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Rapid Response  S e p t e m b e r  1996: 
Modell ing of b r o a d b a n d  t ransmission 
loss a long  selected t racks  i n  the 
St r a i t  of Sicily 

Carlo M. Ferla, Finn B. Jensen, and 
Tuncay Aka1 

Execut ive Summary :  The Strait of Sicily is an ocean area of both strate- 
gic and scientific interest. This area is characterized by a high spatial and 
temporal variability of oceanographic features, including currents, eddies, and 
gyres. It also presents a complicated bottom structure, and the bathymetric 
changes commonly encountered along any given track, substantially increase 
t,he complexity of correct modelling of the acoustic propagation. 

In support of the operation Rapid Response 1996, an exercise was conducted 
at the beginning of September 1996 in the Sicilian Channel and the Maltese 
Channel which encompassed the collection of broadband acoustic data from ex- 
plosive charges dropped from a ship and an aircraft, and 3.5 kHz CW data from 
a towed sound source. Monitoring of oceanographic features and of bottom to- 
pography along the various tracks was also performed, in order to acquire a set 
of parameters influencing acoustic propagation. 

This report addresses the problem of determining an appropriate geoacoustic 
model, qualifying the degree of predictability of the acoustic propagation in 
this area, and identifying the required level of sophistication of the acoustic 
models to be used. 

NATO UNCLASSIFIED 

Report no. changed (Mar 2006): SM-334-UU



intentionally blank page 

NATO UNCLASSIFIED 

NATO UNCLASSIFIED 

Report no. changed (Mar 2006): SM-334-UU



NATO UNCLASSIFIED 

R a p i d  Response  S e p t e m b e r  1996: 
Modell ing of b roadband  t ransmission 
loss along selected t racks i n  t h e  
S t r a i t  of Sicily 

Carlo M. Ferla, Finn B. Jensen, and 
Tuncay Aka1 

Abs t rac t :  A large set of experimental acoustic broadband data in the 50- 
3200 Hz band is analyzed with the objective of deriving average geoacoustic 
models for three sites in the Strait of Sicily. The experimental data were ob- 
tained by using explosive charges as sound sources and a vertical array of hy- 
drophones as the receiver. CW data at 3.5 kHz is also analyzed. The acoustic 
data is complemented by a set of oceanographic data and bathymetry mea- 
surements. The modelldata comparison results from each site, obtained after 
selecting appropriate average geoacoustic models, are presented as propagation 
losses over range for fixed source and receiver depths. We also indicate the 
propagation loss models chosen for the prediction and their limits. The results 
demonstrate the strong effect of bottom properties on acoustic propagation in 
this area, the limited amount of the existing information available for model 
prediction, and the difficulty in automating model selection and validating 
model results. 

Keywords: geoacoustic model o modelldata comparison o predictability 
o Strait of Sicily o Maltese Channel o Sicilian channel. 
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Introduction 

As a part of the MILOC programme of which rapid environmental assessment is 
an integral element, exercise Dynamic Mix 96 was conducted in the first half of 
September 1996 in the Strait of Sicily. A receiving array was deployed in three 
locations, AA, BB and CC, and transmission loss measurements were conducted 
along the tracks shown in Fig. 1. 

The modelldata comparison presented for the three different sites is based on our 
derivation of appropriate average geoacoustic models. Their determination was made 
under the constraints of the available knowledge of sea floor properties in the three 
areas as well as from the experimental broadband propagation loss results obtained 
for different source/receiver depth combinations. 

It is well known that the ability to make reliable sonar performance predictions 
depends, inter alia, on the accuracy of the propagation loss term in the sonar 
equation. It is also clear that the determination of this term can be significantly 
degraded by poor knowledge of environmental inputs, particularly by the bottom 
effects or geophysical constraints. 

A limit on accuracy of the geoacoustic model is imposed by the approximations 
incorporated in the measured data as well as the inputs to the propagation loss 
model. In addition, bottom properties need to be defined in an average sense, and 
ultimately the proposed geoacoustic model should possess such desirable features as 
simplicity and widespread applicability. 

