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WARD: Spectra~ ocean wave model 

A SPECTRAL OCEAN WAVE MODEL 

by 

C.R. Ward* 
Fleet Numerical Weather Central 

Monterey, California 
U.S.A. 

ABSTRACT 

An operational wave spectral model has been developed 

through the cooperative efforts of FLENUMWEACEN, NAVOCEANO 

and W.J. Pierson. The model contains two subdivisions: 

1) wave energy growth based on a modified version of the 

Miles-Phillips growth mechanism and dissipation at individual 

grid points and 2) wave energy propagation from grid point 

to grid point. The energy calculations at each grid point 

are displayed in a 15 frequency/12 direction matrix. This 

distribution of wave energy by frequency and direction provides 

a quantum jump in Navy Weather Service's ability to provide sea 

surface definition. Evaluation using airborne laser and 

digitized wave data has been conducted. 

* Compiled by 
from 

Captain C.R. Ward 
Technical Notes 

by 
LCDR R.E. Gonzalez~ Jr. 

SACLANTCEN CP-17 

Mr Sheldon Lazanoff 
Mr Norman Stevenson 
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WARD: SpectraZ ocean wave modeZ 

I. INTRODUCTION 

On 12 December 1974, the United States Navy Fleet 

Numerical v.7eather Central began routine forecasting of 

the ocean wave spectra for the Northern Hemisphere oceans 

of the world. The Spectral Ocean Wave Model represents a 

milestone of significance in the marine forecasting field 

equal to that o'f the implementation of primitive equation 

atmospheric forecast models. Accurate forecasts of ocean 

waves are essential to improved use of the oceans and 

improved safety to life and property at sea. In an era 

when nations are looking more to the sea and their coast-

lines for food, energy, and bulk transport, accurate 

environmental assessments of the ocean and their impact 

on securi"ty and economy become more and more important. 

Some immediate benefits of spectral forecasts are: improve 

optimmn track ship routing services, accurate surf forecasts 

for those who \vork or play in the surf zone, and a more 

precise description " of the seas for environmentally sensi-

tive marine engineering ventures such as designing and 

erecting offshore drilling platforms and pipe lines. 

II. HETHOD 

Spectral ocean wave forecasts are produced by 

FLENUNWEACEN twice daily to 72 hours using forecast \vinds 

derived from the Fleet Numerical Weather Central Primitive 

SACLANTCEN CP-17 7-2 
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Equation model. yl]ave forecasts are available to the 

fl e et in the form of r: 21dio FAX maps and teletype 

messages. The 72-hour fields are transmitted by 0830Z, 

PE12H. 

It takes 80 minutes running time using the dedicated 

resources of 1 computer -to produce the spectral wave 

forecasts. 

The Northerr.. Hemisphere Ocean Have Forecast . is the 

aggregate result of running 4 basin models simultaneously 

in the FNI'/C CDC-6500 computer. All of the basin models 

~re identical except for grid. The Open Ocean Forecast 

Model is computed on an icosahedral gnometric projection. 

This grid has been positioned so that: 

(1) intersections of triangles occur primarily 

over land. · 

(2) each triangle segment is primarily ocean area. 

The grid spacing for the Open Ocean models varies 

from 100 nm to 180 nm, depending on grid location. The 

basic advantage of the icosahedral grid for ocean wave 

forecasting is that lines connecting grid points are 

great circles. 

The Mediterranean Basin Hodel differs from the 

Ope n Ocean models in that the basin prediction grid is 

a conic conformal projection with a mesh length of 67 km 

(40 nm). 

SACLANTCEN CP-17 7-3 
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III. NODEL 

The Ocean Wave Spe c"tral Model is basically that 

developed over a decade ago by Dr. Willard J. Pierson 

and his group while a t New York University. The opera-

tional adaptation of the model is the result of work by 

Mr. Sheldon Lazanoff ~f the U.S. Naval Oceanographic 

Office and by Mr. Norman Stevenson of the Fleet Numerical 

Weather Central. 

The grmvth technique was originally developed by 

Inoue in 1967. Inoue combined the Miles instability 

theory with the Phillips resonance theory such that when 

the sea begins to gro\,T from calm conditions, the resonance 

mechanism predominates and later, as the \vind velocity 

begins to increase, the instability mechanism becomes more 

dominant. "The Phillips theory essentially states that a 

resonance between the air-sea system could occur when a 

component of the surface pressure distribution moved at 

the same speed as a free surface wave of the same wave 

number (';V"here the wave number, K, is equal to 21l"/L, and 

L is the wave length). The Miles instability theory 

states that the mean rate of energy transferred from the 

parallel sheer flow to the surface wave is proportional 

to the curvature of the wind profile at the height where 

the mean wind velocity is the same as the phase speed of 

the wave component. 

SACLANTCEN CP-17 7-4 
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The wave spectra which are computed for the given 

wind velocity at each time step are not allowed to exceed 

the Pierson-Hoskowitz fully developed spectrum for the 

same wind velocity. The energy spectrum at each grid 

point is divided into a 15 frequency by 12 direction (30 0 

increments) matrix. The delineation of the frequency bands 

is shown in Table 1. The highest frequency, in practice, is 

limited from 0.164 to 0.40 Hz and the wave energy within 
, 

this frequency range is not propagated. 

The model requir e s rather elaborate bookkeeping in 

which a wave train history is continuously updated by a 

3-hourly observed wind analysis cycle. Waves are generated 

by the observed wind input and then propagated across the 

oceans of the world, griC point by grid point. 

The ocean wave forecast then takes the wave energy 

distribution history established by the analysis cycle and 

projects it ahead along with new energy inputs from the 

forecast wind fields. 

The wind input for the spectral analyses cycle is 

produced on a global 2-~ degree Lat/Long grid. It is 

called the "marine wind" which is the geostrophic wind 

Cerived from the analysis sea level pressure fields, and 

modified to correct for the effects of curvature and 

stability. This is our approximation to the wind you 

\OlOuld observe at sea. For the marine wind analyses, the 

SACLANTCEN CP-17 7-5 
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Table 1 
: / 

Central Central Frequency l 

Frequency (H ) Period (Seconds) Bandwidth (H ) z z 

0.164 6.1 .164 -fX> 

0.153 6.5 .142 - .164 

0.133 7.5 .125 - .142 

0.117 8.6 .108 - .125 

0.103 9.7 .097 - .108 

0.092 10.9 .086 - .097 

0.083 12.0 .080 - .086 

0.078 12.9 .075 - .080 

0.072 13.8 .069 - .075 

0.067 15.0 .064 - .069 

0.061 16.4 .058 - .064 

0.056 . 18.0 .053 - .058 

0.050 20.0 .047 - .053 

0.044 22.5 .042 - .047 

0.039 25.7 .036 - .042 

SACLANTCEN CP-17 7-6 
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r e sulting field is subjected to a variational analysis 

to minimize differences between computed and observed 

marine winds. The wind used to grow waves is assumed 

to bIm·, at the sa.-rne speed and direction for the \vhole 

3-hourly analysis or 6-hourly forecast period. At forecast 

time, the output is from the Planetary Boundary Layer 

Nodel. 

Accurate specification of wind input is essential to 

the spectral wave model. For a fully arisen sea, as-knot 

wind erro.c at 25 knots will result in a 5-foot error in 

specifying the sea height. Therefore, we are becoming more 

concerned over sources of wind error. The old standards 

of reporting winds within 5 knots and 10 degrees is no 

longer adequate for ac~urate wave specification. 

Waves are grown and dissipated at each grid point 

based on the wi!ld input. The energy of new waves is propa-

gated outward from the generating point through a 180-

degree arc centered on the wind direction. The wind also 

affects wave energy dissipation. Second-order effects 

such as wave-wave interaction are not accounted for in the 

model. Once energy has been grown and dissipated at a 

point, it propagates outward at the wave group velocity 

appropriate for the wave frequency, where it is accumulated 

with the energy from other wave trains at adjacent grid 

points, and again repropagated with time. 

SACLANTCEN CP-17 7-7 
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The operational Primitive Equation (PE) model 

computes prognoses every six hours out to 72 hours on a 

twice-daily basis. Surface wind velocity prognoses are 

then computed by the Planetary Boundary Layer (PBL) 

model. As yet there are no statistics available for 

determining the accuracy of the PBL wind velocity prog-

noses. It is known that the PE model moves typical 

weather systems at approximately 82% of the actual speed 

of the systems because of truncation errors in the second 

order differencing scheme used in the PE model. 

Frictional wind velocities (U*) are computed from 

the analyzed or forecasted wind speeds and are the actual 

input to the \vave spectral model growth equation. For a 

given wind speed, U* C2n vary considerably depending on 

whether stable, neutral or unstable conditions exist. An 

unstable condition occurs when the underlying sea surface 

temperature is warmer than the above air temperature. The 

wave energy growth rate is the highest under unstable 

conditions. As an example, if winds were measured at 

20 meters, a wind speed of about 24 knots would be needed 

under stable conditions to produce the effective wave 

generating conditions and 17 knots under unstable conditions. 

The present operational wave spectral model only calculates 

U* for neutral conditionsj thus, growth rate errors can 

exist if stable or unstable conditions actually exist. 

The greatest errors would occur under stable conditions. 

SACLANTCEN CP-17 7-8 
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Note that the i".8ove example 't,vas based on wind measured 

at 20 meters above the sea surface. The vertical change 

in ~ri.nd speed in the marine boundary is considered to 

have a logarithmic profile from the sea surface to the 

top of the layer. Stable conditions produce the more 

significant deviations from the purely logarithmic profile 

than equivalent unstable conditions do. 

The initial grmvth equation, Phillips Resonance Theory, 

was derived from winds measured at 6.1 meters while the 

remainder of the grm'lth equation and the Pierson-Moskmvitz 

fully developed spectra were derived from winds measured 

at 19.5 meters. 

IV. OUTPUT 

Considering the number of grid points contained within 

the area covered by the SOWM, it is evident that it is 

difficult to se'lect the optimum subsets of information 

without exceeding the communications limitations of the 

users. Two basic forms of information have been selected; 

large-scale depiction of a single sea condition such as 

significant wave height by means of data fields suitable 

for plotting and, a complete description of the spectral 

energy matrix at selected geographic locations. Six basic 

parameters have been defined and produced in field form 

suit?ble for mapping or areal display. 

SACLANTCEN CP- 1',! 7-9 
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They are: 

(1) Significant \,.,rave height (HW). This is average 

of the highest 1/3 of all waves present or Hl / 3 = 4 ~ , 
E2 is total energy at grid point. 

(2) Primary Wave Train (PDW). The center of the 

directional arc in which the maximum spectral energy occurs. 

(3) Primary Wave Train Period (PPW). The center of 

the wave period band containing maximum energy within the 

primary direction band. 

(4) Secondary Wave Train Direction (SDW). The center 

of the directional arc containing the next highest wave 

energy total, if this total is at least 20% of the primary 

directional total and is separated from the PDW by a relative 

minimQ~ in the energy versus direction curve. If no computed 

directional arc fits these criteria, then the SDW is the 

same as PDW, if a secondary period exists as described in 

(5) below. 

(5) Secondary Wave Train Period (SPW). If SDW exists 

as a different direction from PDW, then SPW is found as is 

PPW in (3). If SDW does not exist as a separate direction, 

then SPW is the center period of the band containing maximum 

energy outside the PPW, providing it is separated from PPW 

by a relative minimum and contains at least 20% of the 

energy within the PPW band. If neither of the above criteria 

are met for the SPW and SDW, then both are considered non-

existent. 

SACLANTCEN CP-17 7-10 
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WARD: Spectral ocean wave model 

(6) Whitecap Coverage (WTCPS). The whitecap functiou 
, represents the percentage of sea surface covered by white-

caps. It- is obtained by an a1gori thIn which considers the 

interaction between propagated wave energy and newly gener-

ated wave energy. 

Wave spectrum messages are created from preselected points 

and transmitted over the communications lines as shovm 

below. 

031500 POSI'rION LAT 35.SSN LON 170.97W VALID OOZ 15 MAR 74 
DIR - FROH -

PERIOD 121 61 31 301 271 241 211 lSI 151 
6.1 0 0 0 0 IS 41 43 21 4 
6.5 0 0 0 0 19 17 18 8 1 
7.5 0 0 0 0 22 13 12 5 0 
8.6 0 1 2 0 28 0 0 0 0 
9.7 0 4 5 5 19 0 0 0 0 

10.9 0 9 18 54 22 0 0 0 0 
12.0 0 17 11 1 2 0 0 0 0 
12.9 0 14 34 3 2 0 0 0 0 
13.8 b 13 23 5 1 0 0 0 0 
15.0 0 6 52 14 0 0 0 0 0 
16.4 0 0 5 4 0 0 4 0 0 

SIG HT 10.22 FT 

V. FUTURE IMPROVEMENTS 

The initial thrust to improve the present operational 

model \-,ill be slanted towards improving the wind input. 

Forecast wind fields will be output every three hours rather 

than the present six hours so that the wind input can 

coincide \O,i th the basic time step of the wave spectral model. 

Investigations have determined that the Cardone Planetary 

Boundary Layer Model will produce wind fields better suited 

for use as input to the spectral model than the existing 

SACLMlTCEN CP-17 7-11 
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FNWC wind analyses and prognoses. 

be added on 10 September 1975. 

This improvement will 

Another modification that vlOuld significantly improve 

the wave spectral model is to increase the number of 

direction bands used to define the directional spectra 

from the present 12 bands (300 increments) to 24 bands (150 

increments). This would better define the travel path of 

the wave energy over long distances. Unfortunately, doubling 

the number of direction bands would also double the amount 

of computer stox-age and computation time needed to operate 

the computer model. Computation time and storage are not 

presently available for this improvement. 

Next generation environmental satellites promise wind 

and/or spectral wave ipformation which will permit finer 

resolution analyses as well as extending the coverage into 

the Southern Hemisphere. Again, the problem here will be 

the availability of computer processing capability. 

Much more needs to be done with output format and 

applications. For example: we need to create a field of 

"seas," probably on the basis of wave steepness, we need 

ship response curves for directional wave spectra and we 

need shallovT water wave models to shoal and refract the 

energy. Of special interest to this group is the problem 

of correlation of the spectral energy with ambient noise in 

the ocean. 

SACLANTCEN CP-17 7-12. 
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VI. CONCLUSION 

The operational icosahedral-gnomonic Spectral Ocean 

Have Hodel (SOvlM) is a product superior to the FNYvC 

singular ,.;ave model, the previous operational model. The 

singular wave model was limited from growing waves greater 

than 44 feet and could not adequately. describe complex 

wave conditions. The Som--1 considers the total ",ave energy 

ln a IS-frequency hand by 12 direction bands mat~ix in a 

grid point and propagates the energy throughout the grid 

Si'""stern as Q. fw"'1c ·tion of frequcnc:i" a.nd direction. Kno~vledge 

of the distribution of the wave energy as a function of 

frequency and direction over the ocean will permit our 

forces to take greater advantage of the environment in opera-

tions at sea. 

SACLANTCEN CP-17 7 -13 
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A THEORETICAL MODEL FOR DOPPLER SPREAD OF BACKSCATTERED SOUND 
FROM A COMPOSITE ROUGHNESS SEA SURFACE 

by 

H. Schwarze 
SACLANT ASW Research Centre 

La Spezia, Italy 

ABSTRACT 

For calculating the Doppler spread of acoustical reverberation 
from the sea surface, good results are achieved by applying a 
composite-roughness model. The small wavelets primarily responsible 
for the backscattering are carried by long waves with higher 
amplitudes 0 Small roughness results are applied to conceptual 
"facets" on the long waves. As coupling parameters between short-
and long-wave scattering, the rms-slope, the rms-vertical and 
horizontal velocities of the facets and their cross-correlation 
coefficients are used. They are calculated from the covariance 
function of the sea surface as a function of the facet length. 
For a Pierson-Moscowitz spectrum, some computer results are 
given. 

SACLANTCEN CP-17 8.' 



SCHWARZE: Backscattered sound from co~posite-roughness sea surface 

INTRODUCTION 

The general problem of scattering of acoustic waves from the 
rough sea surface is not completely solved at present. For special 
cases, solutions have been obtained, for instance when the amplitudes 
of the sea surface waves are much smaller [Refo lJ or much larger 
[Ref . 2J than the length of the incident acoustic wave. 

For an arbitrary acoustic wavelength and surface roughness, 
approximate solutions are obtained by using a composite-roughness 
sea-surface model and applying the results for the small-scale 
roughness sea surface to it [ Refs . 3, 4, 5J . This means that the 
small wavelets, causing the resonant or "Bragg" scattering, are 
carried by plane facets, whose movements depend on the large-scale 
roughness of the sea. 

This paper presents a few results of the frequency-spreading of a 
backscattered acoustic wave, using the facet model. 

1. THEORY 

The function that describes this frequency spreading is the spectral 
density function of the backscattered sound pressure. To calculate 
this function a source S illuminating a surface area A with a 
plane wave of frequency fo and pressure Po is assumed. The 
distance r between sources and surface area A is considered to 
be much larger than JA. The spectral density is normalized by the 
distance r, the area A, and the sound pressure foe This normalized 
function is called the doppler density ~(f). 

For the small-scale roughness sea surface, where the standard 
deviation of the wave height is much smaller than the wavelength 
of the acoustic incident wave, this doppler density is calculated 
by the well-known methods previously cited . The result is: 

[Eq. lJ 

where ko = c 
1 

Ao is the wave parameter of the acoustic wave 

k = ko cos CPo, k = -ko sin %, ox oz and !::.f = f - fo are the 
components of the incident wave parameter vector in the x and z 
directions respectively. The source is assumed to lie in the x-z 
plane, z looking downward. 

The function X3 is the three-dimensional wave parameter frequency 
spectrum of the sea-surface elevation . It is assumed that h(x,y,t) 
is a stationary Gaussian process, therefore X3 describes the 
process completely. 

S.ACL AN TeEN CP· 1 7 8- 2 
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For typical sonar frequencies the dispersion relation can be 
qonsidered valid. Then Eq. I can be written in terms of the two-
dimensional frequency direction spectrum F2 (f, cp) and a mixing 
function W(f , cp) that describes the ratio of incoming and outgoing 
surface waves at a giv en direction cp, the result being: 

[Eq. 2J 

where f-l~ - J ~ k ox is the Br agg frequency. 

