un~form 
steps requ~red to produce slngle frequency contours A slngle horizontal array tor t~xed trequency over range would l~kely 
yield ambiguous lnformatlon, whlle In tlmedoma~n calculat~ons it would y~eld relatlve arr~val times of modes and thus 
possibly glve a measure of ocean bottom propertles In the presence of ductlng and poor placement, ~t could mlss some 
modal arr~vals and would unltkely glve the lntormatron about ductlng. Shallow water measurements yleld less ~nformat~on 
about profiles, because they requlre larger frequency band widths to ach~eve comparable resolut~on In contrast wth  the 
deeper water cases and because mode str~pping IS more pronounced In range for the shallow water case and may lead to 
vague results In range as more and more modes are str~pped particularly when the number of modes are small What we 
w ~ s h  to show here is how to exploit lnformat~on from transmlsslon loss or pressure fields trom pulse signals In tlme steps 
for fixed range or in range steps for fixed tlme. The part~cular lnformatlon we determine is at the very least an adumbration 
of the velocity profile as well as the cnt~cal angle o t  the bottom We use the veloc~ty protiles obta~ned trom a shallow water 
Med~terranean reglon (80m) to explore strong features of pulse arrlvals that are characterized by the veloclty profile and 
bottom propertles The profiles typically have broad bottom ducts In about 80 meters of water commencing at about 30 
meters. The gradient IS not strong and vanes over most of the bottom 50 meters ot depth There is surface ductlng In some 
of the profiles whlch can be seasonally observed In the expermental measurements We caIculate arrivals at unlform 
depths over the entrre range of the water column and plot outputs of arrivals In terms of group front lntenslty contours over 
time windows that encompass the entlre pulse w~dths The sources are alternat~vely placed In two locations, namely close 
to the surface and close to the bottom of the water column. The off-set d~stances are 2 5 km, 5 km and 7 5 km The pulses 
vary from 2.8 kHz to 3 6 kHz, wlth a band width of 800 Hz and a central frequency ot 3 2 kHz The etfect of surface 
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ducting is of particular interest and is seen to have the effect of capturing energy from high angle modes that traverse from 
the bottom ducted region and are manifested as uniform discrete arrivals that have earlier arrival times than the predominate 
bottom ducted low mode group arrivals. The results indicate that some systematics are obtained that are useful in 
extraction of overall features of both the sound speed profile and the spectrum of angular modes governed by bottom 
properties. Further we show that source localization can be obtained by examining crossing patterns of the group intensity 
contours. A comparison of this result is made with Yellow Sea data which have much stronger gradients and lead to rather 
different group intensity arrival features. An interesting feature of strong bottom ducted profiles with some surface ducting 
was observed in an analysis of data from the Florida Straits by Harry DeFerrari and Charles L. Monjo. [1,2] For a 550 m 
water column and pronounced bottom ducting with weak surface ducting over the first 70 m of the water column, pulse 
signals are observed to get trapped periodically as high angle modes initiated at the bottom of the wave guide traversed to 
the top and returned to the bottom in a typically cyclical manner. However, at each contact of the higher order modes made 
with the upper surface duct some energy was trapped in that duct and traveled at the some what higher characteristic group 
velocity, thus leading to discrete localized arrivals that preceded the major and typical duct arrivals. This rather remarkable 
and unexpected results which may be initiated above some frequency threshold can give a powerful sensitive 
tomographycal tool that enables one to determine additional refined structures of a wave guide. In addition to giving 
evidence of surface ducting, it allows one to determine source distance and ocean depth. This observation is presently 
referred to as the DeFerrari-Monjo effect and we investigate it for the shallow water cases presented here. 

2. Method of Calculation 

The pulse propagation problem In oceanlc waveguides can be solved vla the frequency doma~n by Four~er 
synthesis of CW (continuous wave) results. 

where p(r, W) is a spatial transfer function, S ( W )  is a source spectrum. Thus, the first computational step is associated 
with solving the Helmholtz equation with the source spectral function f (r, w) . 

and generating the transfer function at a number of discrete frequencies within the frequency band of interest. The 
evaluation of the integral in (1) can then be done by, for instance, the Fast Fourier Transform at each spatial position (r). 
Despite the relative simplicity of (I) ,  there is no universal solution technique avalaible for arbitrary sound speed profiles 
c@). 

The numerical results presented below were obtained by using a new normal mode model SWAMP. The variable 
velocity normal mode solution given by SWAMP is based on obtaining the solution of a related reference isovelocity 
problem. [3,4] Ocean bottom layering is assumed to be composed of fluid layers, but large numbers of layers are feasable 
so that it is possible to account for gradient effects. As in any normal mode model, it is not difficult to generalize to 
include layers with elastic properties. Once the depth dependent iso-velocity eigenfunctions are obtained, they are used as 
spanning functions that transform the isovelocity space solution by means of a rotational or unitary transformation into 
solutions of a space with a variable velocity profile. The transformation may be viewed as a' worping operation that 
deforms the iso-velocity space into a variable velocity space. However, the spanning functions which are readily 
transformed into a spherical representation are retained, so that solutions of the distorted space may easily be expressed in 
a spherical representation, albeit a linear combination of such functions. This is an important development, because a 
spherical representation is required in the development of a unified approach that couples free three dimentional scattering 
solutions with a wave guide solution. The new modal eigenvalues are obtained by transforming the worping super matrix - 
which is real and symmetric - to tri-diagonal form from which the eigenvalues of the transformed space are readily 
obtained. Once the eigenvalues are obtained, sets of linear equations that form independent sub-systems are obtained. 
Each system of equations is in a linear solver form, represents independent systems and generates the required 
eigenfunctions in terms of expansion coefficients of the spanning space. Because the system of equations are 
independent, only one or any desired set of eigenfunctions may be obtained. Since the set of expansion matrices forms a 
super-matrix that is rotational by design, the new eigenfunctions are guaranteeded to be orthogonal as required by the 