Accordingly we have defined simple geoacoustic models of the sea floor consisting 
of only two layers: an upper layer with constant density p ,  attenuation a ,  and rela- 
tive sound speed C,/C, overlying a semi-infinite homogeneous layer where density, 
attenuation and compressional sound speed Cb are held constant. The sound speed 
in the sediment and bottom layers was considered as having a zero gradient. The 
resulting geoacoustic models are given by the following tables with an indication of 
the areas for which they are applicable. 
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Layer Depth ( m )  C p / C w  C b ( m / s )  P ( g / c m  ) a ( d B / A )  A\ 
Table 1 Geoacoustic model in  area AA. 

Layer Depth ( m )  C p / C w  C b ( m / s )  P ( g / c m  ) a (dB/A) 

00 1630 1.9 0.7 

Table 2 Geoacoustic model along track BB-BC. 

Table 3 Geoacoustic model along track BB-BD. 
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Layer Depth (m)  C / C ,  Cb(m/s)  P (9 / cm ) 0 (dB/A) 

Table 4 Geoacoustic model along track BB-BE. 

Layer Depth ( m )  C /C ,  Cb(m/s)  p (g / cm ) a (dB/A) 

Table 5 Geoacoustic model in area CC. 
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The  measurement technique 

Explosive charges (SUS) dropped from a ship or an aircraft were used as sound 
sources, and the transmitted signal was acquired with a vertical array of hydrophones 
at  the end of the track. A towed sound source transmitted 3.5 kHz CW data. 

Environmental parameters were collected during the measurement period to  provide 
data for modelling and interpretation of results. 

During the experiment all explosive charges were set to detonate at  a depth of 18 
m, while the depth of the towed sound source was 14 m. 

2.1 T h e  receiving array 

As shown in Fig. 2 the receiving array consisted of a string of six omnidirectional 
hydrophones. A selection between two different groups of four hydrophones each 
was used throughout the experiment. The choice between the two groups was based 
on the water depth at  the measurement site (receiving array) or as dictated by 
occasional failures. After a choice was made, it was maintained along over the full 
track length. Both groups included receivers a t  depths of 20 and 30 m, and were 
completed by including either receivers at  50 and 80 m or at  102 and 143 m. 
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Acoustic modelling 

3.1 T h e  acoustic models 

Due to the complexity of the environmental features affecting the acoustic propa- 
gation along the various tracks in this area, a number of 2-D range dependent and 
range independent models were applied to the various shallow and deep water sce- 
narios at  low and high frequencies. Ray based models such as GSM [I], MOCASSIN 
[2] and HODGSON [3] were selected for deep water problems. Wave models such 
as PAREQ [2], RAM [4] and C-SNAP [2] were used for modelling in the shallow 
water regions. The computational speed, and the ability to treat bottom effects and 
sloping bottoms were among the main selection criteria. Whenever appropriate, 
inter-model comparison was performed. 

The first step in the determination of a geoacoustic model was to estimate a homo- 
geneous bottom to fit the experimental results a t  50 Hz, followed by the addition 
of a top layer with properties to fit the results at  630 and 3200 Hz. At 50 Hz we 
have used the wave models RAM, PAREQ and C-SNAP. At higher frequencies the 
choice between wave and ray based models varied from case to  case. 

SAFARI [2] was used to  convert from a geoacoustic model to a bottom reflection 
loss table as required by ray models. 

As the acoustic experimental data is presented as propagation loss in a 113 octave 
band, to obtain equivalent model results the models were generally run for several 
frequencies in a 113 octave band to  allow propagation loss averaging. The random 
phase addition of ray contributions, available from GSM, was a quick and satisfactory 
solution to  the problem. 

3.2 Inputs t o  the acoustic models 

Throughout the measurement period, and along all the tracks, XBTs were taken 
by the launching ship (HMS HERALD),  together with bathymetry measurements 
and meteorological observations. CTD measurements were also made by the NRV 
ALLIANCE in the vicinity of the receiving array. 
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Average bottom properties as relative density, sound speed and porosity were derived 
from previous studies on bottom reflection losses in the same areas in the Strait of 
Sicily as reported in [5, 6, 71. 
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Com parison of experimental and model results 

The model/data comparison presented here is intended to give a qualitative and 
quantitative illustration of the degree of predictability which can be obtained in the 
three areas. 