It should be noted that the function F2 (f, cp) is not sufficient to 
describe the frequency-spreading process, as it contains no 
information about the travelling direction of the waves. Often, 
the product F2 0W is denoted as F2 , but this leads to confusion 
because the application of the Wiener-Khintchine theorem to this 
f unction does not result in a real covariance function of the sea 
surface. 

To obtain an approximate solution for an arbitrary roughness of the 
sea surface, the small-scale roughness result of Eq. 2 is applied 
to a composite-roughness sea-surface model. This model basically 
considers the short surface waves carried by long waves of large 
amplitude. The long waves are locally approximated by plane facets 
with randomly distributed slopes and velocities. 

To apply this model to the small-scale l' esults, the statistical 
properties of the facets have to be formulated in terms of the 
statistical properties of the sea surface and the facet diameter L. 
The following simplifying assumptions are made: If the incident 
acoustic wave vector lies in ·the x-z plane, the contribution of the 
facet slope and velocity in the y direction to the doppler spread 
and the backscattering strength are considered to be small compared 
to the velocities in the x and z directions and are therefore 
neglected. Then the facet movement is a ·three-dimensional stochastic 
process that is assumed to be Gaussians Therefore the three-
dimensional covariant matrix au of the slope-velocity-vector 
u = (e, ux, uz) is suffi cient t~ describe the process. The matrix au 
is a function of the sea surface statistics and the facet length L, 
in fact the facet has the effect of a low-pass filter on the sea-
surface spectrums For certain cases, the involved integrals can be 
solved completely, otherwise rather simple computer calculations are 
performed. 

With the knowledge of the facet statistics a general expression 
for the doppler density can be written downs The starting equation 
is 

k4 (u) Xs [-2 k (u), 0, L\f(u)] N(u) duo oz - ox - -- [Eq. 3 J 
_=0 
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The facet movements change the backscattered frequency stochastically. 
The total doppler density is given by an integral over these frequen-
cy shifts u multiplied by the probability N (u) of their occurrence. 
This integral can be solved, in closed form, the result "being: 

cp(f) = 

where 

/ !if f_f 'l< 
f1 = J iT -c- cos Yo , / f+f~< 

f 2 = J f! -- cos Yo 0 iT C 

The function I~(cru) contains the information of the facet 2 _ 

[Eq. 4J 

statistics; it is a somewhat lengthy expression but contains no 
integral and can therefore be evaluated quite simply on the computer. 

To evaluate Eq . 4, the facet length L has to be chosen. This choice 
is directed by two influences. Firstly, the facet length should be 
greater than the wavelength of the incident acoustic wave to reduce 
the finite aperture error as much as possible~ Secondly, the sea-
surface roughness crh(L) on the facet should be much smaller than 
the acoustic wavelength to fulfill the Rayleigh condition. 

To meet both requirements, the following procedure for choosing the 
facet length L is performed: 
Choose L such that: 

Ao·N = L [Eq. SaJ 
and 

[Eq. Sb J 

The number N is a quality number that shows how far L is away from 
the border where the conditions for the validity of the composite 
sea-surface model are no longer valid. If N is less than, lets say, 
about two, this indicates that the facet model will yield no correct 
results. 

Combining Eq. Sa and Sb gives 

[Eq. 6J 

which is used in an iterative computer procedure that calculates 
the facet length L. 
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2. RESULTS 

One of the main difficulties in applying the general formulae is 
to find an appropriate sea-surface spectrum that leads to reasonable 
results for both the facet statistics and the doppler density 
calculations. The commonly used Pierson-Moscowitz spectrum with 
a cosine-square directivity was used for the calculation of the 
facet statistics o For the doppler density calculation this 
spectrum was not useful i n all cases because it assumes a direc-
tivity for high surface frequenc i es where an omnidirectional Philipps 
spectrum would be more appropr i ate. Therefore a modified spectrum due 
to Scott [Refe 6J was used in the doppler density calculation. The 
modification was done by introducing a cut-off frequency where the 
spectrum becomes very fast omnidirectional. The correct choice of 
this frequency is an open question. 

Figure I demonstrates the influence of the grazing angle y on the 
result. The x-axis shows the doppler shift in hertz, the y-axis the 
doppler density (the incident frequency is 3.5 kHz). The angle y 
is changed from 2° to 20°, the wi nd speed is 16 kn = 8 mls and the 
main direction of the surface waves is away from the sound source. 
This causes an asymmetry in the spectrum that is explained as follows: 
The correlation between the facet slope and the f acet vertical 
velocity is negative in this case. This means that a large angle 
belongs to a negative velocity. This velocity causes negative doppler 
shift. As the slope is greater for negative velocity than for the 
positive velocity, the backscattered energy is greater. The sea 
surface s pectrum is assumed to be omnidirectional in the frequency 
range where Bragg-scattering occurs,that means at about 2.7 Hz or 
20 cm wavelength, The asymmetry is due only to the facet movement. 

If the orientation of the sea surface spectrum is 90° off the incident 
wave vector this effect does not occur, as c an be seen from Fig. 2. 
It is instructive to compare these resul ts with another, very simple 
approximation. This approximation calculates the doppler spread by 
assuming that the small-scale r esults are just spread out on the 
frequency scale according to a normal distribution whose standard 
deviation is calculated as a second mom.ent of the sea -surface 
spectrum. The slope of the sea surface is not considered. This 
model is a limiting case of the facet theory if the facet length is 
put to zeroe 

Figure 3 shows the resulte Compared with the previous figure, it is 
seen that for small grazing angles, 2° to 6°, the differences are up 
to 20 dB. Moreover, the asymmetry of the curves, which must be 
expected from physical reasons , is not incorporated in the model. 
These c onsiderable differences show the necessity of a more detailed 
model for the doppler-spread calculation. 

Figure 4 shows the influenc e of the wi nd speed for a fully developed 
sea. The grazing angle is 6° , the wind speed varies from 4 kn (2 m/ s) 
to 64 kn (32 m/s) in geometrical progression. For low wind speeds 
the facet model is seen to be superfluous, as the doppler density 
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consists virtually of two O-functions due to the Bragg resonant 
scattering. For high wind speeds the backscattered energy is 
considerably higher, but it is spread over a higher frequency 
range, the backscatter ed energy at the Bragg frequency does not 
changeo 

Figures 5 and 6 demonstrate the influence of the incident acoustic 
frequency. Figure 5 shows the doppler density versus the normalized 

b.f ft' equency fo for fo = 0. 33, 1, 3.3, 10 and 33 kHz at a wind speed 
of 8 mise For the low frequency, fo = 300 Hz, the Rayleigh condition 
is fulfilled, thus the doppler spectral density consists of only two 
lines. With increasing frequency the facets become more and more 
important. If the wind speed is very high, the facets become important 
at even low frequencies, as is shown in- Fig. 6 for a wind speed of 
·16 mi se 

Figures 7 and 8 show the influence of the mixing function W(f, ~)o 
In the beginning of this chapter it was mentioned that a somewhat 
modified sea-sur face spectrum according to Scott has been used, by 
introducing a cut-off frequency f c ' The result for fc = 5 Hz is 
shown in Fig. 7. If , instead, the cut-off frequency is put to 
infinity, the result is as shown in Fig. 80 It uses the unmodified 
directional Scott spectrum up to the highest frequencies, which is 
a doubtful assumption. 

CONCLUSION 

Using a composite-roughness sea-surface model, an approximate 
solution for the frequency spread of backscattered sound from an 
arbitrarily rough sea surface is derived. The model needs a 
description of the statistical propert i es of the sea surface 
roughness including the directivity and the mixing of incoming and 
outgoing waves in one direction and one frequencyo In particular, 
the mixing of waves is so far only theoretical and needs an 
experimental verification. The experiments would include both the 
frequency dependence and the r elationship to the dir ectivity of the 
sea-surface spectrum. 

As a next step it is planned to incorporate the theory into the 
sonar models used at SACLANTCEN. It is hoped that it will be 
possible to check the frequency- spread model with experimental data 
from our sonar experiments. Incorpor ation in the sonar models will 
enable us to predict the time/frequency-spread of acoustic waves 
and, if verified, is considered to be the first step towards the 
.estimation of the scattering function fo r the underwater sound 
channel. 
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EFFECTS OF SEA ICE RIDGES ON SOUND 
PROPAGATION IN THE ARCTIC OCEAN 

by 

O. I. Diachok 
Naval Oceanographic Office 

ABSTRACT 

An environmental/acoustic model of sound propagation in the Arctic 

Ocean, which accounts for reflection losses from ridged sea ice, has been 

developed. In this model sea-ice ridges are represented as infinitely 

long, randomly distributed, elliptical half-cylinders. Under-ice reflection 

losses for acoustic wavelengths either large or small compared to ridge 

dimensions are computed from theoretical equations as a function of average 

keel depth and width, number of ridges per km, and grazing angle. Numerical 

values of under-ice reflection loss as a function of grazing angle are then 

incorporated into ray theoretical computations of transmission loss assuming 

a single sound speed'profile which is characteristic of the central Arctic 

Ocean. The validity of the concepts, approximations, and the limitations 

of the model, and the accuracy of coincident measurements of environmental 

and acoustic parameters required to validate the model are discussed. To 

illustrate the predictions and accuracy of the model under diverse ice 

conditions, several comparisons of theoretical and experimental determina-

tions of under-ice transmission loss in the central Arctic Ocean are presented. 
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INTRODUCTION 

The environmental configuration of the Arctic Ocean is characterized 

by a relatively stable, nearly isothermal water column, and an ice canopy 

which is highly variable in both time and space. l Due to an essentially 

positive sound speed gradient in the water column, acoustic ray paths are 

generally upward-refracted and subsequently reflected and/or scattered 

from the ice-water interface 2 as illustrated in figure 1. Theoretically, 

reflection losses from the ice-water and ice-air interfaces are a function 

of frequency, and physical properties of the sea-ice canopy. A preliminary 

ana1ysis 3 of coincident measurements of transmission loss and sea-ice ridge 

characteristics demonstrates that under-ice reflection loss at high fre-

quencies may be quantitatively related to the average depth and number of 

ridges per km, suggesting that reflection loss at low frequencies may be 

similarly modeled. 

The purpose of this paper is to (1) discuss geometrical and statistical 

models of sea ice ridges that lend themselves to quantitative analysis of 

under-ice reflection loss, (2) present a theoretical model of under-ice 

reflectivity which is consistent with the ridge models, (3) illustrate the 

effect of under-ice reflection losses on long range transmission loss and 

(4) compare theoretical predictions with experimental measurements of long 

range transmission loss, particularly at low frequencies. 

Ideally, a demonstration of the validity of the model would require 

coincident measurements of long range transmission loss and under-ice ridge 

characteristics. Unfortunately, such measurements do not exist. Instead, 

a comparison will be made between transmission loss data and theoretical 

predictions based on estimates of ridge keel parameters, which were inferred 

from measurements of topside sea ice profiles and plausible models of sea-

ice ridges. 
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Coincident measurements of topside sea-ice ridge characteristics and 

under-ice transmission loss, discussed in this paper, were acquired in 

May 1974 along tracks 18, 20, 22 and 26, which are depicted in figure 2. 

MODELS OF SEA ICE · RIDGES 

Sea ice may be described as consisting of floating plates or floes 

about 3 m thick, occasionally interrupted by ridges, which are rubble 

piles formed by collisions and shear interactions between adjacent floes. 

Ridge dimensions vary widely but are nominally about 1 m high, 4 m deep and 

12 m wide; the ridge length is generally much greater than the depth or width. 

A representative average spacing between ridges, which is random, is about 

100 m. The effective orientation of a large number of ridges is also 

generally random. The cross-sectional contours of ridge sails and keels, 

the result of a random process, are highly variable. 

A photograph depicting the two dimensional character of ridged sea 

ice,4 as observed from aircraft, is illustrated in figure 3, as well as a 

coincident airborne laser profiler trace depicting the nature of the 

vertical profile of sea ice. Ridges are located at sites C, D and E. 

Examples of measured cross-sectional ridge contours,5,6,7 which are 

shown in figure 4, illustrate the following features of sea ice ridges: 

(1) a majority of ridge keels are flattened at the bottom due to ablation,S 

and approach the ice-water interface at a relatively steep angle, and 

(2) the shapes of ridge sails are highly variable, although in many instances 

a narrow protuberance is evident near the center of the ridge. 
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Measurements of the keel depth to sail height ratio, R, of previously 

reported contours 5 ,6,7,9 vary between 1/3 and 8, and average 4.0 ±0.5, as 

illustrated in the histogramlO in figure 5. In this figure the number of 

observations is shown as a function of the estimated keel depth to sail 

height ratio of the examined contours. Another estimate of R, based on a 

statistical analysis lO of a set of near-coincident measurements of about 

100 keel depths and sail heights, results in R = 4.0 ±.3, which is in good 

agreement with the results in figure 5. In addition, it is noteworthy that 

the ratio between the deepest keel and the highest sail reported in the 

literature6,10 is equal to 3.6. 

A comparison between measured contours and simple geometrical shapes 

suggests that ridge keel contours may reasonably be represented by a half-

ellipse, and that ridge sail contours may be described using the Gaussian 

distribution function,IO as in figure 6. The relative dimensions of this 

geometrical model, in particular d/h = 4.0 and wold = 1.6 are based on 

results shown in figure 5, previously reported measurements I 0, 20 of sea-

ice ridge characteristics, and isostatic considerations.I,IO 

A theoretical investigation of acoustic reflectivity from a large 

number of sea-ice ridges also requires a model of the distribution of ridge 

heights, depths ' and widths. It has been suggested by Kl imovich I 2 and sub-

sequently by the author 3 that the Rayleigh distribution function,12 which 

is directly applicable to the description of the distribution of maxima of 

any random noise function, might also adequately describe the height/depth 

distributions of pressure ridges in sea ice. The distribution of widths 

has not been examined. 
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From a qualitative comparison between an empirical curve based on a 

large number of on-site measurements of ridge heights reported by Klimovich 

(corrected to height above the ice-water interface) and the Rayleigh dis-

tribution function shown in figure 7, it may be inferred that this function 

provides a reasonably good fit to Klimovich's representation of his set of 

measurements. Unfortwlately, the corresponding raw data was not reported. 

The systematic departure between the general trend of the measured 

data and Rayleigh distribution function in the region of small ridges may 

be a consequence of (1) measurement errors,14 (2) the inadequacy of the 

Rayleigh distribution function to describe the observed distributions 

precisely, and (3) the nature of Klimovich's definition of a ridge, which 

unfortunately is not clearly stated. 

Two statistical definitions 14 ,15,16,17 of a ridge have been proposed 

for computer analyses of airborne laser measurements of the distributions of 

ridge heights. A comparison between the distributions of ridge heights 

based on these definitions demonstrates that resultant distributions are 

virtually identical in the region of large ridges, but are strongly dependent 

on the statistical definition of a ridge in the vicinity of small ridges. 17 ,18 

Distributions of ridge heights derived from laser measurements, which 

are discussed in this paper, are based on the so-called Rayleigh criterion, 

viz. a relative maximum is a ridge when the corresponding minimum point~ 

are less than half of the peak. Based on this definition, the computed 

distribution of ridges approaches zero as the ridge height becomes large, 

and approaches infinity as the ridge height approaches zero, which is 

inconsistent with Klimovich's on-site observations in the region of small 

ridges, and with previously reported estimates 10 of the total number of 
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ridges per km. The unreasonably high counts in the region of small ridges 

are probably a result of considering snow drifts, floe edges and small 

"side-lobes" of large ridges as individual ridges. Consequently, only the 

distribution of relatively large ridges will be considered in comparisons 

with the theoretical function. 

A comparison of the resultant distribution of ridge heights greater 

than 1.2 m, which was determined from laser measurements along two 300 km 

tracks in the western Arctic designated tracks 22 and 26, and the Rayleigh 

distribution function is shown in figure B. 

Due to the incomplete nature of the data, the theoretical curve had to 

be fitted to the data by selecting the total number of ridges, N and the 

characteristic ridge height, a (a = 2/\f1Th, where h is the average ridge 

height). In this case selection of N = 9.5 ridges per km, and a = 1.21 m 

provided the best fit to both sets of data, which are nearly identical. 

For comparison, data based on laser measurements along two 300 km 

tracks in the eastern Arctic, designated tracks lB and 20, is shown in 

figure 9. Here, selection of N = 11.5 ridges per km, and a = 1.48 m pro-

vided the best fit to the two data sets. These two sets of measurements 

are also virtually identical. 

The inferred values of N are in quantitative agreement with Wittmann 

and Schule's results;ll and the inferred values of h are in reasonably good 

agreement with Kovaks and MellorS observations. 

REFLECTION LOSS FROM RIDGED SEA ICE 

Prior to a theoretical interpretation of the relationship between the 

statistical properties of sea-ice ridges and under-ice reflection loss, a 

few relevant theoretical aspects of acoustic reflectivity from sea ice will 

be mentioned. 
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Rays which propagate to long distances (greater than 30 km) in Arctic 

waters reflect from the ice-water interface at grazing angles. ~. which are 

generally smaller than 15°. 

Representative values of the shear wave ve10ci ty19 in bulk ice vary 

between 1500 and 1860 m/sec. If the lowest measured shear wave velocity is 

considered. the smallest possible shear critical (grazing) angle according 

to Snell's Law is 20°. Hence. if a simple ice-water interface is assumed, 

the theoretical reflectivity20 at high frequencies in the angular range of 

interest is presumably unity over the reported range of sea ice velocities. 

Consequently. if the ice-water interface were perfectly smooth. the measured 

under-ice reflection loss might be expected to be zero. The sea ice canopy. 

however. is generally interspersed with ridges. and the estimated reflection 

loss is generally greater than zero. 3 

A theoretical model of reflectivity from a distribution of randomly 

spaced protuberances at a perfectly reflecting boundary has been developed 

by Twersky.21.22 The model considers a plane acoustic wave incident on a 

one-dimensional distribution of protuberances. which may be either identical 

or non-identical. and either elliptic or circular half-cylinders situated 

at the surface of a perfectly reflecting half-space. as illustrated in 

figure 10. 

The nature of "randomness" required is essentially that the average 

separation of the scatterers be large compared to widths. a condition that 

is generally satisfied by sea ice ridges. Based on the geometrical and 

statistical models discussed previously. the spacing-to-ridge-width ratio 

of sea ice ridges is estimated to be generally between 5 and 10. except in 

extremely rough near-shore areas during the winter season where this ratio 

may approach 2. 
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Approximate and relatively simple solutions for reflectivity have been 

derived by Burke and Twersky22 as a function of grazing angle, ~, acoustic 

wave number, k, number of protuberances per unit distance, N, protuberance 

half-width, w, and depth, d, for cases where the wavelength is either large 

or small compared to protuberance dimensions. Theoretical solutions were 

derived for identical scatterers, but are equally valid for average values 

of d and w of non-identical scatterers. 