nature of the problem. Since each of the solver equations are independent and are not based on iterative calculations which 
for example occurs in Gram-Schmidt construction, errors are not accumulated that often result in violation of the 
orthogonality conditions. The detailed consideration of the method is presented in the referenced literature. Here we would 
like to discuss what can be learned from the numeraical studies of the pulse propagation obtained by using SWAMP. It is 
important to notice that the model works reasonably fast for high-frequency calculations and successfully competes with 
the Parabolic Equation approach models with respect to computational time. 

3. Numerical Simulation and Interpretation of the Results of Mediterranean Data 

The first environmznt which was tested represents the typical shallow water Mediterranean waveguide with wide 
single bottom duct, described in the introduction. Figure 1 shows the intensity picture of the received pulse vs. depth vs. 
time for ranges (a) - 2.5, (b) - 5, (c) - 7.5 km. The source was placed in the duct, at depth 65 m. 

Time ( m s )  

Time ( m s )  



596 High Frequency Acoustics in Shallow Water, NATO SACLANTCEN, Lerici, Italy 30 June - 4 July 1997 

Time (ms ) 
Figure 1. Arrived pulse structure for the single duct Mediterranean environment with the source at depth 65 m for 
distances: a - 2.5 km, b - 5 km, c - 7.5 km. 

We can see that the low order modes are trapped in the duct and are the major first arrivals. The high order modes 
correspond to Surface-Reflected-Bottom-Reflected (SRBR) paths are well observed at the tail of the pulse. SRBR arrivals 
can be modeled as clustered groups of modes with different group velocities and with different modal angles with respect to 
horizontal or vertical axis. Thus, the travel time separation between these arrivals for fixed depth expands with increasing 
time. The intensity group fronts change as a function of mode angle with the vertical axes from 0 degree for the earliest 
major arrivals to the critical angle for the later "coda" waves determined by the total bottom impedance. The higher order 
modes can be approximated by the sum of up-going and down-going plane waves with the same inclination angle. The 
simple geometrical consideration shows that the intersection of intensity lines forms the source image at its real and imaged 
depths. It gives a simple geometrical algorithm to determine the source localization. If the source is located out of duct, the 
excitation coefficients for the low-order modes are small and we cannot effectively excite these modes. Thus, for this 
source geometry we may not obtain reliable information about the presence of the duct from any receiver geometry. This 
effect is manifested in Figure 2. 

By ~ntroduc~ng weak surface duct, we can observe that results does allow tor some energy to arrlve ahead of the 
main arrivals (precursors) due to approximate maxlma values of the group veloc~ty In the upper duct reglon At that pomt 
the returns are not suscephble to arr~vals Interpreted In terms of the mathemat~cal d e t ~ n ~ t ~ o n  of "group" veloclty slnce the 
second order asymptotlcs from the method of statlonary phase falls and group veloc~ty concepts are rendered mean~ngless 
In that case the pulse ampl~tudes are frequency-modulated and lead to precursor waves For yome surface duct trapplng the 
precursor effect IS part~cularly pronounced and 1s particularly well d~scussed In the sem~nal work ot Monjo and DeFerrar~. 
[2] The DeFerran-Monjo effect IS present for the same Mediterranean duct wth a sl~ght surface duct added to ~ t .  T h ~ s  IS 
evident In F~gure 3 for the Med~terranean profile wrth a sl~ght surface duct tor wh~ch we are able to ~dent~fy  add~tlonal and 
more pronounced precursors These precursors correspond to energy that IS trapped In the upper duct reglon from the 
higher modes that traverse the wave gu~de  from the bottom. It IS cond~t~onal upon non-leaky trapped modes at the upper 
duct surface and accord~ngly there IS a frequency cut-off below which no trapplng w~ll  take place Thus, ~t may be v~ewed 
as a high frequency feature. 



Time ( m s )  

Figure 2 .  Arrived pulse structure for the single duct Mediterranean environment with the source at depth 10 m for 
distances: a - 2.5 km, b - 5 km. 

Time ( m s )  
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Time (ms) 
Figure 3. Arrived pulse structure for the added weak surface ducting duct Mediterranean environment with the source at 
depth 10 m for distances: a - 2.5 km, b - 5 km. 