Results are presented as propagation losses as a function of range for selected tracks 
at 50, 630, 3200 Hz (113 octave bands, from SUS charges), and 3500 Hz (CW, from 
towed source). Throughout the experiment the source depth was fixed a t  18 m for 
the broadband data and a t  14 m for the 3.5 kHz C W data. The data  acquired was 
generally available a t  four receiver depths. 

The modelling of a range dependent transmission loss experiment with a moving 
source and a fixed receiver can be conveniently modelled as a fixed source experiment 
provided the source and the receiver depths are exchanged. 

Finally, for each track we also indicate the models that we have found most suitable, 
as well as any major problems encountered. 

4.1 A r e a A  

In this area we have elected to  model the measurements made along tracks AA-AB 
and AA-AC which have an almost identical course towards the north. The first ex- 
periment was conducted along track AA-AC by dropping explosive charges from an 
aircraft. The experiment along track AA-AB was conducted both by dropping explo- 
sive charges (HMS HERALD) and by towing a 3.5 kHz source (PATHFINDER) .  
The bathymetry measured along tracks AA-AB and AA-AC shown in Fig. 3 and 4 
reveals the presence of a seamount in the first 10 km. Apart from the seamount the 
area is characterized by a gentle slope with an average water depth of about 3300 
m. 

This is a typical deep water, range dependent scenario, best suited for investigation 
through ray based models. The effect of this seamount on acoustic propagation is not 
easily modelled using range dependent models such as MOCASSIN or HODGSON. 
Better results are obtained by treating the environment as a simple flat bottom. 
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The SVPs obtained from the XBTs taken by the launching ship along the AA-AB 
track are shown in Fig. 5. They were taken at almost regular intervals during the 
experiment conducted on 03 Sep 1996 in the period from 11:OO to  16:30. For a 
better representation of their variability we display the first 200 m only. A similar 
structure and a similar degree of variability was also found in the SVPs measured 
the following day, in the period from 00:OO to  04:30 along the segment AB-AC. 

CTD measurements were taken from the ALLIANCE which was stationed near 
the receiving array during the data acquisition period. For the input to  the acoustic 
models we have taken one such CTD, shown in Fig. 6, to  represent average features, 
and we have maintained it constant along the AA-AB and AA-AC tracks. 

The model results presented for this area were obtained by running GSM, with 
MOCASSIN and HODGSON used for inter-model comparison. RAM was used t o  
estimate the bottom properties a t  50 Hz. We present transmission loss in a third 
octave band, obtained by averaging the results over 5 equally spaced frequencies. A 
0.5 km running window is also applied for smoothing the frequency averaged results. 
Except for the 50 Hz case, a similar answer could be obtained by running GSM at  
the centre frequency with random phase addition of rays. 

A first feature observed for all frequencies in the modelldata comparison for tracks 
AA-AB and AA-AC, shown in Figs. 7, 8, and 9, is the similarity of the propagation 
loss dependence on receiver depth, particularly in the first 25 km. The main trends 
are also correctly predicted a t  all frequencies, while good agreement in levels is 
generally seen a t  50 and 630 Hz only. 

At 3.2 kHz the model prediction shows much lower propagation loss, particularly at 
40 and 80 km corresponding to  the convergence zones, a fact that  could be linked 
to  surface layer variability and t o  the seamount effects. 

Alhough a t  3.5 kHz a few of experimental data points are clearly wrong, (group 
of curves with spikes in Fig. 9) the comparison in the 5 to 20 km range interval 
clearly indicates that  the model predicts higher losses. This is in contradiction with 
the result observed for the 3.2 kHz case, for which a calibration problem in the 
processing of the experimental data, may be the reason. 
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4.2 Area B 

From this area we present the modelling of the measurements made along the tracks 
from point BB to points BC, BD, and BE. The bathymetry and the XBTs were 
obtained from the launching ship H E R A L D  while CTD measurements were taken 
from the A L L I A N C E  which was stationed near the receiving array. 