To simplify the analysis of under-ice reflectivity in both the high 

and low frequency limits, the protuberance above the air-ice interface will 

be disregarded. Furthermore, at frequencies corresponding to wavelengths 

comparable to the modal thickness, complications caused by mode conversion 

to Lamb modes in the ice p1ate23 will also be dismissed. 

To apply results of Twersky's analysis to modeling under-ice reflection 

loss, the geometrical model in figure 10 will be assumed to be a good 

approximation of the spatial configuration of a large number of sea -ice 

ridges. Due to the random orientation of ridges,24 the effective ridge 

width, w, is assumed equal to ~ woo 

CASE 1: kd > 1 

In this case the reflectivity from a distribution of widely spaced 

elliptical half-cylinders is independent of frequency; the wavelength is 

assumed to be smaller than the average ridge depth, d; and the plate thick-

ness, a, is assumed to be infinitely large. The energy reflectivity, R; 
from a perfectly reflecting ridged surface is expressed by: 

R = 
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x may be interpreted as a correction for the eccentricity of the half-

ellipse. For circular half-cylinders, x = 1; for the geometrical model of 

ridges under consideration, and in the angular range of interest, x = 0.9. 

CASE 2: kd < 1 

For the case where the wavelength is greater than the average ridge 

depth and the plate thickness, a, is assumed to be negligibly small, the 

energy reflectivity from a perfectly reflecting ridged surface is given by 

the expression: 

This equation is an approximate expression which is valid only for 

relatively small reflection losses. 

(2) 

Computed reflection losses as a function of grazing angle at frequencies 

of 30, 40 and 50 Hz and at high frequencies, shown .in figure 11, are based 

on (a) estimates of Nand h, inferred from laser measurements along tracks '22 

and 26, (b) estimates of d and w inferred from the geometrical model, and 

(c) equations (1) and (2). 

Computed reflection losses as a function of frequency and grazing angle, 

which are based on laser measurements along tracks 18 and 20, are .delineated 

in figure 12. 

From a comparison of the two sets of computations in figures 11 and 12, 

it may be inferred that losses at high frequencies are slightly higher in 

the eastern than western Arctic, whereas losses at low frequencies are much 

higher in the east than in the west. In accordance with this contention a 
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comparison3 between previously reported transmission loss measurements22.23.24 

at various locations in the Arctic, and theoretical transmission loss com-

putations which include a parametric surface reflection loss. also suggests 

that under-ice reflection losses are relatively high in the eastern Arctic. 

COMPARISON BETWEEN THEORY AND EXPERIMENT 

Theoretical computations of geometrical spreading loss are based on the 

sound speed structure along the measurement path. which is a function of 

temperature and salinity. Compared to ice-free oceans and seas. the tempera-

ture and salinity structure of the Arctic Ocean is relatively stable in time 

and uniform in space. 28 Quasi-synoptic measurements of vertical temperature 

profiles in the top 300 meters which were determined using bathythermographs 

at sites B. C, D, E. F and G, depicted in figure 3, are shown in figure 13. 

Also shown are temperature vs depth measurements made at T-3. These data 

illustrate the uniformity of the temperature structure in the top 300 meters 

and the slight variability of the structure in the top 50 meters. Below 

300 meters the variability has been observed to be small. 28 

Measurements of vertical salinity profiles also reveal generally small 

differences, except in the Canadian Basin, where the near-surface salinity is 

demonstrably lower than in most other parts of the Arctic. 28 This anomaly, 

however, may be shown to have a small effect on sound speed. 

The relative uniformity of temperature and salinity suggests that the 

velocity structure in the central Arctic Ocean may justifiably be approxi-

mated by a single vertical profile. 
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The effect of reflection loss on transmission loss may be computed using 

ray theory when the wavelength is small compared to environmental dimensions. 

Vibragrams depicting frequency vs. time of arrival of normal modes in the 

Arctic,29 suggest that the departure from a ray theoretical description of 

sound propagation becomes pronounced at frequencies below about 40 Hz. Con-

sequently, ray theoretical computations will be restricted to frequencies 

of 40 Hz and above. 

Figure 14 indicates results of spatially averaged ray theoretical 

computations 30 of trans~ission loss based on a single sound velocity profile, 

which include surface reflection loss, as a function of grazing angle at 

frequencies of 40 Hz, 50 Hz and at high frequencies along the western Arctic 

tracks, designated 22 and 26. Ray theoretical computations represent the 

incoherent summation of 1000 rays between source angles of ±15°. A nominal 

angle-independent value of bottom loss of 1 dB per reflection was assumed 

in this set of computations. Effects of the ocean bottom on the magnitude 

of transmission loss for ranges greater than 30 km, however, are insignificant. 

At very low frequencies, where the wavelength becomes comparable to the ocean 

depth, bottom effects on the magnitude of transmission loss in Arctic waters 

may be considerable. Such low frequencies, however, will not be considered 

here. 

Figure 14 also portrays coincident transmission loss measurements at 

frequencies of 40, 50 and 200 Hz, obtained by MK 61 explosive signals de-

ployed from aircraft into water openings in the ice field, and detonated at 

a depth of 243 meters. The signals were detected at sites A and C (figure 2) 

at a depth of 90 meters via modified sonobuoys which were monitored from a 

second aircraft. 

SACLANTCEN CP-17 9-11 



DIACHOK: Effects of sea-ice ,l'idges on sound p1'Opagation 

The data was tape-recorded and subsequently processed in one-third 

octave frequency bands and total energy transmission loss computed. Assumed 

values of source levels of explosive signals were based on results of 

Gaspin and Schuler. 31 (Data at 40 Hz were adjusted by 2 dB to facilitate 

demonstration of the virtual equivalence between predicted and measured loss 

per unit distance.) 

Measurements and predictions of transmission loss along tracks 22 and 

26 (figure 14) are in reasonably good agreement at both high (200 Hz), and 

low frequencies (40 and 50 Hz). Measurements at frequencies higher than 

200 Hz are essentially identical to 200 Hz data up to a frequency of 800 Hz. 

At higher frequencies other effects apparently become significant, as 

illustrated in figure 15(a). This figure shows the total attenuation coef-

ficient above cylindrical spreading along tracks 22 and 26, previously re-

ported absorption coefficients vs frequency corresponding to the North 

Pacific Ocean~2,33 and a postulated curve depicting the absorption coefficient 

in the Canadian Basin which results in a "corrected" attenuation ' coefficient, 

which is independent of frequency as required by the under-ice reflection 

loss model. At 1 kHz a frequency-dependent attenuation coefficient, which 

is in excess of the frequency-independent attenuation due to under-ice 

reflection loss, is estimated to be .02 ±.Ol dB/km. 

This result is slightly lower than Me11en's32and Lovett's33 estimate of 

the mid-water attenuation coefficient in the North Pacific Ocean, which ,at 

1 kHz equals .035 ±.020 dB/km, and is significantly lower than attenuation 

measurements in the North Atlantic reported by Thorp, 34 which averages 
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.065 ±.020 dB/km at 1 kHz, as in figure 15(b). Simmons, et a1.,35 attribute 

the observed attenuation in this frequency range to a 1 kHz relaxation of 

boric acid, and suggest the possibility of a significant dependence on 

concentration. Consequently, it may be noteworthy that the near-surface 

salinity in the Canadian Basin, being between 27 and 31%0, is among the 

lowest in the world ocean. 28 

As previously repor~ed, analysis of sound attenuation in the East 

Greenland Sea,3 where the near-surface salinity is comparable ·to North 

Atlantic values, yields inferred mid-water attenuation coefficients in 

agreement with Thorp's results, as seen in figure 15(b). 

Transmission loss was also measured along tracks 22 and 26 with ex-

p10sive signals detonated at a depth of 18 m. A comparison between theoretical 

predictions and experimental measurements at a frequency of 200 Hz at the two 

source signal depths is illustrated in figure 16, as well as transmission loss 

computations corresponding to a surface reflection loss of zero. Agreement 

between theory and data for both source depths is excellent within a range 

of 150 km. This result is in accordance with previously reported measurements, 

which were generally limited to about 150 km. Beyond 150 km the general trend 

of the two sets of measurements departs from predicted curves. Discrepancies 

may be related to inaccuracies in the reflection loss model, and in ray 

theoretical computations. Howeve~ measurement errors caused by low signal 

to noise ratios, below 3 dB, at ranges beyond 150 km may also affect some of 

of the long range data. 
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Noticeably the prediction of the difference between the two sets of 

measurements at long ranges is reasonably accurate. At 200 km the predicted 

difference is 3 dB and the average measured difference is 5 dB. 

Results of ray theory for transmission loss, including surface reflection 

loss at frequencies of 40, 50 and 200 Hz, corresponding to the eastern Arctic 

tracks, are shown in figure 17. Ocean depth along these tracks was about 

1000 m. 

Coincident transmission loss measurements at the same frequencies, also 

plotted in figure 17 were determined by explosives deployed from aircraft 

into water openings, and detonated at a depth of 243 m. In this case, 

however, the signals were detected at a depth of 60 m on hydrophones lowered 

from Ice Island, T-3, by H. Kutscha1e. (Data at 40 Hz were adjusted by 

3 dB to facilitate demonstration of the virtual equivalence of predicted 

and measured loss per unit distance.) Again, predictions and measurements 

are in accord at both low and high frequencies. 

DISCUSSION 

The reasonably good agreement between theoretical predictions and ex-

perimental measurements along both eastern and western Arctic measurement 

tracks suggests that (1) the sea ice ridge model and theoretical distribution 

function, which were used to infer under-ice ridge characteristics from 

topside measurements are valid idealizations of ridged sea ice, (2) the 

assumption of horizontal uniformity of temperature and salinity in the 

Arctic Ocean is an acceptable approximation, and (3) predictions of the 

relatively simple reflection loss model are fairly accurate. 
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At high frequencies the dependence of reflection loss, R, on Nd, the 

product of the average ridge depth and number of ridges per km, is nearly 

linear for small Nd, whereas for large Nd the reflectivity asymptotically 

approaches zero. In the range of Nd considered in this paper the dependence 

of R on Nd is slight, and large uncertainties in Nd lead to small uncertainties 

in R. For example, ~(Nd) = ±20% results in ~R = ±l dB in the range of angles 

where most of the energy which propagates to long ranges is concentrated. 

Furthermore, uncertainties in the source levels of deep explosive signals 

at high frequencies are relatively well established,30 and ray theory is ex-

pected to provide accurate estimates of transmission loss at high frequencies. 

As a consequence, agreement between predictions and measurements at high 

frequencies, particularly at ranges below 150 km, may be considered a 

demonstration of the validity of the reflection loss model. 

Agreement at low frequencies, however, may to some extent be fortuitous. 

Owing to the dependence of theoretical reflection loss on the fourth power 

of ridge dimensions, the uncertainty in the experimentally determined average 

ridge depth and width must be below ±10% for the prediction of reflection 

loss to be meaningful. The procedure to estimate d and w, however, results 

in uncertainties in these parameters that have not been precisely ascertained. 

Furthermore, uncertainties in source leye1s at low frequencies, discussed 

in some detail by Weinstein,36 may be greater than 3 dB. In addition, 

accurate computations of theoretical transmission loss at such low fre-

quencies requires wave theory techniques. 
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CONCLUSIONS 

Plausible geometrical and statistical models of sea-ice ridges have been 

described and a heuristic under-ice reflection loss model, based on these 

models has been developed. 

The good agreement between theoretical computations of transmission loss 

including surface reflection loss and high frequency transmission loss measure-

ments, reported previously as well as in this paper, may be considered 

demonstrations of the validity of the reflection loss model. At low fre-

quencies the good agreement between predictions and measurements discussed 

in this paper suggests that the model is also valid at frequencies below 

50 Hz. These results, however, may to some extent be fortuitous, and should 

not be considered reliable demonstrations of the validity of the model, due 

to uncertainties in ~he ridge model, reflection loss model, ray theory 

computations, and source levels. 

A more convincing validation of the model at low frequencies would 

require a comparison between measurements of transmission loss from a source 

with a precisely known source level, and wave theoretical computations which 

include theoretical predictions of reflection loss based on coincident sub-

marine sonar measurements of under-ice ridge characteristics. Unfortunately, 

such coincident measurements do not exist. 
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FIG. 3 
COINCIDENT LASER MEASUREMENTS (top) AND PHOTOGRAPH 
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FIG. 5 
HISTOGRAM OF THE NUMBER OF OBSERVATIONS vs 
i::STIMATED KEEL DEPTH TO SAIL HEIGHT RATIO 
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LOW-FREQUENCY ACOUSTIC MEASUREMENTS IN A 

SHALLOW-WATER AREA WITH A ROUGH SEA SURFACE 
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ABSTRACT 

Surface wave spe~tra have been measured in the North 

Sea simultaneously with acoustic investigations using explosive 

and CW sources. The goal of these experiments was to determine 

the influence of surface waves to low-frequency sound propaga-

tion. Vertical chains of hydrophones in different distances 

from the source are used to get the attenuation of the single 

modes. In order to resolve the influence of the s urface, the 

experiments were carried out during different sea states. 

Doppler-spectra from first measurements with a 500 Hz source 

and one receiving hydrophone are presented. 
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1. Indroduction 
In order to study the interaction of underwater sound with surface 
waves simultaneous measu~ents were carried out in a sea "area of the 
North Sea, not far from the island of Sylt. Figure 1 shows the measure-
ment area, where the water depth is about 18 m. The underwater sound is 
produced by explosive sound sources and continuous wave (CW) sources. 
From the experiment with explosive sound sources the attenuation of the 
primary acoustic signal is measured as a function of distance; the experi-
ment with the CW source yields the frequency shifted sidebands. It must 
be pointed out, that to each of these two experiments surface wave measure-

55°~----------------~1---------~----~---------+--r-~----r-------1----1 
MEASURE-

MENT 
AREA 

540 40'+ --------~~--------------~--------~------~r4,------~--------~~_i 

MAP OF MEASUREMENT AREA-SFB 94-A6 

FIG. 1 MAP OF MEASUREM.:NT AREA NEAR THE ISLAND OF SYL T IN THE NORTH SEA 

SACLANTCEN CP-17 10-2 
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ments are carried out simultaneously. The results obtained by these 
methods are presented here. 

2. Measurements with explosive sources 
The arrangement for the explosive sound experiment is given in fig.2. 
The distance between the explosive sources and the first chain is 1-5 km, 
followed by two other chains each in a distance of 5 km. The chains are 
connected with a . sonobuoy, which transfers the datas to the land-station. 
The charges detonate at a depth of 4 mi the explosion points are located 
at intervalls of 200 m in line of 4 km. Three experiments are carried out 
at different sea states, one of these were done with only one chain in order 
to resolve the different modes in the shallow water. The other two experi-
ments were carried out with three chains to resolve the modes and obtain the 

Sonobuoy 

*·"--1-5 km --...... ---+-- 5 km -----+----+- 5 km ---+01 

I 
Source Hydrophones <: 

EXPERIMENTAL CONFIGURATION 

SFB94- TP A6 

FIG. 2 SCHEMATIC ARRANGEMENT OF MEASUREMENT WITH VERTICAL CHAINS 
OF EIGHT HYDROPHONES AND SONOBUOYS 
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SIEBERT: Low-frequency mea8urement8 in 8haZZow-water-area 

mode attenuation. Mode attenuation is due to reflection loss at the bot-
tom (s:ediment attenuation and generation of shear waves) ·and scattering 
processes at the surface and the bottom. These effects are mode-dependent 
and therefore a separation of the different modes becomes necessary. 

The results of the first experiment is represented in fig.3.There the 
original recordings of the eight hydrophones are plotted on the left side 
of the figure. The distance from the explosiv source was 4.1 km and the 
water depth was nearly constant within the range of propagation (d=18±o.Sm) . 
To resolve the different modes, the registrations are filtered with digi-
tal bandpass filters plotted on the right side of the figure.Central fre-

w o 
::> 

1,0 

0,5 

1.0 

~ 0,5 
Cl. 
~ « 

1,0 

0,5 

DIGITAL 
BANDPASS FILTER 

85 170 255 

o +-......--........ j--..-J..-,..--,..---, o 85 170 255 340 425 
FREQUENCY (CPS) 

FIG. 3 LEFT: ORIGINAL RECORDINGS OF EIGHT HYDROPHONES, NORMALIZED TO 
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SAME MAXIMUM AMPLITUDE. 
RIGHT: DIGITAL BANDPASS FILTER CURVES WITH DIFFERENT CENTRAL 

FREQUENClES. 
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SIEBERT: Low-frequenoy measurements in shaUow-water area 

quencies and bandwiths of the digital filters are obtained from computed 
group velocity curves for a simple two-layered wave guide model. In fig.4 
the result of the filtered recordings is given. Here the positi?ns of the 

3 

5 

7 

.--.. 
6 9 
:r: 
f--
(L 

11 w 
0 

13 

15 

17 

BANDPASS 85 (CPS) BANDPASS 170 (CPS) BANDPASS 255 (CPS) 

o 0) o 0) 0,2 

FIG. 4 BANDPASS-FILTERED RECORDINGS AT THE CENTRAL FREQUENCIES 
85, 170, 255 Hz, NORMALIZED TO SAME MAXIMUM AMPLITUDE 

first three modes (n=l,2,3) are marked. The splitti~g of wave groups be-
longing to one mode results from bubbles. Fig. 5 shows a more detailed 
analysis of the vertical amplitude functions of the modes, the computed 
(lines) and measured (dots) functions for the different three modes n=l,2,3. 
In case of the simplest two-layer . model the amplitude dependence of depth 
is given by a sine-function. It is shown that theoretical and measured ver-
tical amplitude function are in good agreement. 

3. Measurement with a CW source 
The acoustic measurement is carried out with two ships,one placed the 
500 Hz CW source at the bottom of the sea (d=18 m), the other one carried 
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BANDPASS 85 (CPS) BANDPASS 170 <CPS) o O~~--------------~---

3 
5 
7 

9 
11 

13 

15 
• 

• 

3 
5 
7 
9 
11 

n=1 

• 

• . . . 