Since the Mediterranean profile is rather broad extending from 30-80 meters in a gradual fashion the outline or 
adumbration of the velocity profile though present is not strong. The next example of a similar region but with a narrower 
and stronger and more precipitous duct yields a "profile adumbration" that is much more pronounces. 

4. Numerical Simulation and Interpretation of the Results of Yellow Sea Data 

The Yellow Sea profile has a very much stronger gradient and progresses rapidly to the bottom of the water 
column. Thus, the effect of the profiles are more evident and one may observe a reasonable suggestion - adumbration of the 
velocity profile. In these calculations we have allowed for some small surface ducting for calculations represented by 
Figures 4-6, so that the arrivals of strong precursors leading the main bulk of arrivals is always present for these examples. 
However, in Figures 5 and 6, when the source is at the mid-point of the water column or in the main bottom duct we see a 
rather pronounced outline of the ducted region, so that for strong ducting in this case and other examples the outline of the 
ducting is to a reasonable degree associated with the actual velocity profile. Once again the critical angle of the bottom is 
determined by the "coda" arrivals which presents one with a means to extract the critical angle of the fluid-bottom interface 
and the relative sound speeds of the bottom. 

T i m e  ( m s  ) 

Figure 4. Arrived pulse structure for the Yellow Sea environment with the source at depth 7 m for distance 2.5 km 



Time (ms) 
Figure 5. Arrived pulse structure for the double duct Yellow Sea environment wth the source at depth 38 m for distance 
2.5 km. 

Time (ms) 

Figure 6. Arrived pulse structure for the double duct Yellow Sea environment with the source at depth 65 m for distance 
2.5 km. 

Figure 5 which has the source mid-way from the top to the bottom of the water column also illustrates the effect that the 
conjugate pair of energy fronts crosses at the source depth, here at 38 m. In the other two examples which have the sources 
close to the top and the boftom, we can observe crossings close to the top and bottom but appear. as doublets which are in 
fact group energy fronts corresponding to the initiation of traveling directly to the bottom and traveling the short distance 
to the top and then reflecting to the bottom. Had the source been very close to the top or bottom, the doublet effect 
disappears but is most pronounced at the mid-point. Needless to say conjugate pair group energy effect is much more 
dramatic for deeper oceans. Strong diffraction will cause the group fronts to appear to bend due to more pronounced 
diffraction and the crossing e E e t  will obviously be more pronounced in weakly varymg velocity profiles. The effect of the 
group front bending is reasonably pronounced for the Yellow Sea environment havrng the stronger gradient of the changes 
of the sound speed profile. 
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5. Summary 

Pulse signals at suitable frequencies and band widths allows one to extract moderately accurate information of the 
ocean properties. Although the results are not as impressive as for the intermediate depths it nevertheless gives one a 
tomographycal tool to extract environmental parameters using "vertical acoustical profile" methods akin to the analogous 
seismic case. The precursors due to even weak surface duct appear to be very sensitive indicators of the shallow water 
environment and could prove to be powerful oceanographic tools. Range-independent modeling of such environments will 
make the understanding of surface duct propagation more complete. Further investigation and comparison with data may 
prove fruitful in studying these kinds of environments. 
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Abstract 

Bistatic scattering measurements were carried out under the Coastal Benthic Boundary Layer (CBBL) program. The 
results presented here are for a carbonate sand-silt-clay, and the data were collected in Februar) 1995 near Key West, 
Florida. The experiments used a directional source operating at 40 kHz in conjunct~on wtth a mobrle, steerable, direc- 
tional receiver. The data set obtained is much larger than previous sets collected via the same general procedure. The 
experiment is briefly outlined, and the improvements resulting in the larger data set are htghlighted. A model that accounts 
for scattering due to interjace roughness and volume inhomogeneities is then summarized. Finally, the bistatic scattering 
results are compared with this model. The parameters needed in the model were measured by other CBBL researchers 
during the same time period and in the same area as the acoustic experiments. [This work was supported by ONR through 
the CBBL program.] 

1. Introduction 
Recently there has been increased interest in acoustic scattering geometries where the transmitter and receiver are not CO- 
located. This interest led to the development of a bistatic scattering model [I] that includes contributions to scattering from 
both the rough sediment interface and inhomogeneities within the sediment. Tests of this bistatic model require both 
acoustic experiments where specified geometries can be accurately realized and concurrent determination of the environ- 
mental parameters required by the model. Such was the case in the experiments described in 12-41. Those experiments are 
the predecessors of the work described here. 

Section 2 outlines an experiment carried out in February 1995 as part of the Coastal Benthic Boundary Layer Special 
Research Program (CBBL, managed by the US Naval Research Laboratory) near Key West, Florida. Further details of the 
experimental procedure can be found in [2-4]. Improvements relative to those previous experiments are highlighted. 

The fundamental quantity predicted in the model [I]  is the bistatic cross section. Section 3 presents the form of the 
bistatic cross section as well as the environmental inputs and gives an equation for the scattered intensity as a function of 
time which incorporates the bistatic cross section. This scattered intensity is the quantity that most directly relates the 
model to the experimental data, and the use of this expression in facilitating datalmodel comparisons for the bistatic scat- 
tering cross section is summarized. 