4.2.1 Track BB-BC 

The bathymetry and the SVPs along this track are shown in Fig. 10 and Fig. 11. The 
first figure indicates a typical, upslope, range dependent, shallow water environment 
suitable for modelling with a wave model such as PARE&. The SVPs shown in the 
second figure reveal a variable surface layer depth, with none of the profiles really 
standing out as a good candidate of average properties. In this case our criteria 
for the input to the acoustic models was to  use a similar profile, the one shown in 
Fig. 12, obtained from accurate CTD measurements made during the experiment 
by the A L L I A N C E  while stationed by the receiving array. 

As illustrated in Fig. 13 the modelldata comparison for the 50 Hz case shows good 
agreement at all receiver depths. With the only exception of the results with the 
receivers a t  20 m a similar good agreement can be seen in Figs 14 and 15 for the 630 
and 3200 Hz case. The large variability in the surface layer may well be considered 
responsible for the poor agreement. 

Also the modelldata comparison for the 3.5 kHz CW case shown in Fig. 16 indicates 
very good agreement. In this case, the experimental data covers only the first 10 km 
from the receiving array and the results for the receiver at 30 m are not available 
because of hardware problems. 

4.2.2 Track BB-BD 

The bathymetry for the BB-BD track presented in Fig. 17 shows in the first 16 km 
an initial shallow water region with a very gentle bottom slope (0.2')) followed by 
a region with a gradual increase of water depth with a maximum bottom slope of 
6' in the range interval from 26 to 42 km. The modelling of this range dependent 
environment requires the ability to handle both shallow and deep water propagation 
problems simultaneously. To solve this particular case, we have selected C-SNAP 
which is is well suited to  computing the acoustic field in this shallow water region 
and can also correctly march the field out in the deeper region, as the coupling 
process initiating at a range of 16 km is mainly dependent on a limited number 
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of waterborne modes. RAM and PAREQ were successfully exercised at 50 Hz to  
obtain the initial estimate of bottom properties. 

The SVPs measured by the launching ship along this track are shown in Fig. 18. 
They show a variability in the surface layer depth similar to that observed in the 
BB-BC track. However in this case it was easier to select one of these profiles, the 
one shown in Fig. 19, and use it as the input to  C-SNAP. 

As illustrated in Figs. 20, 21, and 22, the modelldata comparison for this track 
is generally excellent. A few data points from the experimental results are clearly 
offset because of some malfunction. 

The 3.5 kHz CW results, shown in Fig. 23 are in excellent agreement. 

4.2.3 Track BB-BE 

The bathymetry for the BB-BE track is shown in Fig. 24. It presents a shallow 
water environment with some range dependent bathymetry in the first 5 km which 
we considered suitable for modelling with PAREQ. 

The SVPs obtained along this track, shown in Fig. 25, show less variability than 
any of the previous measirements, a fact that should lead to  better modelldata 
agreement. As we tested the effect from the various profiles without obtaining a 
significant difference, we chose a single progile from the above set, indicated in the 
figure with solid circles to represent average features, maintained constant along the 
propagation track. 

As illustrated in Fig. 26 the modelldata comparison for the 50 Hz case shows good 
agreement for the receivers at a depth of 50 and 80 m. For the receivers a t  20 and 30 
m, the comparison is good only up to mid-range, at which point the model predicts 
increasingly higher losses up to about 10 dB at 30 km. 

With the exception of the results for the receiver at 20 m, good agreement can again 
be seen in the 630 Hz case shown in Fig. 27. For this receiver, the model predicts 
better propagation increasing over range up to  10 dB at 35 km. 

A similar result is shown in Fig. 28 for the 3.2 kHz case, except that the model 
prediction indicates an even better propagation. 