-.. 17 • 

13 
15 
17 . . 

~ 18 -'---"---_..6---_ 18~~~------~~-L-----
I .-. a.. 
w o 

BANDPASS 255 (CPS) 
O.-Ir------------~~----------~~-----

3 
5 
7 

9 
11 
13 
15 
17 

• 

n=2 

• • 

• 

18~~~----~--~----------L---L-

AMPLITUDE 

FIG. 5 THEORETICAL (Lines) AND OBSERVED (Dots) VERTICAL AMPLITUDE FUNCTIONS 
FOR VARIOUS MODES n, MODE AMPLITUDE IN ARBITRARY UNITS 
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SIEBERT: Low-frequency measurements in shallow-water area 

at the same depth a hydrophone (see fig.6). The distance between the 
ships is about 6 km. On one hand the 500 Hz signal is transmitted 
through the water, on the other hand a registration by radio circuit is 

SINE 
WAVE 

GENERATOR 

HF-
TRANSMITTER 

CW-SOURCE 

cw- EXPERIMENT 

6KM 

I 
I 

'--------f@ (6) 
r-:-~--i TAPE RECORDER 

SIGNAL 

'\l 

HYDROPHON 

EXPERIMENTAL CONFIGURATION 

FIG. 6 EXPERIMENTAL ARRANGEMENT OF THE CONTINUOUS WAVE (CW) EXPERIMENT 

~erformed. Both the HF signal and the signal of the hydrophone are regis-
trated on a tape recorder. Simultaneously surface wave measurements with 
a wave rider buoy are carried out. The acoustic signal is modulated by 
the surface waves and is disturbed in amplitude and phase, whereas the 
HF signal is undisturbed. By a special proced-ure, called "phase coherent 
demodulation " the received acoustic signal is separated from the 500 Hz 
carrier frequency. As result we get the disturbed signal. This signal in-
cludes the frequencies of the surface waves. From time series with a length 
of 30 min. power spectra are computed. These spectra are compared with 
the power spectra we received from the direct measurements with the wave-

SACLANTCEN CP-17 10-7 



SIEBERT: Low-frequency measurements in shaUow-water area 

rider buoy. The results are shown in fig.7. The amplitudes at the peaks 
of the two power spectra are different. Both peaks (swell at 0.13 Hz and 
wind waves at 0.28 Hz) are found at the same positions, however, the 
acoustic spectrum of the wind wave peak is decreased in comparison to the 
direct surface-wave measurements. Theoretical considerations using the 
Bragg-scattering are carried out and shows a good agreement with some 
characteristics of the measured data. A more detailed study of this pOint 
cannot be given here. 

1 

2: (J) 0.75 
:JI-
0:::-
1-2 
u:J 
W 51 ~ 0.50 
I .-:-

w 4 
-.J 

~w 
3 ~ 0.25 

I 

I 
I 
I BUOY MEASUREMENTS 

/ 

O~------~ __ ------LI--------~I--------~I~------LI~----._-
0.1 0.2 0.3 0.4 0.5 

FREQUENCY (CPS) 

FIG.7 POWER SPECTRA OF SURFACE WAVES 

-- MEASURED WITH A WAVE-RIDER BUOY 
- - - MEASURED WITH A CW SOURCE 
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ABSTRACT 

A classification is made of the different types of wave elevation 

spectra namely lD time spectra, lD spatial spectra, 2D spatial spectra 

and 3D space-time spectra. Relations with simple single parameter 

measures of surface wave slope and significant wave height are also 

stated. Wave measurement devices are examined, including wave staffs, 

spar buoys, combined motion and wave-probe devices, Laser and Radar 

altimeters, the inverted echo sounder, radar scatterometers, stereophoto-

graphy and Fourier transform photography. Theoretical mechanisms for 

wave generation are reviewed critically. The state of progress in 

understanding of the equilibrium spectrum, the re-distribution of wave 

energy, swell waves and overshoot effect, is examined. Finally an attempt 

is -made to summarize experimental knowledge, and show where -from an 

acoustics viewpoint it is incomplete, where from a wave dynamics viewpoint 

current theory is inadequate and where both might be improved. 
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CROWTHER: Surface wave spectra 

1. INTRODUCTION 

Sea surface waves are significant to underwater acoustics 

because they scatter sound and produce Doppler broadening ~nd frequency 

shift on scattered and reflected sound. Backscattering at small 

grazing incidence tends to be primarily a first order Bragg effect,the 

dominant \vavelength in the sea surface being of order half the acoustic 

wavelength, modified by the surface slope produced by the longer waves. 

Thus if vle consider sonar frequencies from say :0.1 to - 100 kHz, the 

primary backscatter wavelength component in the surface is from 1cm. 

to - 10m. For the slope modulation and Doppler effects, one should 

also include longer wavelengths, up to the vlavelength beyond which negiigible 

slope is carried. This is usually at length~SOOm. At high frequencies 

the last 2 octaves up to 100 kHz are Qf 'somewhatrarer application, and the 

effect of bubhles will tend to dominate at such frequencies anyhow, so 

that we could expect that for backscatter, the strongest interest is over 

a surface wavelength band of - Scm to 10m., with some interest between 

SOOm to 10m and Scm to lcm. For forwar~ propagation, the prime interest 

1.S at longer wavelengths, where the slope spectrum is highest, say from SO Om . 

to 1m. 

To convert these wavelengths into wave frequency, we need tc use 

the dispersion laws for surface waves, which are 

2 = gk +y k3 ( 1 ) n 
1 

c = n/k (g/k + yk)2, ( 2 ) 
, . 2 

v = dn/uk ..L (g + 3 Y k ) In, ( 3 ) 0 2 

g gravity 

n ::: 2'lrf · = 2n times surface frequency (radian sec -1) 

• 
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k = 2'/f/A = 21f/surface wavelength 

y surface tension/water density 
c = surface phase speed 

v surface group speed 

CROWTHER: Supfaoe wave speotra 

-5 3 = 7.4.10 m -2 s 

Taking these laws for present at face value, the surface 

frequency bands of strongest interest we find become~0.5Hz to 10Hz 

for backscatter, and ~0.05Hz to M 1 Hz for propagation, with an overall 

band of say O. 05Hz to - 50Hz. 

These waves have phase speeds, c, from 0.23 to 30 m/ s and·v 

from 0.18 to 15 m/s. Caveats on taking (1-3) at face value are given in 

Sections 8 and 9. 

Waves for which the first term on the right in (1) dominates are 

called gravity ~vaves; those for which the second domindates are called 

capillary ~vaves • . It is convenient to define the transition, conventionally 

where the gravity and surface tension forces are equal, that is at 

* (g/y)! k k = 364 rad/m 

A A* * 2n/k = 1. 7 em 

* (Lfg3/y) ! = 85 -1 
n = n = rad sec 

'1( 
f = f - n*/2'IT = l3 .5Hz 

1 -1 c = c* (4gy) 4 = 0.23 ms 

* 0.23 -1 v =v = ms 

Clearly sonar interest only just extends into the capillary regime 

at the very highest frequencies. For the majority of applications, we 

a:ce inLet'e Lested only in gravitywaves,albeit often rathel" short ones for 

which: 
2 = gk (4) n 

1 
c = g/n (g/k)2, (5) 

1 (6) v = .-c 2 
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2. DEFINITION OF WAVE SPECTRA 

Spectra are measured of either the wave elevation or slope as 

a function of temporal or spatial radian frequency n or krespectively, 

and in 1, 2, or3 dimensions. Nomenclature and normalization 

vary enormously and are frequently confusing in the literature. For the 

present purpose, we use a unified kernel index approach, the kernel 

indicating the variable, elevatiQn_~ or slope, analysed, and the index 

denoting the number of dimerisions. 

Power Spectra are most conveniently defined from the space time 

covariance function: 

Z (E.., t) = <z(E..' + E.., t' + t) z (E..', t'» . (7) 

for sp<l;tio-temporal lag E.., t in 2 spatial and 1 temporal dimensions, 

z denoting the surface elevation \vith respect to mean level. The most 

general power spectrum is then the spatio-temporal 
00 

E3 (~, n) = (2rr)-3 J I J z (E.., t) exp (-i~ . r - int) d2r dt, 

-00 

Fine though this is in theory, it is too complicated to have been ~casured 

1n practice, so that we must define less ambitious spectra. We may define 

~n unoriented spatinl spectrum 
00 00 

E2(~) = I E" .) 
(~, n) dn = I I z 

_00 -00 

This is the spectrum required in acoustic scattering theory for all 

aspects o t her than DoppJer effect, and is the sp ectrum mea sured by radar 

scatter, but it is not usually quoted in this form by wave spectroscopists, 

who tend to use an oriented tTN'O dimensional spectrum, the exact definition 

of which is not specified, but where vector k is associated not just 

with the time fro~cn surface, but with the direction of propacation. 
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A reasonable mathematical definition might be:-

E2D(~) = 2 IOE3(~' n) dn 

-co 

(10) 

For a wave system strictly obeying the dispersion laws, of course, 

no problem in definition arises, because E3(~,n) vanishes at all points in 

n other than ~ (gk + y k3) !, where E3has a 6- function. In practice 

non linear effects broaden this out. E2 and E2D will also be referred to 

by cartesian or polar components when required, e.g. 

The 2 dimensional spectra may be condensed into a I dimensional 

omnidirectional spatial spectrum = 
21T 

El (k) = k J E2 (k,e) de 

o 

(o<k< co) 

21T 

= k f E2D (k,e) de 

o 

The temporal power spectrum may be defined by:-

E(n) = 1T-
l L: Z (o,t) exp(-int) dt 

( 0< n <co ) 

(12) 

(13) 

For a wave system obeying the dispersion ~elations, we have E(n) dn = E(k) dk, 

so that:- 2 -1 E(n) = 2n{g + 3y k(n)} E1 { ken) } • (14) 
E(n) is the commonest wave spectrum directly measured, since 

it ~s a point spectrum, so that more frequently \ole are interested in 

reversing the transformation in (14). Another commonly measured spectrum 

is the planar elevation spectrum - the power spectrum of z as a 1 dimensional 

profile through a vertical plane. 
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EID (kl ) = J ooE 2D (kl ,k2) dk2 (15) 
-00 

where the coordinate system k = k l , k2 is chosen so that ~ = (kl,O) 

is in the plane concerned. An unoriented planar spectrum may be 

Surface slope may also be described by power spectra, 

the commonest forms being 

(a) Cartesian Component slope 

82 •• 
,1.,J 

S2D .. ,1. ,J 

(k) :: k. k. E2 (k), (i = 1,2; j = 1,2) 
- 1. J -

(16) 

(17) 

(18) 

S .. (n) = n-1 r 00< zi (0, t' + t) z. (0,. t') > exp(-int) dt (19) 
1.J _. 00 J 

where subscripts on z (.E.,t) ~enote cartesian gradient components 

(b) Total slope spectra, such as 

J
2 1T . 

81 (k) = k (52 1 1 (k, 8)+ S2 
o " , 

Sen) = Sll (n) + S22 (n) 

2; 2 (k, 8) ld8,· 
2 . = k E (k) . 1 

2 For dispersion law obedient spectra Sen) = k (n). E(n) 

(20) 

(21) 

. . (22) 

The above definitions are made so that the normalization of spectra 

is as simple as possible, that is 

0
2 = J J foo E3 (k,n) d2k dn = J fooE

2 (k) d2k 
00 -00 -00 

= J 
00 

r 
00 

(~) o2k EI (k) dk = E(n) dn 
Jo 

0 

(kl ) dk1 (23) 

2 
a being height var.iance, and 
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co co 

fJ JJ J 
00 

2 d2k 2 (n)dn, (24) 0 S2 (k) S2D .. (k) d k = S .. 
1J , 1,] ,1,J - 1J 

-cP -co 0 

cr •• 2 being covariance of slopes z.(r,t) and z.(r,t), also 
1J 1- J -

0 2 JOO Sl (k) dk = J~ (n) dn, (25) 
s 

0 0 

where 2 2 + 0
2 total slope variance. 0 =0"" 

11 22 s 

3. SPECIFICATION OF GENERATING CONDITIONS 

The wind over the sea has been found to be fairly well represented by 

the logarithmic profile characteristic of turbulent flow 

u (z) 

U being windspeed at height z, K = 0.41 = Von Karman's, constant, 

U* the friction speed define"d by 

= T/p = 2 CD U(z) 

where T = drag stress, P = air " density, CD the drag coefficient at height z, 

and z a roughness constant depending on winds peed. o 

Numerous measurements of CD have been made, and different empirical 

formulae proposed. Thus Phillips (1966) shews collected experimental values 

of CD at 10 metres -3 -3 of ClO '" 0.5.10 to 2.10 depending partially on wind-
-3 -5 speed, Deacon and \-]ebb (1962) quote C10 '" 10 + 7 .10 U10 (HKS ), Sheppard 

(1953) qu.ut es ClO ~ (0.8 + G.IU) 10-3 , (HKS). Cardone (1969) quotes:-
-\ -5 2 Cn '" K/tn {z/(0.684U* + 4.28.10 U* - 0.443)},(tgs), 

using which values Pierson and Stacy (1973) have computed UIO and U19 •5 

versus U"t' For ,-,indspceds from 1-15 m/sec., CD ranges from about 10-3 

-3 to 2.10 , and U/U* from about 20 to 30. A reasonable average ratio for 

approximate conversion ~vou1d be: 

u/u* ~ 27 (U = 1-15 m/sec.) 
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U being measured at any reasonable anemametric height, e.g. 7.5, 10, 19.5m. 

The differences between velocity at different practical heights are less than 

those due to uncertainty in CD' Further references to CD can be found in 
Hasselmann et al (1973). 

Fetch is defined as the distance over which the wind has been blowing, 

and may be denoted as X. Similarly duration of wind may be denoted by T. 

For a given wave component, equivalent fetch and duration may be related by 

comparing T with X/v=2X n/g. If the former is greater, conditions are 

fetch limited, whilst otherWise they are duration limited. 

Because to a large extent the mechanics of sea waves is a scale free 

proce.ss, in that gravity waves of one size are scale models of one another, 

and the logarithmic profile is essentially scale free away from the surface, 

there should be a principal of dimensional similarity governing wave spectral 

shape and grmvth, as shewn by Kitaigorodskii (1962). We can expect any spectrum 

in principle to be a function of only a five variables, thus e.g. 

E (n) = 0 (n, x, g, U*, T) (28) 

Dimensional similarity then insists that the functional form of 0 should be 

universal if dimensionless forms are used to remove g and U* as scaling constants. 

We therefore use the following 

,. 3 -5 E (n) = g U* E (n) = dimensionless spectrum level, 
,. 
n U* n/g dimensionless frequency, 

X Xg/U~ ciimensionless fetch, 
,. 
T Tg/U* dimensionless duration. 

In principle (28) then reduces to 

,. A ,. 

E (n) = 0 (n, X, T) (29) 

¢ being a universal function valid provided other forces, such as capillarity 

and viscous attenuation in the ~vatcr are negligilJle. 
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4. DEVICES AND ~lETHODS 

In this section, we list some of the instruments and techniques which 

have been used, the spectra and ranges which they directly measure, and their 

limitations. 

Wave Staffs and Spar Buoys 

Electrical wave probes of two kinds have been used, namely resistive 

and capacitative. The probe in itself is typically of the order of a few rom 

or less in diameter, and capable of operating to very high frequency and short 

wavelength; it may be mounted on a tower fixed to terra firma, or alternatively 

deployed on a spar buoy, the design of which gives the spar an almost stationary 

characteristic to all but the very longest swell waves. A single probe gives 

E (n) • . Arrays of probes may also be used, from which directional information 

may be inferred, notable recent experiments of the latter kind being those of 

Gilchrist (1966), using a line array and of Leykin and Rozenberg (1971), using 

both line arrays and planar arrays. One difficulty of using probes is that of 

dynamic range. The probe has to be long enough to include the highest waves, 

yet for ~coustic applications, we require to measure very small waves riding on 

top of the main waves. This leads to limitations of signal-to-noise at high 

frequency, but can be aleviated by using "prewhitening prior to recording, as 

was done for example by Kondo etal (1973) for recording from 0.1 to 30 Hz 

waves over a spectrum density range of 90 dB. 

Motional Wavebuoy~ 

Two types of motional wavebuoy, developed at the National Institute of 

Oceanography (England) have been particularly valuable in yielding excellent 

spe ctral and some directional infol1Uation in the open ocean, being normally 

deployed from a ship. The pitch-roll buoy {Longuet-Higgins etal (1963)}, 

·approximately 2m in diameter) measures local vertical acceleration, pitch and 

roll, which by analysis of auto, co and quadrature cross-spectra is capable to 

yield E (n) or E (k) \-lith some directionnl information - that is a pnrtially 1 
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resolved E2D (~), amounting to first 5 anguiar harmonics. The angular resolution 

~s thus of order 1000 depending on the window selected. The estimate ofE (n) 

~s obtained only from the accelerometer and is thus direct, whereas the angular 

information requires the assumption of the dispersion laws for its extraction. 

The finite size of the buoy and accelerometer sensitivity limit its response 

to about 0.05 ~ f ~ 0.7 Hz. 

The Cloverleaf buoy{Cartwright and Smith}(1964) is effectively an 

equilateral triangle assembly of 3 pitch-roll buoys and measures wave curvature 

as well as slope and acceleration generating the first 9 angular harmonics. The 

angular resolution is finer because of the additional information, being of order 
o 55 , but because of increased size, the frequency range is only 0.06 ~ f ~ 0.4 Hz. 

Line arrays of four single buoys have also been used, notably by Snyder 

and Cox , (1966) and Cart,vright and Smith (1964). 

Probe and Motional Havebuoy 

Crowther (1970, 1971) has used a combined motional and probe wavebuoy to 

assist in measurements of high frequency waves in the presence of large long wave 

components. The buoy was equipped with pitch-roll and acceleration at low 

frequency" as is the NIO device, but in addition deployed a number of probes for 

high frequency measurements. The cross-over for vertical motion was in the 

vicinity of 0.4 Hz, and the upper limit for the probes was of order 10-15 Hz. 

As with the other wavebuoys, this device is operated from a ship at any point 

.in the ocean required, but has the advantage of higher frequency coverage. 