A comparison of model predictions and experimental results is given in Section 4. A fundamental part of this compari- 
son is knowledge of the environmental parameters needed for the model. All the environmental parameters used here were 
determined either in situ or via diver cores taken by Naval Research Laboratory, Stennis Space Center, personnel as part of 
the CBBL program. It is important that the measured parameter set is complete, that is, there are no free parameters in the 
modelldata comparison. 

2. Experiment 
Figure 1 shows a simplified diagram of the experimental arrangement. The two essential acoustic components were the 
sonar housed on the bottom-mounted tripod (this sonar/tripod system is referred to as the Benthic Acoustic Measurement 
System (BAMS)) that operates at 40 kHz and the ship-deployed receiv~ng arrays. The BAMS sonar was a planar trans- 
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mitter array mounted on a rotator mechanism at the top of the 5-m-high tripod. All BAMS operations were under ,control 
of an onboard computer. A BAMS "scan" involved a series of 5" steps, with each step followed by a pulse transmission. 
Each scan covered a full 360" in 72 steps. The horizontal directivity pattern (full width at 112 maximum power) was 6.5". 
The vertical directivity pattern had a full width of 14" at 112 maximum power. The level of the first sidelobes relative to 
the main lobe was down 13-15 dB for the various directivity patterns. The maximum response axis of the array was 
pointed downward at a depression angle of approximately 12.5" below the horizontal. The time interval between rotational 
steps was 5 s, of which about 2 s were required to achieve the change in direction. The remaining time allowed the trans- 
mitter array to come to complete rest before each transmission. The transmitted signal was an FM waveform having a 
constant amplitude over its 2-ms duration. During this 2-ms interval, the frequency was swept from 39 kHz to 41 kHz with 
a source level of 217 dB re 1 pPa. 

Figure 1. A simplified diagram of the experimental arrangement. The two essential acoustic components were the sonar 
housed on the bottom-mounted tripod and the ship-deployed receiving arrays. 

The ship-deployed linear receiving array was divided into four sections, or "quads," each about 32 cm long. The hori- 
zontal and vertical beamwidths of each quad were 8" and 3 7 O ,  respectively. The bistatic results shown here were acquired 
using one quad at two different gains to increase the dynamic range. It was necessary to have a ship-deployed receiving 
array in order to obtain scattering from different regions of the bottom as required to develop the ensembles implicit in the 
model. The array was deployed over the side of the ship after it was put in a four-point moor near the bottom-mounted 
tripod. In the data to be presented, the horizontal distance between BAMS and the receiving array was always less than 
70 m. A data set in the experiment consisted of data taken by the mobile array during a 360" rotation of the tripod array. 
The receiving array was steered so that the centers of the transmit and receive beams intersected each other on the bottom 
such as to realize different bistatic scattering angles (defined in the following section). 

Measuring all the geometrical parameters needed to determine the bistatic angles obtained during each data run re- 
quires several supplemental devices, including compasses, ranging transducers, and inclinometers. One primary data 
analysis effort concerned the determination of these angles from the data set. The bistatic scattering strength results given 
in Section 4 were derived from comparisons of the pressures received at the face of the mobile arrays with the results of 
simulations of the experiment that incorporated the bistatic model described below, the experimental geometry, the trans- 
mitted pulse length, and the beampatterns of the receiving and transmitting arrays. 



There were three major improvements relative to the previous bistatic experiments [2-41. All three were aimed at better 
control and determination of the geometries obtained. The first improvement was mentioned above: The ship was placed 
in a four-point moor. Previously, a single-point moor was used which worked adequately during periods of light, steady 
weather but caused problems under variable conditions. The four-point moor allowed the ship's position to be altered with 
a minimum of effort. The second improvement was the development and use of a heave-compensation system that decou- 
pled motion of the ship's aft deck from the ship-deployed array. This pneumatic system's efficiency was examined at one 
point in the experiment; aft deck vertical variations of over 1 m resulted in array vertical motions of less than 15 cm as 
measured by a pressure sensor and an altimeter housed on the array. Lastly, a transponder was placed on BAMS, and a 
separate excitation signal was sent by an omnidirectional transducer (co-located with the receiving array) 100 ms before 
each BAMS transmission. This allowed the transponder signal from BAMS to be recorded within the data-acquisition time 
window but isolated in time from the bottom-scattered signal. This transponder signal thus gave an accurate measure of 
range separation at the time of each transmission. Previous experiments also used a transponder onboard BAMS, but it was 
exercised independently of the transmission cycle and measurement of range was carried out approximately every 10th 
transmission. 

3. Model 
Using the bistatic angles defined in Figure 2, the model developed in [I]  gives the bistatic scattering strength 

The scattering cross section is decomposed into a interface roughness component, ob,, and a volume component, ob,. The 
interface cross section, Obn appearing in (1) is formed by smooth interpolation between the Kirchhoff cross section near 
the specular direction and the surface-perturbation-theory cross section elsewhere. The volume-scattering cross section, 
ob,,. is based entirely on perturbation theory. The volume perturbations are variations in density and compressibility pro- 
duced by biological and hydrodynamic reworking. The environmental parameters needed to drive this model are shown in 
Table 1. Several are carried over from the backscattering model [5] that forms the precursor to the bistatic model. The pa- 
rameter values used in the model results shown in Section 4 are given in the right-hand column of the table and were de- 
rived from NRL environmental measurements. 