The CW experimental results at 3.5 kHz are available only up to 15 km. The 
modelldata comparison for this case, shown in Fig. 29, indicates the usual poor 
agreement found for the receiver at 20 m. Though some good agreement is found 
with the remaining receivers after a range of 10 km, some doubts exist as to the 
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quality of the experimental results given their limited degree of range dependence. 
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4.3 Area C 

This is a relatively deep water area with a considerable level of range dependency. 
The water depth is 950 m at the receiver array which is the maximum depth in a 40 
km radius. For this area we present the modelling of the results along track CC-CD 
for which we have data from explosive charges as well as from the towed CW source. 
Because of hardware problems a t  the receiving array, the experimental results are 
available only for the receivers at 20, 30 and 50 m. The experimental results from 
air dropped charges are not available along this track. 

As illustrated by the bathymetry shown in Fig. 30, this track consists of a substan- 
tially flat, initial region extending for 8 km from the the receiving array, followed by 
a 4' upsloping bottom which reaches a depth of 620 m at  a range of 12.5 km. For 
the remainder of the track, the bottom is very gently upsloping (0.3') until the end 
of the track. 

The SVPs obtained from data measured along the track bJ the launching ship are 
shown in Fig. 31. As usual they were taken a t  regular intervals during the experi- 
ment. For a better representation of their variability we display the first 70 m only. 
As these profiles exhibit considerable variability, we have tested their effect on prop- 
agation loss by running C-SNAP with a number of them, each maintained constant 
along the full track, and finally with each profile placed a t  the location where it was 
measured. No appreciable difference in mean level was found in any of these cases. 
The results presented were obtained using the profile shown in Fig. 32 taken near 
the receiving array. 

Mainly because of their fast execution time, range dependent, ray based models are 
the appropriate tools for the modelling of this track a t  high frequencies. Accordingly 
we initially determined the geoacoustic model a t  50 and 630 Hz with C-SNAP and 
RAM, completing the modelling a t  3.2 and 3.5 kHz by using MOCASSIN. For inter- 
model comparison we ran C-SNAP at high frequencies. The answer will be presented 
together with the results from MOCASSIN. The limit t o  the accuracy from C-SNAP 
in this deep water environment is due to  its inability t o  account for the continuous 
spectrum contribution t o  the acoustic field, in the near range, a fact which is observed 
in the initial 7 km of the track and which is important when modelling unlimited 
beamwidth sources. C-SNAP was run t o  produce coherent loss results which have 
been subsequently averaged in a 113 octave band and smoothed through a 0.5 km 
running window. 

The modelldata comparison at 50 Hz, shown in Fig. 33, is generally good, with the 
best agreement obtained with the deepest receiver. 

In the modelldata results a t  630 and 3200 Hz presented in Figs. 34 and 35 we observe 
a very poor agreement for the shallowest receiver which we found t o  be independent 
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from choice of a profile. 

Contrary to the above results the modelldata agreement for the deepest receiver is 
generally good for both frequencies. while for the receiver at 30 m it is a trade off 
between the shallow and deep receiver case. 

The features presented by the 3.2 kHz results are also found in the 3.5 kHz CW 
modelldata comparison shown in Fig. 36. The change in frequency, in source depth, 
and in the time difference between the two experiments (3  hours) supports the idea 
that these results are stable. 

The reason for the significant difference between the modelldata results for the 
shallowest receiver at 630, 3200 and 3500 Hz is not clear. We have verified that 
none of the measured profiles can produce such a dramatic effect. In addition, 
the good inter-model comparison (MOCASSIN vs C-SNAP) gives confidence in the 
models's ability to properly predict the acoustic propagation along this track. If the 
data integrity is not be suspect a plausible explanation may be found in the need 
for a more elaborate geoacoustic model. 
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5 
Summary 

We have determined some simple average geoacoustic models of the sediment layer 
t o  be used in the prediction of the acoustic propagation in three specific areas in 
the Strait of Sicily. Though the parameters we have found, in particular the density 
and the relative sound speed, are within the range of measured values reported in 
the literature [5, 6, 71, the choice of a representative average quantity could only be 
assessed through an inversion process ba'sed on experimental acoustic data and the 
available acoustic models. 