Remote Methods ~ Vertical 

To these direct measures may be added a range of more or less remote 

techniques. Best developed of these are the use of high definition altimeters 

worked from aircraft, using either a radar beam {Barnett and Wilkerson (1967)}, 

or laser beam {Schule etal (1971)}. Beam widths limit these methods to rather 

long waves, about ~ 17m (:; 0.3 Hz) for the laser technique, and combined ,,,ith 

range resolution, '"lhich is only.::. a.15m, to :S 0.15 Hz for the radar beams. 
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Because of the relatively high speed of the aeroplane, these techniques measure 

effectively an almost time frozen surface, \.,ith some correction needed for 

relative wave-aeroplane motion. Results are usually obtained in a form of 

EID (kl ) - a planar profile spectrum, although by making assumptions about the 

angular distribution, it is possible to convert to E (n), to within an 

uncertainty of at most a factor of < 2. The absolute accuracy and frequency 

range of these techniques are slightly lower than those of wave staffs or 

motional buoys, but their deployment flexibility has led to excellent studies 

of wave growth at different fetches. 

The acoustic equivalent of the altimeter is the inverted echo-sounder. 

An example consisting of an array of such sensors given by DeLeonibus (1963) 

working at depth 80 ft, was capable of measuring spectra E (n) between 

0.04 < f < 0.45 Hz, results being in close agreement with those found using 

the direct methods. 

Remote Methods - Oblique Incidence 

These are the least well developed of all at present, although for 

some purposes they have obvious advantages. 3 types have appeared in the 

literature, namely stereophotography, fourier transform photography, and radar 

scatterometry. 

" . Early stereophotography {~ote et a1 (1960)} enabled directional inform-

ation to be obtained at wavelengths from ~ 200m to 20m,0.1 < f < 0.29 Hz}with 

an E (n) spectrum in some agreement with wave staff results. E2(~) specUum 

was obtained by analysis of a grid of points in two dimensions. 

More recently, Dobson (1970) has extended the stereo photograph to 

short range very high resolution studies, capable of measuring spectra at 

wavelengths from . about O. Sm to 0.8cm {= 1. 8 < f < 30 Hz}. His technique uses 

planar profiles, and therefore measures ElU (kl ). 

Another . photographic technique which h:lS recently been revived is the 

use of diffraction analysis of single photographs of the sea surface, exploiting 
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the Fourier transform property of optical diffraction to obtain slope spectra, 

approxima ting to the kind S2 1 1 (!s:) . {Stilwell and Pilon (1974), Stilwell (1969)}. , , 
The technique rests on the assumption of uniform illumination, a known reflectivity 

versus incidence angle law, with corrections for perspective distortion and the 

response of the photographic plate. The method is probably barely more than 

semi-quantitative at present, but the results of Stilwell and Pilon indicate at 

least the expected shape of the spectrum when converted ,to Elu(k) form, and order 

of magnitude agreement with the extrapolation from longer wave methods. The 

wavelengths measurable were ~ 30 cm to 5 cm. Although at present limited, the 

method is in principle less tedious than the stereophotographic, and covers 

similar wavelength ranges. 

Valenzuela etal (1971) have attempted to measure sections of the spatial 

spectrum E2U(~) using backscatter of the U.S~ Naval Research Laboratory's 4 

frequency radar. This is an inverse problem. in that, having measured the back-

scatter, theoretical expressions for the latter in terms of E2 (!s:) were then 

used to estimate E2(~)' over wavelengths 0.7m (UHF at 300 incidence) to 1.8 em 

(x band at 700 incidence), equivalent to surface frequencies of 1.5 < f < 13 Hz. 

Two main doubts about the accuracy of this method have arisen, namely the 

theoretical validity and the equipment calibration accuracy. 

As with photography, the. rrw.in value is in studying high frequency waves> 

and we return to a discussion of both sets of results in Section 8. 

Another EH technique which has found occasional use is the use of radio 

wave backscatter Doppler spectrum analysis {Cr:omhie (1972), Barrick (1972)}. 

This technique is suited to longer waves, but cannot be used for shorter waves 

because of the modulation of their Doppler by the longer waves, a practical limi. t 

at f , 0.35 Hz seems to be indicated. Williams (1973) has used the acoustic 

variant of this technique, but using fort,Yard reflecti on rather than backscatter. 

The workicg wave frequency limit is similar. Both of these methods need to 

assume the dispersion lmvs o In principle they then measure the E2D (!s) spectrum, 

or sections of it, although in practice, results are reduced to cstimat~d E (n) 

spec.tra. 
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5. WI ND HAVE SPE CTRUH GE NERATION - INITIAL STAGE S 

The history of modern ~avc generation theory dates to the papers of 

Phillips (1957) and Niles (1957, 1959, 1960, 1961). These connnenced as two 

differenOt mechanisms, which may be summarized as follows. In Phillips 

mechanism, it is assumed that the wind flow is turbulent, consisting of aclvected 

pressure fluctuations, which act on the water surface to raise waves, the energy 

spec trum of which grovls linearly ,vi th fetch and is directly related to the air 

pressure fluctuation spectrum. Theory predicts a maximum wave generation in 

direc tions usually a,vay from the wind direction by an angle e = arc cos (c/u). 

In Hil es's calculation, the growth of an already established wave under the 

shear flow of the wind over its profile was considered, the initial calculation 

being based on a quasi laminar distortion of the basic logarithmic wind profile. 

It emerges that the wind wave coupling is proportional to the second derivative, 

d2U/d7.2 , of wind profile, taken at that height where the air stream velocity 

just matches the wave phase velocity. This mechanism is relatively effective 

only for 25 :; c/U* :; 10. Outside these limits the matched layer is either too 

high for appreciable coupling for faster waves, or is 'within the laminar sub-

layer, where d2U/dz 2 = 0, for slow waves. However, both Miles (1960) and 

Phillips (1966) considered the additional generation due to turbulent flow 

effects in the wave induced air stream below the matched layer, allowing the 

possibility of efficient coupled wave generation some way outside the above 

limits, and also considered the two mechanisms as complementary. Put in simple 

terms, the combined mechanism predicts an initial growth of the spectrum 

according to a law 

d d dT E = aT E + v V E = Q(.. + e E , (30) 

E = E2D (!.' T J . X), !. = .Y.. (~) being group veloci ty, ' ~ representing the Phillips 

forcing term, and 8 representing the Miles a~plification term. Under steady 

wind conditions, dE/dT :: V aE/~X, and ()E/()T = 0, so that we expect, for a 

given \vave component~ a growth versus fetch of 
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E = (0:-/ 6 ) {exp ( SX/v) - 1 }, (31) 

where the value s of 0(;, S depend of course upon the frequency and windspeed. 

Experimenta l field studies, by Snyder and Cox (1966), Barnett and 

Wilkerson (1967) and Schule etal (1971) have demonstrated the essential 

correctness of this mixed forced and coupled growth mechanism. DeLeonibus and 

Simpson (1972) have demonstrated the correctness of the model also in duration-

limited conditions. Fig. 1 shews some collected experimental results, clearly 

indicating the initial linear and subsequent exponential growth. 

Both the ~ and S terms found experimentally tend usually to exceed the 

values computed from theory - although for ~ this may be due to lack of reliable 

information on the turbulent pressure spectrum over the sea. Analysis of 

experimental results is simplified usually in that (30) is applied to E (n) spectra, 

wher eas theory inplie s that CC- and S are functions of the angle between the wind 

direction and 1, so that onmidirectional spectra are inadequate. Nevertheless, 

an empirical fit by Inoue (1966) to available data, for the S term, shewn in 

Fig. (2), does agree to order of magnitude with the Miles-Phillips theoretical 

curve, the plot used being the dimensionless one of Slf vs n = u*/c. 

Barnett (1968) has proposed a simpler empirical form for S of: 

s = 5s f {(U/c) cos e - 0 ~ 9}, 

{= 0 if (U/c) cos e - 0.9 < 0 } 

where 5 = air/water density ratio, e = angle between wind and wave component 

direction, an an empirical form for ~ as 

_I = 7T p ' (k )' 2 2 ~ ~, n gK P c 

P (~, n) 
-4 4 =6.1310 , U 

2 2 
7T n 

. 2 
Sl.n e) }. 

Eqn. (33) 15 the form given by Phillips, where P (k, n) is the air pressure 

.. - - . ~- Hl.7.8 (11r) spec t rum, r = wa t e r d e n Sl.ry ) \)1 - __ U.j .5 ~ ______ ~ ,5 \)2 O. 5 :> 11•0 ,, 92 ("-fl ) _ 1'. "S , 
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H = n/U (Mks ). Collins (1972) shewed that at least the experimental results 

of Snyder and Cox for e = 0 can be fitted quite well by using (32-34) {see 

Figo 1 in Part }, altho~gh it is questionable theoretically whether the 

supposed total cut-off in B for low frequency waves is quite correct. 

6. NON-LINEAR INTERACTION 

As the wave spectrum energy builds up to approach equilibrium, equation 

(30) ceases to hold, owing to non-linear effects. These are of two kinds, non-

cons ervative \,7ave breaking and conservative wave-wave generation. The former is 

important in controlling the level of the equilibrium spectrum, but has received 

virtually no detailed theoretical treatment; the latter is more theoretically 

tractable. Investigations by Phillips (1960), Hasselmann (1962), Longuet-

Higgins ,(1962) Benny (1962) and others have shewn that secular wave-wave 

generation effects ,·lill appear only at third order for gravity waves and there-

fore to generate wave energy at ~ requires the interaction of three wave 

components, at say ~l; ~2; k30 The strength of interaction is thus proportional 

to the cube of the mean square surface slope. ' A revie~., of work en non-linear 

interaction with a further bibliography is contained in Hasselmann (1968), 

whilst the importance of non-linear interactions in re-distributing the spectrum 

energy has been carefully analysed using ~xperimenta1 data gathered in project 

JONSWAP by Hasselmann et a1 (1973). Fig. (3) is taken from the latter paper, 

and shews the calculated rate of change of spectrum for an average experimental 

fetch limited spectrum owing to non-linear interactions, with certain assumptions 

about angular distribution. The general effect is that wave components at 

frequencies between just above the spectral peak and about twice the peak 

frequency lose energy to frequencies below and above this band o The gain at 

low frequencies appears to be in part responsible for the progressive growth of 

the spectrum, whilst the flO'Cv of energy towards the high frequencies must largely 

be lost afte rwards by dissipation, since those frequencies are usually 'saturated:. 

I dE (n)! For the cXJ.mple given, in the vicinity of the peak tvC have 27T cit .~ 
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-5 2 2 
1-7010 m, whilst 27T E (n) ~ Oo22m s, at f ... 0.3 Hz; thus to order of magnitude, 

we have a non-linear rate of change of Sl/f =ICdE/dt )/ (E.f)I'" 0.25 010-30 

Comparing this with Fig. (2), we see that non-linear action is apparently about 

one order of magnitude weaker than the shear flow instability (S/f · ~ 2.10-3) 

for fetches at which the spectral peak is at frequencies travelling more slowly 

than the wind, U*/c S 30 say, although for longer fetches, it appears that non-

linear forces could take over the generationo£ wave components travelling 

appreciably faster than the wind, where the shear flow' force is small. Conversely,. 

for the Fig. (3) at higher frequency 27T dE/at'" 8.10-7 at f = 1 Hz, where 27T E(n) 

'" 5.10-4 , so that (dE/dt)/Ef "'1 06.10-3 at 1 Hz, which indicates that non-linear 

energy supply is comparable with shear flow at high frequencies, for an 

appropriately established spectrum. 

7 o LATER GROI.JTHAl.'l"DTHE EQUILIBRTUM SPECTRUM 

The concept of the equilibrium spectrum is due to Phillips (1958), who 

proposed that there would be a section of E (n) where waves were fully developed, 

in that wave breaking would set a limit to any further growth. ' With a sufficient 

energy input, the spectrum in this region should then be approximately independent 

of windspeed and fetch, and be controlled only by gravity. On dimensional grounds, 

it can then be seen that the only possible form for this saturated section of the 

spectrum in the gravity regime is: 

E (n) 

-3 = ! a k , 

2 -5 = a g n 

(35) 

(36) 

where a is a dimensionless constant. The approximate validity of (36) over an 

appropriate frequency band, typically from'" 1.5 times the spectrum peak 

frequency-to'" 2 Hz, has been demonstrated by numerous observations, the va1ueof a 
.1 . -2 

varying between about O.~&and 101 010 for open-ocean measurements. 

An extension of this saturation regime ~s that of a complete equilibrium 

spectrum, to which the spectrum tends at sufficiently long f~tch. Many theoreti.cal 
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forms for this 'fully developed' spectrum have been proposed, the most recent 

for f · ~ 2 Hz being that of Pierson and Hoskowitz (1964), in the form 

2 . 4 
E (n) = ag exp {-b(c/UI } (37) 

-3 where a = 8.1.10 b = 0.74. The strict correctness of the concept of a 

limiting spectrum has been qqestioned, and in view of recent discoveries in 

non-linear growth, it does not seem to be necessary that the whole spectrum 

should cease to grow at any limiting point. Nevertheless, in practice the 

Pierson-Moskowitz spectrum is of some usefulness in approximating ·experimental 

results at very long fetches. The peak of the Pierson-Moskowitz spectrum occurs 

at n = n such that gin :c(n) N 1.14 U, a w~ve travelling justfaste.r than max max 
the wind. 

-One interesting effect which violates the idea of a rigidly control,led 

saturation level is that of overshoot of the spectrum, which was first observedat 

sea by Barnett and Wilkerson (1967), and has subsequently been confirmed by Schule 

et al (1971), DeLeonibus and 'Simpson (1972) and H~sselman et al (1973) in the 

open sea, and by Sutherland, and Mitsuyasu (1969) in laboratory conditions. On 

a microscopic level at sea, the overshoot effect has been observed at wavelengths 

of order 10 cm as a result of wind gusts by Stilwell and Pilon (1974 ). 

The effect is that in a non-equilibrium sea, a wave spectrum component will 

continue to grow to a level of ~ twice the equilibrium level, before subsequently 

falling back to the latter. There is some evidence for subsequent undershoot 

. {Barnett and Sutherland (1968)}. The overshoot effect is just visible in Fig. 

(lc) for a single frequency and is clearly visible in Fig. (4) after Hasselmann 

et a1 (1973). The explanation for overshoot,-qualitatively at least, would 

appear to be that for wave components close to the spectrum peak both their 

conservative non-linear spectrum flux and the non-conservative loss by breaking 

depend critically on the presence or absence of waves of slightly lm.;er 

frequency. In the absence of such longer waves, as one has at the appropriate 

fetch, the spectrum level -will grow to a point .where the longer waves start 

forming appreciably, ,whereat the energy flux becomes strongly negative, . and 
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the spectrum level approaches equilibrium. Thus, the spectrum peak frequency 

will reduce with increasing fetch. This is shown in a dimensionless compiled 

plot, taken from Hasselmann et al (1973), whieh also shews the Pierson-

Morkowitz value. It appears to be an open question whether the power law 

trend for nmax would continue beyond the latter, or truly reach a steady state. 

Similar results were found by Vo1kov (1968). 

:here is also evidence that the value of the equilibrium constant 1S not 
strictly independent of windspeed and fetch. T~is is not surprising, if we 

remember that dissipation by wave breaking will increase with increase of 

n~an square surface accelerationJn4 P(n)dn, which,for constant a,wouldincrease 

logarithmically as the peak frequency reduces. This problem has been investigated 

by Longuet-Higgins (1969), who shewed that the functional energy loss per mean 

wave period by breaking would be of order exp (-l/8a), so that for a given energy 

supply, as the total energy builds up with increasing fetch, a would have ~o 

reduce slightly, thus: 

a 2 -1 {D loglO (g X/U*) - G} , (38) 

where D, G are dimensionless constants. Mitsayasu (1969), analysing laboratory, 

reservoir, bay and ocean data, has found an empirical fit using D = 21, G = 34.S 

as shown in Fig. (6). For open ocean conditions, variations in a remain fairly 

small, even for quite large. variations in ·dimensionless fetch. 

A 

Related to this variation in a with X and to non-linear forces spreading 

the spectrum energy is the fact that at very low windspeeds, or where the wind 

drops in the presence of an already formed sea, the n-S law often still appears 
.. - -S 

to hold, but with a reduced constant. Ewing (1969) shews a result with n 

at a - 1.2 10-3 for U - 0 in a falling sea, whilst Crowther and Perry (1970) 
-3 shew low windspeed long fetch spectra having a = 1-.7 10 for U = 1m/s, 

a = 3.6 10-3 for U = 1.Sm/s. 

8. HIGH FREQUENCY SPECTP~ 

Pierson and Stacy - (1973) have proposed that the concept of a fully 

developed spectrum, as embodied in the Pierson-Moskowitz form, can he extended 
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beyond the frequencies commonly measured at sea, suggesting 4 further frequency 

regimes where different power laws should apply. Experimentally, however, there 

appears to be much more variability in high frequency spectra than there is in 

the Phillips regime, and it is very doubtful that laboratory measurements, on 

which much of the higher regions of Pierson and Stacy's spectrum rely, can be 

applied in sea spectra. We may conveniently define the high frequency portion 

of the spectrum as being from about 2-13 Hz for gravity waves (0.4-0P2m wave-

length) and beyond 13 Hz for capillary waves. Direct experimental studies of the 

h.f. wave spectrum in the sea are due to Crowther and Perry (1970), using a probe 

mounting surface wavebuoy in the open sea at frequencies ~ 13 Hz, Leykin and 

Rozenberg (1970), at f ~ 7 Hz, using a fixed probe at S"Om from the shore in 15m 

depth, Kondo et a1 (1973) using a' fixed probe at 1 km from the shore in 20m depth 

at frequencies up to 33 H~ Kinsman (1960) using a probe in a bay at f ~ 2.5 Hz, 

and Garrett (1969) using fixed probes at 8 km fetch at up to 3 Hz. To these may 

be added the photographic work of Dobson (1970) at wavelengths down to ~ 1 mm, 

and the radar backscatter of Valenzuela et al (1971), at wavelengths 2-70 cm. 

The first thing which is evident about high frequency E (n) spectra is 

their large variability with conditions. Some collected results are shown in 

Fig. ' (7), where it is clearly evident that compared with 1 Hz, say, the 

variability in the spectrum at 2-~0 Hz is large, and increases with frequency. 