The scattering cross sections in (1) were used in an expression derived to determine the scattered intensity as a function 
of time for the arrays, geometries, and incident pulses of the experiment. That expression is the time convolution of the 
pulse emitted from the transmitter with the bistatic scattering "impulse" response. This impulse response is 

In (2) o is the summation of the surface- and volume-scattering cross sections, a is the attenuation of sound for the fre- 
quency of interest in decibels per unit length, b, and b, are the beampatterns of the transmitter and receiver, respectively, 
and R, and R, are the distances from the source to the scattering point on the bottom and from the receiver to the scattering 
point on the bottom, respectively. The integrals are over the elliptical area of the bottom that is scattering energy to the 
receiver between time t and time (t + dt). Equation 2 and its convolution with the transmitted signal were implemented 
numerically and used, as described in the next section, in obtaining experimental values for the bistatic cross section. 

Figure 2. The incident and scattered wavevectors, k, and k,, are shown and the bistatic angles defined; 8, is the incident 
grazing angle, 8, is the scattered grazing angle, and 4, is the bistatic angle. 
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Symbol Definition Shon Name Values for Sec. 4 

Ratio of sediment mass density to water mass 
density 
Ratio of sediment sound speed to water sound speed 
Ratio of imaginary wavenumber to real wavenumber 
for the sediment 
Exponent of sediment inhomogeneity spectrum 

Strength of sed~ment lnhomogene~ty spectrum 
(cm3) at wavenumber ( 2 7 ~ )  I h = I cm-I 
Ratio of compressibility to density fluctuations 
in the sediment 
Exponent of the bottom relief spectrum 

Strength of bottom rel~ef spectrum (cm4) 
a wavenumber (2n) I h = I cm-I 

Density ratio 

Sound speed mtio 
Loss parameter 

lnhomogeneity exponent 

lnhomogeneity strength 

Fluctuation ~.atio 

Spectral exponent 

Spectral strength 

Table 1: Bottom parameters used as model inputs. 

4. Model /Data Comparisons 
The objectlve IS to obta~n exper~mental values for the bistatic scatterlng strength and compare them w~th  model predlc- 
tlons For each transmlsslon, the geometry lnformat~on recorded at the tlme ot transmlsslon, the attenuat~on In water, the 
beampatterns of the source and recelver, and the values for the blstat~c cross sectlon pred~cted uslng Table I were used In 
(2) to obtmn an tmpulse response by numer~cal Integration. T h ~ s  result was convolved wtth the transm~tted waveform to 
obtain a predlchon of the magn~tude and temporal structure of the intens~ty scattered trom the bottom Into the recelver. 
Thls pred~ct~on was compared wtth ~ t s  exper~mental counterpart. The regton ot the bottom that contr~buted stgn~ficantly to 
the Integral was also examlned If the scattertng was local~zed on the bottom enough that a detintte set of b~s ta t~c  angles 
could be assoc~ated wtth the bottom-scattered lntenslty near the tlme of tts peak ampl~tude, the btstattc angles were deter- 
m~ned and the d~fference between the theoret~cal pred~ctton and the data was used to arrtve at an exper~mental value for the 
b~s ta t~c  scatterlng strength [2]. 

The result~ng data set 1s In the form of scatterlng strength values (I)  associated wlth the trlplet ot angles in Flgure 2 
Datalmodel compansons for other sites [2,3] have been prev~ously displayed vla three-d~mens~onal plots However, a 
simpler vlew 12-41 of datatmodel comparlson w~l l  be used here All data for tnc~dent and scatterlng angles wlthln spec~t~ed  
ranges were grouped and plotted as a funct~on of $, Model pred~ct~ons were then calculated uslng 0, = 8, tor the lower and 
upper ends of each range In the top left panel of F~gure 3, for example, the upper curve 1s tor B, = 0, = 15" and the lower 
curve IS for 8, = 0, = 5" T h ~ s  techntque ellmlnates data where the Incident and scattertng angles are not slm~lar but suffices 
to dlscuss datahodel comparlscns 

An ~ n ~ t t a l  examtnatlon of the datalmodel comparisons in Figure 3 Indicates very good overall agreement throughout the 
entlre $, range for all the grazmg-angle ranges examtned ( S o  to 30") It IS worthwhtle to remember that the model has no 
free parameters There are several polnts of deta~l that are s~gn~ficant In thts datalmodel comparlson 

Two s~gn~ftcant potnts come from the extra control and expanded data set poss~ble wlth the new exper~mental proce- 
dure. F~rst, the data polnts shown are actually averages of lndlv~dual data potnts These averages were pertormed by b ~ n -  
nlng the data Into $, blns of 5" A mean value was determined tor all the data In each b ~ n ,  and a 90% cont~dence Interval 
was establtshed assumtng that the lntenslty and thus the scattering strength were Independent samples trom a chi-squared 
d~str~bution [6] .  The verttcal llnes assoc~ated w~th  each data polnt In the figure lndtcate the 90% conttdence level for each 
$, bin. Second, the data in the vicinity of $, = 0 (near forward scattering) were not obtainable in previous experiments. It is 
easy to see the need for these near-forward-scattering data in testing the overall viability of the model, since the model 
predictions vary significantly in this region. 