Although the modelldata comparison obtained with our geoacoustic models is good 
at all frequencies and for the two receivers closest to the bottom, we could not 
improve on the rather poor agreement generally seen in the results obtained on a 
few tracks in areas BB and CC, when the receivers are located at 20 and 30 m, 
for frequencies from 630 to 3500 Hz. The explanation may be the need for a more 
complex geoacoustic model. 

Another difficulty, modelling the effects of the seamount in the deep water track 
AA-AB requires a fast, high frequency, range dependent, and reliable 3D operational 
model. 

We have observed that in spite of the progress, existing propagation loss models, 
whether laboratory or operational tools, are not yet amenable to  efficient incorpo- 
ration in an automated inversion process to produce average geoacoustic models. 
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Figure 2 The Receiving Array. 
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Range (km) 
Figure 3 Measured bathymetry along track AA-AB. The broken line represents 
the approximation used for modelling. 
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Figure 4 Measured bathymetry along track AA-AC. The broken line represents 
the approximation used for modelling. 
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Figure 5 Upper 200 m of the SVP used for track AA-AB. 
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Figure 6 The SVP used for the AA-AB and AA-AC tracks. 
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Figure 7 Experimental and model results along track AA-AB. 
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Figure 8 Experimental and model results along track AA-AC. 
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Figure 9 3.5 kHz CW modelldata comparison along the track AA-AB. Curves 
are for receivers at  20, 30, 102, and 143 m. Model results extend to  25 km. 
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Figure 10 Measured bathymetry along track BB-BC. The broken line represents 
the approximativn used for modelling. 
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Figure 11 The SVP measured along track BB-BC. 
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Figure 12 The SVP used to model track BB-BC. 
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Figure 13 Track BB-BC: Experimental and model results at  50 Hz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 14 Track BB-BC: Experimental and model results a t  630 Hz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 15 Track BB-BC: Experimental and model results at  3.2 kHz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 16 Track BB-BC, 3.5 kHz CW towed source: Experimental and model 
results at source depth 14 m. The continuous line indicates model results. 
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Figure 17 Measured bathymetry along track BB-BD. The broken line represents 
the approximation used for modelling. 
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Figure 18 Upper 200 m of the SVP measured along track BB-BD. 
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Figure 19 The SVP used for track BB-BD. 
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Figure 20 Track BB-BD: Experimental and model results at  50 Hz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 21 Track BB-BD: Experimental and model results a t  630 Hz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 22 Track BB-BD: Experimental and model results at 3.2 kHz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 23 Track BB-BD, 3.5 kHz CW towed source: Experimental and model 
results at source depth 14 m. The continuous line indicates model results. 
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Figure 24 Measured bathymetry along track BB-BE. The broken line represents 
the approximation used for modelling. 

Sound Speed (mls) 
Figure 25 The SVPs measured along track BB-BE. The solid circles identify the 
SVP used for modelling. 
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Figure 26 Track BB-BE: Experimental and model results a t  50 Hz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 27 Track BB-BE: Experimental and model results at  630 Hz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 28 Track BB-BE: Experimental and model results at 3.2 kHz and source 
depth 18 m. The continuous line indicates model results. 
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Figure 29 Track BB-BE, 3.5k Hz CW towed source: Experimental and model 
results a t  source depth 14 m. The continuous line indicates model results. 
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Figure 30 Measured bathymetry along track CC-CD. The broken line represents 
the approximation used for modelling. 
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Figure 31 Upper 70 m of the SVPs measured along track CC-CD 
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Figure 32 The SVP used to model track CC-CD. 
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Figure 33 Track CC-CD: Experimental and model results at  50 Hz and source 
depth 18 m. The continuous line indicates C-SNAP results. 
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Figure 34 Track CC-CD: Experimental and model results at 630 Hz and source 
depth 18 m. The continuous line indicates C-SNAP results. 
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Figure 35 Track CC-CD: Experimental (solid circles), MOCASSIN (dotted line) 
and C-SNAP (dashed line) results a t  3.2 kHz and source depth 18 m. 
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Figure 36 Track CC-CD, 3.5 kHz CW towed source: Experimental (continuous 
line), MOCASSIN (dotted line) and C-SNAP (dashed line) results for source depth 
at 14 m. 
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