This is consistently apparent in all sea results, but is not found to the same 

extent in laboratory results analysed by Pierson and Stacy (1973). Secondly, 

there is a general tendency for the spectrum to exceed the Phillips formula, the 
-m pm..rer law being n ,where 2.5 < m < 4 depending on the sea state and frequency 

band examined. There is a general tendency for the spectrum level to increase 

with increasing windspeed, but the correlation is very imperfect. The results 

of Kondo et al (1973) suggest a possibly closer correlation with surface wave , 

he.ight, Hl / 3• 

This region has been examined by Pierson and Stacy (1973), using only 

Kinsman's and Leykin ,and Rozenberg's results, supported by laboratory experi-:-
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ments, making the explicit assumpt ion that high frequency spectra depend only 

on local windspeed, since the fetch required for their generatioD is very short. 

On this basis, they suggested the existence of a so-called Kitaigordskii regime 

with n-4 dependence, and a transitional regime with rather uncertain dependence 

on n, leading to a capillary wave regime. The theoretical basis of the 

Kitaigordskii n-4 regime was that of turbulence generation when proposed 

{Kitaigordskii (1962)}, but in view of more recent studies, . non-linear action 

and shear flow seem quite capable of delivering sufficient energy to these 

wavelengths, and there does not seem to be any obvious reason why the Phillips 

law should not hold at frequencies up to the onset of the capillary regime, 

say f $ 10 Hz. Also the assumption of local wind dependence only is strongly 

denied by the experimental results. 

To this co~plication in the E (n) spectra must be added the fact that 

Dobson's photographic work does not shew nearly so large a departure from the 

Phillips k- 3 law, as do the E (n) spectra from the n-5 law, as is shown in 

Fig. (10), , ... here photographic E1U (~) spectra, as such they must be supposed 

to be, appear to be closely related to much lower frequency spectra, using a 
-3 

Phillips constant of a =8.1.10 if we assume as omnidirectional spectrum, 
-3 for which Elu (k1) - ! El (k) for k dependence. Other results by Dobson 

shew some increase relative to this level, and the accuracy of measurement 

appears to be only to within a factor of - 2, hut the pOvJer la<;<1 still appears 

close to k-3• The radar backscatter of Valenzuela et a1 (1971) als~ shews a 

very close approximation to a Phillips k -4 la,., for E2 . (!:), although there 

are uncertainties of definition and calibration in these experiments which make 

the absolute l~vel unreliable, as shewn by Pierson and Stacy (1973). Even 

taking these into account however, these results also point to a k spectrum 

much closer to the Phillips law than are the measured E en) at sea. E (n) 

spectra measured in the laboratory by Sutherland and others, as analysed by 

Pierson and Stacy, appear to lie·at levels below those measured in the sea. 
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It appears that a simple fact has been overlooked which might explain 

all these discrepancies. This is that as n, k increase, the phase velocity 

reduces, whereas in the open sea these short waves will be 'riding' on the 

larger waves. There will be a value of n such that the surface particle 

velocity will be significant compared with c(n), whereupon the E(n) spectrum 

will become distorted by random Doppler modification owing. to surface particle 

velocity. Numerically, we can estimate where this is likely to occur as 

follows. Distortion in E(n) will probably be severe at a frequency n, such 

that 

c (n l ) ~ (J pvh ' (39) 

where (J pvh is the r. m. s. horizontal particle "eloci ty. For deep water O"pvh is 

given by 

2 
(J pvh J n2 E (n) dn, 

which for a Pierson-Moskowitz spectrum implies 

(Jpvh ~ 0.065 U, 

So that the critical frequency is 

(40) 

(41) 

(42) 

For a windspeed of order 10 mis, we shall expect pronounced effects by frequency 

~ 2.4 Hz, which is just about the frequency region where the upper curves in 

Fig. (7) start departing from Phillips. 

Asymptotically, at high sea states and high frequencies, we could 

suppose a -limiting regime where (J -h» c(n), so that the high frequency waves pv 
are approximately static, being convected across the probe by the particle 

velocity. Under these conditions, \.,e may apply a dimensional argument to 

estimate the asymptotic form of E(n) as follows. Suppose a spatial spectrum 
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El (k) = t k-3 obeying Phillips 1a\.], E(n) must then depend asymptotically only 

on n, (Jpvhand a, to which it must be proportional, we therefore obtain the 

only possible dimensionally correct form 

' 2 3 E(n) '" d.a apvh n- (43) 

d being a dimensionless constant, presumably of order of magnitude unity. For 

the Pierson-Moskm-litz fully developed sea: 

-5 2 -3 -E(n) : 3.4 10 d. U n (P.M~), (44) 

d·· -3 . 1 2 ' pre 1ct1ng n spectrum proport10na to U • 

-3 This n spectrum appears fairly well confirmed by the results of 

Crowther and Perry (1970) and Kondo et al (1973). The u2 law is not obeyed 

precisely, because real sea states are rarely fully deve16ped~ but for those 

results in Crowther and Perry (1970) coming closest to fully aroused conditions, 

a mean value of d 'V 4.1 + 2 has been found against Eq. (44). Theory implies 
.2 less scatter if E(n) is plotted aga1nst (J • The latter was computed using (40) 

pvh 
for the spectra of Crowther and Perry, and ' specimen plots are shewn in Fig. (8), 

compared with the windspeed plot. Much less scatter is evident against (J 2 than 
pvh 

2 against U - for example at 7Hz the correlation coefficient between E(n) and 

i is 0.944, but only 0~705 forE(n) and u2• This supports the Doppler 
pvh 

mechanism as opposed to local winds peed effects. The average value estimated 
2 -3 from these results against (J hat f ~ 10 Hz is d = 3.7 + 1, using a = 9.10 , pv 

in close agreement with that estimated againstU,2 for the most developed seas. 
2 The results of Kondo et al strongly suggest less scatter against (J pvh but they 

do not admit of calc~lating the latter. It is possible that the estimate of d 

made ~bove is somewhat too small, in that the ",avebuoy used will to some extent 

follow the horizontal motion of the longer waves, thereby reducing the Doppler, 

but the extent of this effect is not well kno~~. This could explain the fact 

that the E(n) of Kondo et al tend to exceed those of Crowther and Perry. Fig. 

(9) shO\oJS the Kondo spectral levels versus U' , \-lith (44) super.posed at d = 4.1. 
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2 -3 The gener al u and n l a\.Js appear well ob eyed, at least in the gravity regime. 

The Leykin-Rozenberg results tend to fall slightly below (44) at d = 4.1. If · 

significant, this resul t could be owing to the proximity of the shore at 80m. 

9. DISPERSION LAWS 

The argument in the last section denies the validity of the dispersion 

laws at high frequency in the sea, but what of experimental tests? Not much 

information is available, but a test at lower frequencies has been made using 

results of pitch-roll wavebuoystudies, where we should have Sen) = k2 (n) E(n), 

enabling k2 (n) to be compared with the ratio S/E {Longuet-Higgins et a1 ·(l963)l. 

Such comparisons indicate that not much departure from n2 = kg occurs at f ~ 0.7 Hz. 

A similar test has been made by Grose et a1 (1972) using a triangular probe array 

and working over 0.2S - 0.61 Hz, analysing results using an empirical relation 

a 
n = b ken) , (45) 

in place of ( ), where a, b are constants determined by best fit to ken) 

found by the slope/ elevation spectra ratio. Values of 1.2 < a < 2.0S, 4 < b < 11 

Mks were found, containing the classical a = 2, b = 9.81. Fluctuationsin a, b 

were found to correlate from run to run, with regression law b = -S.42 + 7.S3a 

(Mks). This is evidently not so much a true physical effect but a consequence 

of the system of units used, since the mean n in the range is n = 2.7 rad/sec it 

follows that purely random fluctuations in the apparent power law, a, due to 

experimental indeterminacy would require strongly correlated variations in b to 

enable the classical law to hold approximately within the band. The correlation 

of a and b would have been much less had the authors tried fitting in a different 

. system of units, e.g. -a to (n/n) = bk(n). For the majority of points quoted, the 

classical law holds near the centre of the hand! and since there is nothing 

special about this ban~, we may suppose that the major effect is simply due to 

experimental fluctuations in finite samples distorting the apparent pO\-Ter law 

over a relatively narrow band of observation. Nevertheless, there is a slight 

trend for a < 2 on average. This may be due to slight non-linearity effects at 

the upper end of the -band. Note that the asymptotic effective nCk) law for 
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high frequercies [ollm-ling the Doppler hypothesis in section 8 would be a 

. linear one (a ~ 1), so that it is possible that the a < 2 trend at lower 

frequenCies marks a .slight onset of Doppler distortion, although the frequency 

~s lower than that where such effects would be predominant. 

An alternative approach to testing the dispersion laws was made by 

Crowther (1971), who compared measured spatial correlation with that computed 

from measured E(n) spectra. Within the limitations of the test, departures 

from the assumption of classical dispersion were found to be statistically 

insignificant. This test was however performed broad band, where it could be 

shewn that the dominant wavelength in influencing the spatial correlation at 

~he shortest usable separation was of order A~ 4m - say f ~ 0.6 Hz, where no 

great departure from classical dispersion would be expected. 

Leykin and Rozcnbcrg (1971) reported measurements using a 2-dimensional 

array in the vicinity of 6 Hz, with spectra indicating an approximate obedience 

to the dispersion law, but the sea state was reported to be very low - winds peed 

~ 1 m/sec. 

10. DIRECTIONAL DISTRIBUTION 

Directional information has been obtained using the pitch-roll wave~ 
., . 

buoy {Longuet-Higgins et a1 (1963)} and using the Cloverleaf wavebuoy 

{Cartwright and Smith (1964)}. In the first case, the directional distribution 

was assumed to follow a law 

E2D (k,e) = E2D (k,O) {cos (e/2)} 2s (U/c) , . (46) 

9 being angle awClY from the downwinc1. direction, and values: of the coefficient 

s were obtained from comparing angular harmonics •. For Cartvlright and Smith's 

results an effective beamwidth can be estimated at the half power point of the 

me<lsurt=~ d angular distributions, from which B may be eBtimated. The combined 

results are shmm in the form of s versus U/c, using u ~ 27U* = 27K U, to 

convert from Longue t-Higgins's plot. There appears to be consistency between 

the two observations. s falls rapidly with increasing frequency. A least 
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squares regression fits the measured results by the form; 

s '" 11 exp (-0.7 ul c) 
(47) 

quite satisfactorily. 

Measurements of angular distribution have also been obtained from 

Project SWOP {Cot~ et al (1960)}, by Gilchrist using a probe array in fetch 

limited conditions (1966), by Krylov et al (1968), by L~ykin and Rozenberg 

(1971), and Hasselmann et al (1973). The form of analysis by Cot~ · et al was 

in terms of a limited number of less flexible angular terms, but is in broad 

agreement with the wavebuoy results. Gilchrist's results were fetch limited in 

a complex ~'lay", and serve more as a lower limit measurement of broadening. On 

this basis they confirm the long fetch wavebuoy results. They also appear to' 

shew sU'pport for the Phillips mechanism and 'resonant" angle at short fetch ', in 

that measured peaks were offset from the wind direction. Krylov et al modelled 

angular distributions using a {cos (8) }p, form, it being assumed that there are 

no waves travelling against the wind (!e!> ~/2).Allowing for the estimated 

windspeed from their spectral peak, their formula for p appears to be p ~ 2 u/c, 

which is ·of similar width to (47) near the spectrum peak, ~ 800 width between 

half power points, but with less broadening at higher frequencies. HasselnlAnn 

et al made measurements of width in growing conditions, where they found a 

somewhat narrower width near the local spectrum peak than this. It is also not 

certain whether the angular width should more closely be regarded as a function 

of u/c, or of 11/n , nbeing the local spectrum peak. The Hasselmanri et al max max 
paper suggests the latter, in which case if (46) is converted assuming a Pierson-

Moskowitz spectrum for the t..ravebuoy measurements, He might expect 

S : 11 exp (-0.61 nln ), max 
(48) 

Although Hasselmann et a1 are then only at about 2/3 the hroadening predicted 

in the region o~ spec troll peak. A possible reason for this might be the 

further broadening of long fetch by non-linear interaction. 
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11. . SUMMARY 

We · have attempted to review significant progress over the last 

15 years, clarifying the different types of spectra measured, and tryi.ng 

to emphasize the acoustically most significant part of the spectrum. Spectra 

at frequencies ~ 1 to 2 Hz and their growth and non-linear interactions 

appear to be fairly well understood. The Phillips saturation spectrum at 

the frequencies < 1.5 times peak frequency is very well established, with 
'-"" I 

a constant of a = 0.007 to 0.01 in the open ocean, although it appears that 

it does vary slowly with fetch, in the way expected theoretically. The 

details of the non-equilibrium spectrum in the vicinity of the spectrum peak 

aLe more complicated than supposed in earlier wave generation theories, and 

the phenomenon of an overshoot to order twice the equilibrium spectrum level 

in growing seas is . well established, and at least partially understood. 

Directional information is also available in part, and shews that longer waves 

are. more narrowly . distributed over angle than are shorter waves, which appear 

to approach isotropy at least over I e I < TI/2. 

E (n) above"-' 2 Hz tends to exceed the Phillips · saturation form in 

a complicated \"ay, which is partially correlated with windspeed but 

apparently dependent also on general roughness, in particular on nlean square 

water motion. An explanation for this, departing from the conjectures of 

Pierson and Stacy and Kitaigorodskii} has been given here on the a.ssumption of 

Doppler effect due to longer waves breaking the dispersion law connecting 

spatial and temporal spectra. This explanation appears to be consistent with 

the following facts: (a) that a departure from the Phillips E(n) occurs well 

below the capillary frequency, at about the frequency predicted; (b) the 

departure.correlates more closely with water motion than with local windspecd; 

(c) that high. frequency E (n) spectra at sea appear · to exceed those measured 

in the laboratory, because of the absence of longer waves in the latter case; 

(d) that the spntial spectra in this region \vhich may be estimated from 
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photography and radar backscatter appear to be closer to the Phillips law 

than do the temporal spectra. 

The implication of this Doppler distortion at high frequencies for 

acoustic scattering is that the E(n) spectrum will tend to over-estimate the 

spatial roughness spectrum very considerably. E(n) cea~~s to be a good way 

of measuring the spectrum at f .2: 2 Hzo One should measure spatially t although 

photographic methods are tedious and less well calibrated than direct 

methods, and radar backscatter appears at present to have similar disadvantages. 

One possible solution would be the use of a finely balanced array of probes at 

close spacing, processed to obtain the spatial correlation over say 0-50 em, 

probably with frequency filtering ' to remove the effect of the longer waves. 

Such a correlation function could then be transformed to an E1u (kl ) or E2 . ,<!~) 

spectrum, and compared with the Phillips spectrum and the supposedly anamolous 

E(n) spectrum. 
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TRINKAUS: Scattering and reflection of sound from sea surface 

THEORY OF 

SCATTERING AND REFLECTION OF SOUND FROM THE SEA SURFACE 

A b s t r act: 

by 

Helmut Trinkaus 
KFA JUlich, Germany 

Theoretical work on scattering and reflection of sound from the random time-
varying rough sea surface is critically reviewed. 
It is shown that sound scattering from the sea surface may be treated as a purely 
acoustic boundary value problem with the sea surface as the given boundary which 
may be considered as being quasi-static (linear response approximation, neglec-
tion of the fluid motion in the surface waves, subsequent lnclusion of time-
variations). The formulation of this boundary value problem in Fourier space 
(plane wave representation of the acoustic wave field) is most suited for the 
application of perturbation techniques and statistical averaging. The perturba-
tion techniques which can be adapted to various limiting cases show that sound 
scattering from the sea surface is essentially determined by phase modulation spec-
tra as expected for "phase objects" like the sea surface layer. After statistical 
averaging the corresponding functions are the Fourier transforms of the charac-
teristic function of the joint probability density of the surface displacements. 
On the basis of an appropriate 1. order approximation which yields sufficiently 
good results over a wide range of surface roughness parameters and grazing angles 
the two-scale (or wave-facet) model for the scattering from the sea surface can be 
discussed. Shadowing corrections have to be considered separately. 
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I Introduction 

When an acoustic signal is incident on a randomly time-varying sea surface 
several effects can be observed: 
Part of the acoustic energy is scattered off the specular reflection direc-
tion resulting in a reflection loss and in a surface reverberation. Time-
and frequency-smearing and amplitude fluctuations of the signal occur due 
to the time variation of the sea surface. The prediction of these properties 
is one of the most important problems of underwater acoustics. The theore-
tical description of this problem is complicated mainly by four facts: 

1) 

The spatial spectrum of the sea surface waves contains short wave-length 
("ripple") and long wave-length components ("swell") which both, sinultaneous-. 
ly, can be relevant for the scattering and reflection of sound. The wave-lengths 
of the short wave-length components are comparable with the wave-lengths of the 
sound used in underwater acoustics. Therefore diffraction effects have to be 
taken seriously - more seriously than e.g. in the case of light diffraction 
from standard optical gratings. This means that not only the ray approach has 

to be rejected but even more than that the Kirchhoff diffraction theory has to 
be considered critically. 

2) 

On the other hand, the long wave length components of the sea surface give rise 
to wave heights which can be much larger than the acoustic wave length. There-
fore perturbation expansions of the sound field with respect to the surface ele-
vations cannot be used straight away. If a ray approach is used shadowing and 
multiple reflections have to be taken into account. 

3) 
The sea surface is tine-varying. Therefore the dynamics of the surface waves 
have to be considered accurately and the diffraction theory has to be formula-
ted as a boundary value problem with time-dependent boundary conditions. 

4) 
The sea surface has a random character. Therefore the general diffraction 
theory should be formulated such that statistical averaging can be applied 
without difficulties. -
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Several different approaches to the problem have been given in the literature. 
A comparison of these approaches is sometimes complicated by the fact that 
they are given in different representations. This may be the reason for the 
fact that cross connections and differences of the approximations are not 
very well established even in the very recent literature. 

The present paper is an attempt to fill up these gaps by putting the main 
approximations in a uniform framework. A plane wave representation of the 
acoustic wave field seems to be most favored to show up the connections and 
differences of the approximations especially since it is quite flexible to 
describe various geanetrical situations and to employ statistical averaging. 
Therefore it is used throughout this paper. 

Another intention of this paper is to describe the scattering and reflection 
of sound from the sea surface by a most simple version of approximation which 
yields sufficiently good results over a wide range of surface roughness parame-
ters and grazing angles. Such a formula may be used as a basis for further 
approximations, e.g. for a ~wo-scale model for the scattering by the sea sur-
face (swell-ripple-model). 