The other points concern the details of the datalmodel comparisons and the values of the environmental parameters 
given in Table 1. First, the data points in the top right panel seem to have an overall oscillation in the region of 70 I $,, 
5 180 not seen in the model. Furthermore, in the same panel, the model seems to overpredict the scattering cross section in 
the region of 30 < I$, < 70. Second, there is some indication in the bottom two panels that the model underpredicts the 
scattering in the region of 130 <I$.T S 180 for the higher grazing angles of those panels. This second behavior has also been 
seen in backscattering data from this region 171 (this reference also discusses in more detail the sediment-property meas- 



urements leading to the values given in Table 1). The reason for these differences between the model and data is unknown 
at present; however, one possibility is that the environmental processes and resulting gradients in sediment parameters 
need to be modeled in more detail. In particular, the values for density and sound speed given in Table I are actually the 
"surficial" values, i.e., the values within 1-2 cm of the waterlsediment interface. The sedimentation process is known to 
result in a gradient of these parameters over the first 5 cm [?I. The next level of sophistication for the model could be a 
two-layer view of the sediment with rough interfaces both at the waterlsediment interface and at an interface 5 cm deep in 
the sediment. Regardless of whether this two-layer model would improve the datalmodel agreement, the fact that argu- 
ments about detailed comparisons between the model and the data can be carried out implies that understanding of bistatic 
scattering has progressed considerably both experimentally and theoretically. 

Figure 3. Model predictions of bistatic bottom-scattering strength compared with experimental data points from the Key 
West carbonate sand-silt-clay bottom. Model predictions, shown as curves, are for the upper and lower values of the graz- 
ing angles given at the bottom of each panel of the figure. (See Table 1 for site parameter values.) 
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Abstract 

The Naval Research Laboratory (NRL) has developed a dual-frequency, towed, interferometr~c, srdescan sonar system 
known as the Subbottom Swath System, which is capable of detecting objects and structures buried below the sea floor. 
The transducer geometry is that of a conventional interferometer side scan sonar system but with a more powerful (241 
dB re I @a @ Im) source. As a result of this power, s3 is capable of generating low frequency (500 Hz - 2 kHz) 
parametric signals (-203 dB re I @a @ l m  for 1600 Hz)  that can easily penetrate several meters to tens of meters into 
the bottom. Datafrom a test in Puget Sound, WA show evidence of bottom penetration of parametrically generated sound. 

1.  Introduction 
The Subbottom Swath System (S3), conceived at the Naval Research Laboratory [I] and developed in cooperation with 
Aliant Techsystems, represents a breakthrough over conventional side scan sonars In that the earth structure and 
reflectivity wlthln a vertical plane may be measured with a single ping, (Figure I). This advance to a 2-D Image for each 
ping is analogous to the advance of side scan (I-D per ping) over single transducer depth finders (a single depth estimate 
per plng). Wlth the s3 technology, not just the sea floor but the structures hidden beneath it can be mapped many tlmes 
more efficiently than was previously possible. High resolution single-channel 3-D surveys could be done In a matter of 
days instead of weeks. Many of the technical problems encountered in this new technology have been overcome and we 
are able to demonstrate the bottom penetrating capabilities of S3 in a test area in Puget Sound, WA. 
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with parametrically generated frequkncies low endugh to penetrate many meters into the seatloor. 

2. Theory 
In order to maintain high-resolution in the along-track direction with frequencies low enough to penetrate 10's of m, 

S3 uses the nonlinear characteristics of high power sound generation, or parametrically generated sound. Through this 
phenomenon, energy can be transferred from high frequencies with their characteristic beam pattern to much lower 
frequencies within the same beam. The phenomenon of parametric sound generation was first described mathematically in 
detail by Westervelt [2,3,41 and is reviewed more succinctly by Clay and Medwin [5], so only a brief overview is given 
here. 

Cons~der the pressure, (p) at a polnt, (x,) on the x axis due to a s~ngle frequency, (wl)  plane wave traveling along the 
x axis with peak amplitude Po. Assuming, without loss of generality, that we choose tlme, t=O to colnc~de w ~ t h  x, lying on 
a wave crest, 

p(xo,t) = Po cos w,t 

The pressure due to a second wave with the same phase and amplitude but different frequency (wZ) can be represented 
by; 

p(x0.t) = Po cos y t  

If Po is large enough that the medium of propagation. (water) behaves anelastically then the total pressure from the 
two waves at x, is given not simply by the sum but by; 

p(x0,t) = Po[ COS Wit + COS y t  + m cos a r t  cos y t  ] 



where m = m(P,) which is a measure of the non-linearity of the system and is quite small (--40 dB) even at the rather 
high powers used by S3. Because 

2 cos a cos b = cos(a+b) + cos(a-b) 

we get 

p(x,,t) = Po[ cos wit + cos ~t + (m/2)cos q t  + (m12)cos q t  ] 

where w, = wl + q and q = - Q T h ~ s  lnteract~on results In 4 waves, of frequenc~es wl,  q, q, and qj Thus a 
source of 11 and 12 kHz would result In parametrlc conversions to 1 and 23 kHz. 