This paper does not claim to give a complete survey of the literature on the 
subject. For further information and more comprehensive bibliographies we may 
refer to the review papers of Lysanov [1] , Fortuin [2] , Clarke [3] , Dera 
et al. [4] , and Hurdle [5 ] . 

II First survey of the main approaches to the problem 

The problem of scattering and reflection of sound from a surface like that of 
the sea has been attacked with various approaches. The main stages in the de-
velopement of these approaches may be outlined as follows. More details will 
be discussed later. 

1. The Kirchhoff approac h 

The heuristic Kirchhoff approach [6,8-10J is based on "local reflections" from 
locally flat boundaries. Accordingly the values of the unknown field quantity 
on the surface which are not primarily determined by the boundary condition 
(here the normal derivatives of the sound field pressure) are approximated by 
the corresponding values for a flat boundary (see Fig. ' i). 
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Brekhovskikh [11] used this approximation to discuss the scatterll~ of waves 
from (random) rough surfaces. Eckart [12J simplified it ,for the case of a ran-
dom rough surface having only small slopes. Parkins [13,14J discussed the more 
general case and considered the effects of time-variation of the surface. Par-
kin's expressions have been recently worked out by Swarts and Scharf [15,16] . 
In the treatments of Parkins and Swarts and Scharf the Helmholtz-Kirchhoff in-
tegral for a fixed static boundary is used which means that the surface is con-
sidered as quasi-static. In order to allow for Doppler effects in the scattered 
field the time-variations of the surface are suplementarily taken into account 
via variations of the time retardation. 

2. The Rayleigh approach 

In the Rayleigh approach [7,10J a plane wave expansion of the wave field valid 
for a planely bounded half space below the boundary is schematically extended 
up to the boundary such that the boundary condition can be directly imposed. 
The crucial point is that the disturbed field is represented by outgoing waves 
only - even in the valleys of the rough surface (see Fig. 2). 

'I'he Rayleigh approach was applied to wave scattering from random rough sur-
faces by Marsh [17] and worked out for the scattering of underwater sound 
from the sea surface by Marsh, Shulkin and Kneale [18] . Crowther [19J intro-
duced the concept of phase modulation spectra which is also important in a 
rigorous treatment of the problem (see point (7)). Recently Bachmann [20,21J 
has applied the Rayleigh approach within the framework of a "composite-rough-
ness scattering model" to the problem of acoustic backscattering from the sea 
surface. In all these papers the Rayleigh approach was only used for static 
surfaces but it can easily be extended to time-varying surfaces. 

3. The perturbation approach of Meecham 

A perturbation approach applied to the Helmholtz-Kirchhoff integral equation 
for the boundary values of the unknown field quantity (here the normal deri-
vatives of the sound field pressure) was first discussed by Meecham [22J . The 
starting point is the undisturbed mean boundary. Fortuin [23] applied this 
method to a time-varying random rough surface (similar to Parkins [13,14J for 
the Kirchhoff approach) by subsequently taking time retardation into account 
(sec Fir: . 3). 
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4. Calculations for special periodic boundaries 

Analytical and subsequent numerical calculations for special shapes of static 
rough surfaces can te used to check the various approximations. Thus Uretsky 
[24J derived a matrix equation from the Helmholtz-Kirchhoff integral to stu-

dy the scattering of sound from a sinosoidal surface. For the same problem 
Jamnejad-Dailami et al. [25J compared the results obtained from an analytical 
continuation technique with that obtained from the Rayleigh approach. 
De Santo analysed the scattering from periodic rectangular comb structures 
with "solf" [26J and "hard" [27J boundaries. Watermann [28J has recently stu-
died the reflection behaviour of a periodic interface (see further references 
in this latter paper). 

5. Middleton's general statistical theory 

Middleton [29,30J has given a general statistical theory for the transmission 
of a signal like an acoustic signal through an inhomogeneous medium like the 
ocean. Both surface and volume scattering are included, separately and together, 
for general source-receiver geometries, and arbitrary transmitting and receiving 
apertures. The inhomogeneous medium is replaced by a homogeneous one in which a 
random ensemble of independent point scatterers is erntedded. The properties of 
thE' point scatterers, e.g. for thE scattering of sound from the sea surface, is 
not specified in the theory of Middleton. The present paper is more concerned 
v/ith the r-hysics of the scattering process itself ratheY' than with the other 
aspects of the transmission of a signal frem a source to a receiver. 

6. HaE. selmanr I , s non-'linear wave--wave interaction approach 

Hasselmann [31,32,33J has developed a general dynamic non-linear wave-wave 
interaction approach for random wave fields. A diagrammatic notation analogous 
to that of quantum field theory was introduced: one type of diagrams to describe 
the perturbation expansion of the field amplitudes (interaction diagrams) and a 
second one to summarized the energy transfer expressions (transfer diagrams) 
[31J . Essen and Hasselmann [34J have applied their "weak interaction approxi-

mation" to the scattering of acoustic modes in an oceanic wave guide disturbed 
by surface waves. 

In Hasselmann's approach the acoustic wave field is built up by the modes of 
the undisturbed space under consideration~ In this respect it is essentially 
equivalent to Rayleigh's approach and has the defects of the latter one. 
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7. Perturbation approach in the Fourier space for static random rough surfaces 

Zipfel and DeSanto \)5J , and simultaneously the author [36 J , have developed 
an integral equation treatment in the Fourier space to describe wave scatteril~ 
from static random rough surfaces. This treatment is the Fourier space counter-
part to Meecham's perturbation approach [22J and is closely related to Uretsky's 
treatment for periodic boundaries [24J. In the space below the surface region 
the incident and the scattered wave fields are described by plane wave represen-
tations and the Helmholtz-Kirchhoff integrals along with the unknown boundary 
values are completely Fourier-transformed. In this plane wave scattering forma-
lism the relation between the plane wave decomposition of the scattered field 
and that of the incident field is established via a scattering matrix essential-
ly determined by phase modulation spectra as introduced by Crowther [19J . 

Zipfel and DeSanto [35J have worked out a diagrammatic approach for the des-
cription of the expansions used which is similar to that of Hasselmann [31J . 

8. Perturbation approach for time-varying random rough surfaces 

The problem of scattering of waves from time-varying random rough surfaces 
has been treated with satisfactory rigour only very recently by Zipfel [37J . 
Zipfel has formulated the problem in termS of an integral equation in the 
(~,~) - space quite in accordance with the treatment for a static random 
rough surface given by Zipfel and DeSanto [35J . 

Konrady [36] has attacked the problem by transforming the wave equation and 
the conditions for the "geometrically complicated" boundary to another partial 
differential equation with a"simpler"boundary condition. However, Zipfel's 
treatment seems to be more straightforward. 

A large variety of modifications and simplifications of the first three ap-
proximations have been used in the literature. In these approaches the scat-
tering of Sound from the tinE-varying sea surface is treated as a boundary 
value problem with a quasi-static boundary for the purely acoustic wave field. 
Corrections to the sound field pressure due to the motion of the fluid below 
the surface, as comprised in Hasselmann's approach [31-33J , and those due to 
the motion of the surface itself, as induced in Zipfel's treatment [37J ' can 
be disregarded for practical purposes. This will be discussed in the following 
chapter. 
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III Discussion of the basic approximations 

In t his chapter we will discuss the basic approximations which underlie the 
t r eatment of sound scattering from the sea surface as a boundary value problem 
with a quasi-static boundary for the purely acoustic wave field (use of the 
Helmholtz-Kirchhoff integral). 

1. Basic equations 

Acoustic and surface waves are governed. by the hydrodynamic equations. The 
coupling of acoustic and surface waves is determined by the nonlinear terms 
in the hydrodynamic equations and the boundary conditions. To study this 
coupling the medium may be considered as an inviscid homogeneous one. Then, 
Euler's equations of motion read (see e.g. [9] ) 

'l.r + (1rY)V- - (~r»/~ + ~ (1) 

with YP (ap/()~) '?~ . -

and the continuity equation 

~ + V(~V-) - 0, (2) 

where ~ is the velocity,1P the pressure, ~ the mass density of the fluid 
and ~ the acceleration due to gravity. For a pressure release surface like 
the sea surface which may be described by 2- ~ C; ( X I 1;1, i-) (see Fig. 4) 
the boundary condition is 

o 

Omission of gravity, ~ = 0,. gives the equations for acoustic waves, while 
neglection of compression J ~ = ~ ~ -= O} yields the equations for surface 
waves (gravity and capillarity waves). Thus for a homogeneous medium, lineari-
zation of (1) and (2) and elimination of ~ and ~ leads to the acoustic wave 
equation 

0, (4) 

with the dispersion relation for plane sound waves 
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(5) 

where W lL and --k.a.. are the angular frequency and the wave number of a sound 
wave respectively, while C Ct,= 1J 'Opf a~ is the sound velocity . 

. 
With ~::.. ~~. "C. 0 linearization of (1) and the boundary condition 0) 
leads to the dispersion relation for surface waves. For deep sea this reads 

(6) 

where W b and .-h, b are the angular frequency and the wave number of a gra-
vity-capillarity surface wave respectively and C( is the specific surface ten-
sion. For, the study of sound scattering from the sea surface the spectrum and 
the height distribution of the surface waves may be considered as given. 

2. Coupling of acoustic and surface waves 

The coupling of acoustic mo?es ~d surface waves is determined' by the nonlinear 
terms in eqs. (1) and (2) and by the nonlinear terms in the expansion of the 
boundary condition (3) around Z = 0 • The exchange of energy between acoustic 
modes is described by the terms in (1) and (2) being quadratic in the acoustic . 
field amplitudes. Rough estimates of the linear term ~ and the quadratic term 
( V Q ) 1/ in (1) show that the relative change 8 1Y c(., I V-ct- ~ 'li-0., I ( V-Cl- W Q.-) 

of the velocity amplitude 'lTQ of a certain mode, arising frcm lV'<:\-£) 3!"Ov~~(}..1T: 
during the time I / W £L is of the orner of 

Hence the purely acoustic nonlinear terms may be neglected for small acoustic 
.. amplitudes 'lTa.. / Ca., <::.< I (linear acoustics). 

Furthermore the transfer of energy from the acoustic wave field to the surface 
wave field is small since the frequencies of the surface waves are small compared 
with those of the sound waves. Therefore the sea surface may be considered as 
lOOVing independently of the incident acoustic wave field. An important conse-
quence of this approximation is that then the scattered sound field can be 
described as a linear response to the surface wave fie~d. In the following we 
restrict our considerations to the remaining indirect coupling of acoustic modes 
via surface waves. 

SACLANTCEN CP-17 12-8 



TRINKAUS. Scattering and reflection 'of sound from sea surface 

3. Comparison of the effects of fluid motion and bOuhdary distortion due to 
sur-face waves on the acoustic wave field 

To estimate the effect of the fluid motion in the surface waves on the acoustic 
• 

wave field it is again sufficient to consider the linear term '1r£l., due to the 
acoustic wave field and the mixed terms in ( !t V) '!! of( 1), which couple 
acoustic modes and surface waves. 'Ihen we find that the relative change 
6 'lJ-CL/llrcv ~ (1J-CA.--/VQ.,) (A/ClL) of the velocity amplitude 'lYa. of an acoustic 
wave/arising fran the fluid nntion in the surface waves) (1[~)1J ~ (.-k(/~)V-QVb 
is of the order of 

where .h is a characteristic (e.g. r: m. S.) .value of the surface displacements 
and trb a characteristic particle velocity in the surface waves. 

To estimate the effect of boundary displacements on the acoustic wave rield . 
the boundary condition may ~ expanded around Z,; 0: 1> Cr;) -::-..81=>(0) -I-~t s -= 0 _ 
This means that the displac~nt induced change in the soum field pressure 
at -z.:;::. 0 is of the order of 

(9) 

Comparing (8) and (9) and noting that ltb l-kct, ~ ') -kb 4t ~ we see that 
the effect of the fluid motion on the sound field pressure is at least by a 
factor of the order of C b / eet (~, 0 - 3 for'). h == lTi lAb t;::j 1.5" m ) 
smaller than that of the boundary displacements. Neglecting the effect of the 
fluid motion we arrive at a pure boundary value problem with a time-varying 
boundary upon an "acoustic wave ether" which may be considered to be at rest. 

4. The sea surface as a quasi-static boundary 

Green's theorem can be applied to determine the sound field from the values 
. of the field quantities (sound field pressure and its normal derivative) at . 

the boundary. Earlier papers [12-16] that used the Kirchhoff approach for ana-
lysing sound scattering from the sea surface were based on the Helmholtz-
Kirchhoff integr-al for a temporarily fixed boundary. In order to allow for 
Doppler effects in the scattered field the time-variations of the surface were 
subsequently taken into account via variations of the time retardation. 
The corrections to this procedure may be derived from Green's theorem for a 
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time-varying boundary. According to this theorem - which has been used only 
recently by Zipfel [37J - the reflection and scattering or an incident sound 
field at a time-varying rough surface result in a reradiated field 1's which 
is determined by 

4-1( ~s ('1:,*) = 

j eLi I J d, ~ t'PC!S,-tI) Ys Go (r- 1:5 I t-t') - Go ('!-Ts It -.f) fs -P('[s,i')} 
(10) 

- 5cL1'JrJ S 'l}-b(!s,f} {-h('f: i').£G (,!-1: i-t')- G (rt-r. i-t'}.Q. ,h(1f' t,),1 
;t, ,J..,_ Ci: r -$' 'Jt! o~, 0 - -s/ at! I -5, J. 

Her e 1J (T.s I t ') is the total sound field pressure and V.$ 'P (ts ,t ') 
its gradient on the scattering surface 5 ( t') while Y b( '! SIt' J is the 
velocity of a surface point Is' The function Go is the infinite-space 
Green's function of the wave equation. It describes a spherical shock-wave 
according to Huygen's principle 

(11) 

(12) 

Zipfel [37J has used the Fourier representation for C;o on the right hand side 
of (12) which is quite suited to his subsequent plane wave scattering formalism. 
Here, we fall back to the space representation to show the connections with 
the corrmonly used integral expression for a fixed boundary. In the latter case, 
V-b = 0 , the last terms in (10) containing Vb vanish. For the terms con-
taining the S'-function introduced via Go and ~ S Go, the e -integration 
can be easily carried out (see [9J p. 847). For the term with the 8~function 
introduced via 'i7s Go a partiell integration leads to a term with a time-
derivative of /p . Finally the integration results in 

4-1l 'PS L fit) 
([-1 ' "1 () J' (13) 
)'i ~ R lZs 'Pl'!s,i') - (l!s ~ ) t> l '[SIt') +~ (YsR) at' pcts, t'i t'~t.- Rice;. 

where R., -= I 1"- i 5 I and [ ] e:;:. i- Rica., means time retardation. 

For a time-varying boundary, 7S;::ts ( 1: ) ,the integral expression is compli-
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cated for three reasons 

(1) The terms proportional to 1[b do not vanish. 

(2) In addition to the explicite dependence of the 6' -function upon t' there 
is an implicite dependence upon 'U via RU:.') resulting in 3R/&/;'-terrns. 

(3) When partially integrating over t I , the tirne-dependence of the distance 
R (t') and the boundary 5 (t') have to be taken into account in the derivations 

wi th respect to t'. 

However, all correction terms appearing in addition to (13) are obviously of 
the order of the first or even higher powers of 'lTb / C £t, • Hence such correc-
tions should consistently be omitted if the fluid motion below the boundary is 
omitted. 

For a pressure release surface like that of the sea, for which the pressure and 
its time derivative are zero over ~ , (13) simplifies to 

(14) 

Most of the features of the scattering pattern can also be seen 
from the results for the "frozen" static surface for which the 
stationary Helmholtz-Kirchhoff integral may be used 

.1\ 
where G (T:) 

I cl~' G('!-'.!:~) Ydt(f~) 
- ~p(.t~'i)/'/ 

(15) 

is the stationary Green's function for the infinite space. An in-
tegral equation for the unknown normal derivative ofib is obtained 
when~ is shifted to the surface where the boundary condition, 
-Plfs) = "PoCrs) +PsL'Is)-=- O,can be used resulting in 

-~Il'Pol1s) ~ ~clSI Glfs-fd)Vdt>('t~). (16) 
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DJ Field representations and scattering formulae 

1. Mode representation for shallow sea 

For the propagation of low frequency sound a shallow sea may be considered as 
a wave ~lide. In this case a normal-mode representation of the acoustic wave 
field i s most suitable. Wave guide inhomogeneities like surface waves lead to 
a transfer of energy from the primary mode into other modes. The scattering 
of an arbitrary wave field can be determined from single-mode scattering by 
superposition of all mode contributions. For the scattering of sound by surface 
waves the normal-mode representation has been used in the framework of the 
"weak interaction approximation" by Essen and Hasselmann [34J . The use of the 
normal-mode representation is restricted to oceanic wave guides with boundary 
displacements being small compared with the acoustic wave length. 

2. Plane wave representation for deep sea 

For deep sea a plane wave representation of the acoustic wave field is the 
mos t appropriate one. Accordingly for a homogeneous source-free halfspace 
bounded by a plane -z.:=. 7, ' the sound field can be written as 

(17) 

where CL 01::, W) is the (three-dimensional surface-time) Fourier transform 
of the pressure distribution t>(Z :.11) ~) t) in the plane Z. = Z,. The two-
dirrensional vector X. -=- -kx ~x T ~Ij ~ 'j is the proj ection of the wave vector 
~) g that fer the locus vector 'i on a plane 2 -= const. (see Fig. 4). 
1<.. = ~ (u.')lcQ,),2.. -)(. 2..'=- of --kz is the positive or negative Z-cornponent of -k 

for Z > 2/, or Z < Z I respectively. In order to get outgoing waves radiated 
into the half-space under consideration, the root of k: has to be takennega- " 
tive for W <: - /><-/, positive imaginary for -/ ¥./ < W < /x-I and positive 

for UJ> /X/ (radiation condition). 'lhis may be established by addition of a 
"' small positive imaginary quantity -t.-E to W as in eq. (12). If sources or 

diffracting boundaries lie close to the plane 7. -= 'Z., the integrand in 
(17) contains "inhomogeneous" or "evanescent" surface waves which die away 
exponentially with increasing distance from the plane. 
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Hence in the region between the source, e.g. at . Z eo 20 ) and the surface, 
'S =- Z ~ Zo , the primary sound field may be written as 

'I _ (( 1 1'ig-tkz--iwl:: 1='o l._,t) - )Jct~dw ctoOi,W).e . J 

while in the planely bounded region completely below the rough surface 
Z ~ 'S mQ)( , the reradiated field may be represented by 

S 
r l ;i X. ~ + -t' k z - .(' LV f; 

'PS(1:,t) = J cl J( rico a~/!i,w) -e - . • 

(18) 

(19) 

The spatial (wave-number part) of the integral in (17) can also be written as 
an integral over an "angular spectrum of plane waves" [3,39J • As a simple 
example for a primary field we give that of a monochromatic omnidirectional 
source (spherical wave): 

.i.k( If - Co..:~) 
ft> ('i,t) =.t 'f ) 

• a Lx. w'=. ~ <'( L) o -I J l.']fK 0 LO-C({ .... ~ • 
(20) 

3. Scattering formulae 

In the framework of the linear response approximation the scattering process 
can be described by a transition amplitude or scattering matrix, T (l!:-, W j ?f', w') 
which relates the plane wave decomposition Q.s OC,W) of the scattered 
fields to the plane wave decomposition c::t o l '!!i, w J ) of the incident field 
[35-38J 

Q Lx 1.1) -= 5Jc{2Jt'dw l -, (k W· IL' WI) a Lx' WI) . (21) s _l lN _ -( I _ , 0 -, 

(If complex functions are used for the sound fields one must be aware that the 
scattering object, here the sea surface, involved in lr must be described by 
real functions). In an asymptotic region sufficiently far removed from the sur-
face so that the "inhomogeneous" surface waves can be neglected the integral 
(21) may be restricted to values of Xl and W, for which K is real. Then, (21.) 
represents a so called reduction formula [35,37,38J . 