In pracbce, however, the parametrlc sound from s3 IS generated by a modulated s~ngle frequency rather than 
lnterfer~ng dual frequenc~es. For the field data shown here the two rows of 1 1 5 kHz transducers are t~red  simultaneously, 
but In bursts of 4 cycles on and 3 cycles off for a total of 231 cycles or 20 09 ms resulting In a q of 1 6 kHz T h ~ s  
modulat~on can be altered to yleld a lower q at a cost of decreas~ng m and s~gnal level, or to y~eld a h~gher q at a cost of 
decreased sediment penetration The modulation could also be swept result~ng In a larger bandw~dth tor q and therefore 
~ncreased spatla1 resolut~on 

As mentioned above, the parametric sound generation occurs only in the presence of the source frequency and 
therefore has the same beam pattern, (Figure 2). We are thus able to generate the 1.6 kHz signal with a much narrower 
along-track beam width and corresponding higher resolution than could be achieved by generating the low frequency 
signal directly. This is discussed further in the next section. 

3. Instrumentation and Operation 
Figure 1 is a drawing of the system, (not to scale with the beam or seafloor). built for NRL by Aliant Techsystems [6]. 

The neutraly buoyant 16.4 m long system is towed at the desired depth behind a depressor. The high frequency (HF) 
source array is made up of two rows of 1 1.5 kHz nominal resonance ceramic transducers, 3.38 m long. The electronics for 
the 58 transducer elements in each row are connected in parallel resulting in a two channel system. The physical 
separation between elements in each row is 0.0592 m, and the separation between rows, (channels) is 0.064 m. When 
fued simultaneously the two rows form a very intense beam (20 kW, corresponding to a sound intensity level of 241 dB 
re 1 pPa @ 1 m), which is relatively wide across-track and relatively narrow along-track, (-60" and 2.5" respectively, 
down to the -6 dB point, see Figure 2). This allows for high along-track resolution, yet broad across-track coverage 
maximizing the range ensonified. 

S3 Ideal Beam Patterns 

LF ACROSS-TRACK 
LF ALONG-TRACK 

wm, -LF ACROSS-TRAC 

q -4 q 4 O& a i v e  Sensitivity (dB) 

Figure 2. Like a conventional side scan system, the beam pattern is very wide across-track and very narrow along- 
track. The combined transmit-receive pattern for the along-track LF signal IS much narrower (fine curve) than would be 
possible for the same array under non-parametric conditions, (gray curve), due to the virtual sources lying only within the 
narrowest part of the HF beam, (heavy black curve). The beams shown here were computed for point sources and 
receivers and do not include effects of the transducer housing. 
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The HF source array also acts as a receive array, further narrowing the beam width of the recorded signal and 
generating a conventional, although very high power, side scan image. As with conventional side scan there is a trade off 
between the area investigated (maximized with the shallowest towing) and the resolution achieved, (maximized with the 
deepest towing). Because of the high power used, the system must be towed deeper than -10 m to prevent transducer 
cavitation. Also, the parametric sound generation occurs about 100 m from the face of the HF array [ S ] .  

As operated during the Puget Sound test, the high-power HF array produced a parametric source at a frequency of 
1.6429 kHz with an estimated power level of 204.5 dB (re 1 pPa @ I m). The backscattered sound is received by a low 
frequency, (LF) array located along a "stinger" or "tail" boom, (Figure 1). The 14 hydrophones per row, (element 
separation 0.769 m and row separation 1.18 m) which make up the two row, 10 m long, LF array are spaced 
proportionately to give approximately the same beam pattern and direction as the HF array. Figure 2 shows the beam 
patterns of both arrays. These are combined transmit and receive beams. For the HF array the transmit is the same as the 
receive beam so the result is just the square of the transmit beam, (heavy and heavy dashed lines). For the low frequency 
array we assume the LF transmit beam is the same as the HF transmit beam without the side lobes (51. This is multiplied 
by the receive beam pattern of the LF array itself to give the LF result shown in Figure 2, (fine and fine dashed lines). The 
heavy gray line shows what the along-track beam width would be for a 1.6 kHz source generated non-parametrically with 
an array configured like the LF array. The parametric approach allows for a narrower beam and therefore greater 
resolution for an array of a given size, making practical a 1.6 kHz system with the along-track resolution comparable to 
that of a 11.5 kHz system. 

4. The Data 
The data presented here are from a test cruise in Puget Sound, near Seattle, WA, (water depth <200 m), in which the 

first clearly identifiable low-frequency returns from the system were recorded, (Figure 3). The data are recorded as four 
complex time series of 5000 samples each corresponding to each of the two rows of high and low frequency elements. 
Each time series is digitized after a base band shift, also called heterodyning, or in phase and quadrature down conversion, 
a process which shifts the band to a lower frequency which then allows the data to be adequately sampled at a rate of 5 
kHz. The high frequency data were shifted to DC as is the usual practice, but because the lower frequency is variable they 
were shifted by 1.3068 kHz. The s3 was fired once per second and the towing speed was 1.4 kts resulting in 0.72 miping. 
Each ping shown in Figure 3 is simply the sum of the complex absolute values of the two complex samples at each time, 
after appropriate bandpass filtering. 
I 

I s3 PUGET SOUND TEST 

100 200 300 400 
PING #, 1 ping / s @ 1.4 kts = 0.72 &ping 

Figure 3. The HF (upper) and LF (lower) scattered returns are largely similar as would be expected but differ significantly 
in certain locations (boxes) due to bottom penetration. Note the significantly lower signal to noise ratio of the LF data. 



5 .  Data Imaging and Inversion 
Processing of the S3 HF data is virtually identical to the processing of side scan data, but the steps involved with 

mapping the parametric energy to its proper spatial location involve somewhat different steps. The 4 complex time series 
are first band pass filtered and also cepstral filtered according to their respective bands to remove events which are 
known to be noise. At this stage the data are mapped from time and amplitude into the spatial cylindrical coordinates 
y,R,0, where R is the range from the ship track, y is measured along the towing track, and 0 is the angle from vertical. The 
complex data at each time are first converted from Cartesian (r,i), to polar (A,$), via 

A = sqrt(z> + zi2) and $ = atan (z, zi* / A )  

Where * denotes complex conjugate and f is the relative phase angle (electrical angle) between the signals from the 
upper and lower components of each array. Knowing the distance between the array elements, the angle the array makes 
with the vertical, and the speed of sound in water allow us to convert this phase angle into a physical angle (0) measured 
from the vertical. The range, R is also easily computed giving us the point in image space (R,0) to which the amplitude at 
that sample should be mapped. This is different than conventional processing in that the LF data are not forced to lie 
along a surface but may be mapped to any depth along the circular trajectory given by R. 

A more sophisticated imaging (positioning, migration) scheme has been developed which includes a variable velocity 
function in the sediments and therefore a non circular trajectory [7]. The algorithm is a modification of Kirchoff migration 
algorithm commonly used in the oil exploration industry [a]. The s3 data can be viewed as stacked (or coincident source- 
receiver) data, and a slightly modified Kirchoff post stack migration algorithm is well suited for imaging these data. Our 
approach involves tracing rays from the sourcelreceiver location to each point in a 2-D velocity model. The travel time 
and arrival angle for the ray at each grid point in the subsurface are stored in a table, for use as the imaging condition for 
the s3 data. The measured amplitude at a given time is mapped via the phase and stored table information to the 
subsurface location where it originated, assuming that the velocity function is known. This migration algorithm can be 
modified to include iterative velocity refinement and inclusion of shear wave paths through the sediments in the ray 
calculation. 

A synthetic experiment was conducted to test the inversion algorithm with the results displayed in Figure 4. The 
model earth was composed of two, semi-parallel rough layers. In the ideal case of no noise (Figure 4, left), the inversion 
is robust, clearly positioning the backscattered energy on the two rough surfaces. Note, however, that the performance 
suffers in the presence of noise, (Figure 4, right). This is not so much a characteristic of the inversion algorithm as it is a 
characteristic of the wavelength, array size, and range. Like conventional side scan systems this one is much more 
sensitive to errors in phase than errors in amplitude. A signal to noise ratio of 20 dB, which is suitable for most imaging, 
degrades the migrated image such that the two layers can be seen but little interpretation can be done. 
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Figure 4. The Kirchoff inversion was applied to a synthetic using an earth model composed of two flat, but rough 
layers. A signal to noise ratio of better than 20 dB is required for robust performance of the algorithm, [7]. 
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This sensitivity of the inversion due to the presence of noise in phase measurements was seen in the field data as well. 
While the amplitudes of the events seen in the boxes in Figure 3, (lower) can be seen through the noise, even 'small 
amounts of noise in the phase produce large distortions, preventing these data from yielding a satisfactory sub-bottom 
image. Compounding the problem for this particular data set is the fact that the LF data are aliased, the array elements are 
1 0 . 5  wavelengths apart. This is not an insurmountable problem since the less noisy HF data can be used to determine the 
bathymetry which can then be used to guide the LF inversion. We assume that arrivals at similar times come from similar 
angles, a reasonable assumption if penetration is not too deep. This divides the LF data into time zones or lanes within 
which the LF electrical angle varies from -K to x. However, it is the noise contamination in the phase measurement which 
is the main obstacle to creating a subbottom imagewith these particular data. 

6. Conclusions 
The data image in Figure 3 show strong returns from both high and low frequency signals. Although the signal to 

noise ratio of the low-frequency data is disappointing, the data clearly show features which are not visible in the 
corresponding conventional 1 1.5 kHz image. We interpret these signals as evidence of subbottom penetration. Additional 
tests have confirmed that the self-noise of the low-frequency array is the limiting factor in the performance of this system 
[9]. That array is currently being modified to improve its noise characteristics, and additional tests are scheduled for 
summer 1997. 

This work was supported by ONR program element 0601 153N3 1. 
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