For a random surface the scattering can be described by statistical moments 
of T [35, 37J . Thus for the coherently reflected sound field pressure we have 
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where < ) means statistical averaging. 
Another most important quantity is the scattered intensity. This can be des-
cribed by the surface "scattering strenth" or "scattering coefficient" q 
which is defined as the mean-square far-field sound presssure in unit distance 
R from a unit area A of the scattering surface, to the mean-square sound , 
pressure of the incident plane wave [3,12,21,40] 

q = ~1. < 'Ps~ > /11>0/1. =,kl cml.-8> J cL<v Fr (23) 

where Frlx',Wj X-OIWO):" ~"?:,l <Tl~,Wi)(o,Wo)2> 
is the wave-number frequency spectral density due to T , 7:: the averaging 
time, and ~ the angle between the scattering direction and the ~~ection 
(see Fig. 4). 

For the description of Doppler spectra a differential form of (23), the Doppler 
density of the scattering strength Q{W), is useful [41] 

q -:;. 5 clw Q.(lV). (24) 

The scattering may also be described by a dimensionless scattering cross section 
per scattering area which normalizes to 1 when integrated over the solid angle 
[36,42 J. For this the acoustic energy scattered into a solid angle element 

has to be referred to the energy incident on the scattering are 

(25) 

where ,J 0 is the angle of incidence. 
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V Discussion or the main approxima~ions for a quasi-static surface 

In chapter III we have shown that sound scattering from the sea 
surface can be treated as a boundary value problem with a quasi-
static boundary for the purely acoustic wave field. In the fol-

& lowing sections we compare the three main approaches for solving 
this boundary value problem on the basis of the plane wave re-
presentation discussed in the preceding chapter. For simplicity 
we consider the surface as being static since the main features 
of the scattering pattern can be seen from the results for the 
static surface. The time-variation can be subsequently taken into 
account by complementing the Fourier-transformations with respect 
to the surface coordinates with that with respect to time. 

1. The Kirchhoff approach 

In the Kirchhofr approach [6,8-16J the normal derivative of the 
sound field pressure on the surface is approximated by that oc-
curing in the case of ~ reflection from the tangent plane in the 
point under consideration which means setting 

(26) 

where 100 is the sound pressure or the primary wave. This implies 
that the surface is approximately flat over areas which are large 
compared with the acoustic wave length. 

By introducing (26) into the Helmholtz-Kirchhoff integral (15) 
and by using the two-dimensional Fourier-representation, (20), for 
/\ G one obtains for the wave-number part of the transition matrix 

derined by (21) 

TI}{J{ )= __ l_\d~ e--t\(~-Ko)$-~l~tko)~(~) kot~:.o9~>W (27) 
l_l-o (21f)~J ·~ K • 

The surface slope \7g S{~) involved here, can be removed by partial 
integration over g [10,13J resulting in 

(28) 
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where 

(29) 

is the "phase modulation amplitude spectrum" [19J due to the surface waves. 
It is the central function in all approximations and also in a rigorous 
treatment of the problem [35-37J • 

The Kirchhoff approach is valid for smooth surfaces with radii of curvature 
rt-c being large compared with the acoustic wave-length, for not too small 

grazing angles ~ and for scattering angles lying close to the directions of 
geometrical reflections. Curvature correction [36;43J show that the error is 
of the order of ~1'(, S~h3a which means that the condition 

(30) 

should be fulfilled. 

2. The Ray leigh approach 

The essence of the Rayleigh approach [7,10,17-21J is to extend tne represen-
tation (19) of the scattered field in terms of only outgoing waves right up 
to the boundary without changing the set of X -values over which the inte-
gration is performed (no rigorous analytical continuation). Then, for the 
scattering of a plane wave characterized by ;(0' the boundary condition (3) 
reads 

for a.LL ~ • (31) 

This integral equation for the transition matrix can be put into a mre con-
venient form by Fourier transformation. A high flexibility of the kernel of 
the Fourier transformed integral equation is gained by introduction of an 

l . ~ "" additional phase factor ~)C pet" k ~) with a wave-number parameter k being 
arbitrary for the present. Then (31) becomes 

A /\ ( }( -X 0) + r cf x. I A /\ I ()( - X') T l X I X. 0) k+k - - J - k-K - - -1-o . 
o. (32) 

For various limiting cases, such as for surface waves with displacements 
being small compared ,with the acoustic wave lengths ("Rayleigh parameter" 
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I<OL.1-I "l -;:: ~~~<"~~?>« I ) or for surface waves with wavelengths (and surface dis-
placements) being large compared with the acoustic wave-lengths (large radii 
of curvature, K rrC. '» , ) the kernel of (32) can be put close to "diagonal" 
form, fitted for application of perturbation techniques, by a suitable choice 

/\ A " "'" 
uf K . For K ::::.1<0 the kernel is adapted to the former case while for k -:::. K 
it is adapted to the latter case. The corresponding 1. older perturbation 
appr'oximations are quite similar to each other:' 

-I (if( Xo) ~ - A (X-Xo) ",. ._(- 1Ko - - (33) 

and 

(34) 

For small surface displacements the errors are of the orders of (I(,~)l. and ('<o-h) 
in the first and the second case respectively while for surface waves with 
large wave lengths (and large surface displacements) the errors are of the 
order of the r. m. s. slope S -= V «y ~ 'r, ) 1 >' in both cases but somewhat smalier 
in the second case. 

l~'ther modifications and simplifications of the Rayleigh approach have been 
given in the literature. Rlt only the general ansatz (31) should be called 
"Rayleigh approach". In this sense the approximations called after Rayleigh 
by La Casce ani Tamarkin [44J and by Fortuin [2J are special approximations 
within the more general a.pproach (31). 

In recent years there have been a number of controversies concerning the 
Rayleigh approach [2,19,24,36,45]. Here we should only note that the solutions 
for the transition matrix resulting from (32) by application of perturbation 
techniques are not consistent with the original ansatz (31) [36J . This means 
that the scattered field cannot be adequately described as a superposition 
of outgoing waves only. Serious diffraction effects are due to more complica-
ted structures of the field close to the rough surface. In this respect 
Hasselmann's weak interaction approach [31-33J has the same defects as the 
Rayleigh approach. 

A rigorous perturbation treatment of the Helmholtz-Kirchhoff integral in the 
Fourier-space shows that for small surface displacements Rayleigh's approach 
is correct up to the second power of the displacements [36J . For short 
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acoustic waves (long surface waves) it includes the Kirchhoff approach and 
should be as good as when the latter is curvature corrected [36J . These con-
ditions may be summarized by 

Ot other lVt'Se. ( k -tc., ) 2..» I . 

3. The perturbation approach of Meecham 

The unknown normal derivative of the sound field pressure at the boundary can 
be calculated approximately from the Helmholtz-Kirchhoff integral equation (16) 
by starting with the kernel due to the undisturbed flat boundary and using a 
perturbation technique to account for the disturbance of this kernel. Accor-
dingly, Meecham [22] has derived a first approximation for ~ t by accounting 
for the perturbation of the boundary in tb~ inhorrogeneous part} -IfJ{1>o (-:[s) , 
of the integral equation (16) but by neglecting it in the kernel. For the un-
disturbed kernel, being only a function of the spacing (g. - g'), the integral 
equation can be simply inverted by Fourier transformation (convolution theorem). 
Insertion of the result for ~s1P into the Helmholtz-Kirchhoff integral (15) 
yields for the transition matrix 

which is now determined by a convolution of two phase modulation spectra. 'lne 
errors are of the order of (I-<o--hl"for surface displacements being small com-
pared with the acoustic wave-lengths, and of the order of (S2.) for acoustic 
wave-lengths being small compared with the surface wave-lengths. Hence we have 
the conditions 

We may say that the regime of validity of (37) comprises the regimes of the 
1. order approximations (33) and (34) due to the Rayleigh approach - at the 
expense of the higher complexity of (37). 
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4. Perturbation approach in the Fourier space 

The formulation of the boundary value problem in the Fourier space is most 
suited for the application of perturbation techniques and statistical avera-
ging [35-37J . For a static surface this means that the Helmholtz-Kirchhoff 
integrals (15) and (16) have to be Fourier transformed completely. The resul-
ting integral equation for the Fourier transform of the pressure gradient on 
the surface has a kernel which is determined by phase modulation spectra of 
type (29). From the solution of this integral equation the transition matrix 
is, in general, obtained by additional application of an integral operator. 

By suitabele transformations of the integral kernel the pert;urbation expansion 
can be adapted to various limiting cases, similar to the procedure for the 
Rayleigh approach as mentioned above. The corresponding 1. order results are 
the Kirchhoff approximation (28) or Meecham's approximation (36). The inte-
gral equation treatment in the Fourier sp' e is also best suited to reexamine 
the Rayleigh approach and its defects [36J . 

The 1. order results describe "single scattering processes" fran the viewpoint 
of the perturbation theory, each being essentially determined by one phase mo-
dulation spectrum (or two of them for Meecham's approximation). The higher 
order terms represent "multiple scattering effects", such as resonances and 
shadowing, and are determined by integrals over products of phase modulation 
spectra. 

5. The surface layer as a phase object 

Comparing the 1. order results (28), (33) and (34) we notice quite similar 
mathematical structures. In each approximation the expression for the tran-
sition matrix consists of a phase modulation spectrum and a geanetrical pre-
factor. Both factors are sanewhat different for the different approximations 
in accordance with the somewhat different ranges of validity. 

The occurance of phase modulation spectra in all approximations suggests to 
consider the surface layer as a simple "phase obj ect" [3,8] . In fact, the 
pattern of the scattered field can be related completely to the transmission 
properties of an appropriate thin (planely bounded) phase object at the 
scattering surface ("generalized phase object" [3] ). 
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The 1. order results representing "single scattering processes" correspond 
to the "linear phase approximation" for which the phases are linearly related 
to the instantaneous values of the surface displacements. The "linear phase 
approximation" can be adapted to various situations by suitably tracing the 
rays through the surfac~ layer (see Fig. 5). For surface displacements being 
small compared with the acoustic wave length the ray path should be chosen such 
as to follow the incident and the undisturbed reflection directions ("specular" 
r'eflection from the mean surface) [3] . This approximation corresponds to the 
1. order result (33) due to the Rayleigh approach. For surface waves with wave-
lengths (and displacements) being large compared with the acoustic wave length 
the ray should be traced appropriate to "local reflections" in accordance to 
the Kirchhoff approach. An intermediate approximation corresponding to the 
1. order result (34) of the Rayleigh approach is obtained with pathes tracing 
the ways from the source via the surface points to the observation point (in-
cident direction and observation direction) . 

6. A simple interpolation formula 

The most simple approximations (28), (33),(34),containing only one phase modu-
lation spectrwn, can be generalized by introduction of an arbitrary geometri-
cal factor ~ ( ~) 

T / X W' .K.o Cv ) ;::: - Q{~) A (K-K W-l,V)· (38) L - I I - I 0 if - k. + ko - - 0 I 0) 

where now the Fourier-transform with respect to the surface coordinates is 
complemented with that with respect to time to allow for the time-variation 
of the sea surface 

Now the question arises how c;}l!) should be chosen to yield a simple approxi-
mation which gives good results for both limiting cases, for the scattering 
of sound from surface waves 

1) with displacements being small compared with the acoustic wave-length, and 

2) with wave-lengths(and displacements) being large compared with the acoustic 
wave-length. 
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This is sufficiently well fulfilled by 

(40a) 

resulting in the approximation [36J 

(40b) 

The errors involved in this approximation are of the same order as those of 
Meecham I S rmlch more complicated version and its regime of validity (like that 
of the latter one) comprises the regimes of the 1. order results due to the 
Rayleigh approach. ~ its simple form and i ts wide range of validity such a 
formula is distinguished as a basis for the discussion of further approxima-
tions , such as a two-scale model for the sea surface. Of course a first order 
approximation like (LIOb) cannot describe shadowing effects. Therefore these 
have to be considered separately. 
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VI Application s to random surfaces 

1. Statistical averaging 

The approximations discussed so far imply the knowledge of the surface displace-
ment as a function of surface coordinates and time. But, of course, no determi-
nistic description of the sea surface is possible. Anyhow, we are only interested 
in appropriate averages related to the reradiated sound field, such as the cohe-
rently reflected "mean" field, the incoherently scattered intensity, the coherence 
function, Doppler spectra, other "second order" and possibly also "higher order" 
quantities (higher order correlation functions). In calculating such averages 
from "deterministic" approximations we may replace surface and time averages over 
functionals of the surface displacements by statistical averages over ensembles 
of surfaces. 

The formulation of the boundary value probl em in the Fourier space, as presented 
in chapter IV, is most suited for the application of statistical averaging [35-37J 
It shows that the surface displacements enter the moments describing the statis-
tical properties of the sound field only through the phase modulation amplitude 
spectra of the form (29). Therefore these moments can be expressed by the FoUrier 
transform of the characteristic function of the joint probability density of the 
surface displacements. 

Usually the surface perturbation is decribed as a rru1dom process with a multiva-
riate Gaussian displacement distribution being homogeneous with respect to surface 
coordinates and time. Then, for the 1. order approximations (28), (33) and (34) 
the reduction of the "coherently reflected" (or "specularly scattered") intensity 
is given by a factor [35-37J analogous to the Debye-Waller factor in crystal phy-
sics 

(41) 

where "h:::. <' S~ > is the r. m. s. surface displacement. With this 1. order approxima-
tion the red.tction is somewhat overestimated as can be seen from higher order 
approximations or numerical results, e.g. of Uretsky t24J or Jamnejad-Dailamig,]. 
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The 1. order Doppler density of the scattering strength, (24), is proportional 
to the Fourier transform of the characteristic function of the joint probability 
density of surface displacements [13-16, 35-37J . Using (24) arid one of the 
1. order approximations, ard splitting off the coherently reflected part [35,37J 
we can write 

where the geometrical factor qL~) may be chosen according to (40). For a 
jointly normal probability density we have 

where C(tl~/L!t) -= <\~(S-,t)'([~+6~,t;+l.lt» is the covariance 
function of the surface displacements vanishing as C(A~,~t)~ 0 for f1 ~ 
arid/or c1t -~ Do • 

A systematic arBlysis of the statistical moments of a sound field scattered by 
a randomly varying surface has been given recently by Zipfel and DeSanto [35J 
and by Zipfel [37J . They have developed a cluster expansion with a diagrammatic 
represenation similar to the Feynman expansion of quantum field theory. The 
cluster expansion can be partially summed to generate an integral equation for 
the "mean field", analogous to the Dyson equation, and an integral equation for 
the mutual coherence function, analogous to the Bethe-Salpeter, equation. 

For a given surface wave spectrum, e.g. for a Pierson-Moskowitz spectrum [52J ' 
sound scattering can be calculated, in principle with sufficient accuracy, on 
the basis of (42b). For this, first the covariance function C(A~,~t) must be cal-
culated from the spectrum then Fourier transformation according to (42b) has to 
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be applied. Since this is extremely complicated further simplifications, such 
as e.g. two-scale model, are opportune.-

2. Slightly rough sea 

For a slightly rough sea surface [12-15, 41, 47]Characterized by a small fla¥-
leigh roughness parameter, k'.o.h, = -k-h un ~o.c(-<:" f , the exponentials in the 
integrands of (42a) and (42b) may be expanded with respect to the surface dis-
placements and their covariance function respectively. The first nonvanishing 
term of this expansion is 

(43) 

where 

is the wave-number frequency spectrum of the surface waves. Considering the 
dispersion relation, (6), we see that for a monochromatic plane wave incident 
on a sinosoidal surface we get, besides the O. order reflection, two 1. order 
"Bragg reflections". The Doppler spectrum of each of them consists of two dis-
crete lines which are shifted by frequency changes :t A W according to the 
I1transferred transversal l1Dmentuml1 A ~. For a continuous spectrum of surface 
waves each Fourier component produces two scattered acoustic components resul-
ting in a continuous angular distribution of scattered intensity. In each di-
rection the Doppler spectrum consists again of two discrete lines, which means 
that no Doppler spread occurs. According to (41) the coherently reflected wave 
(0. order) is reduced but not frequency shifted. 

Higher order terms in the surface displacements yield higher order Bragg reflec-
tion and higher order Doppler lines. 'Ihe former "1. order approximations" 
determined by phase modulation spectra, may be considered as results of partial 
summations of the present series expansion in powers of the surface displace-
ments. 
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3. Very rough sea 

For increasing wave lengths and amplitudes of the surface waves more and more 
reflection orders appear, the distances between them become smaller and smaller 
and higher order reflections become increasingly important while the (coherent-
ly reflected) O. order vanishes. Asymptotically the envelope of such a large set 
of reflection orders may be described by the method of stationary phases [8,9J 
if the amplitudes of the sl~face waves are slowly varying in space and time 
compared with the variations in the sound wave. This condition is fulfilled 
for long surface waves with large radii of curvatur~, ko+'c.., '>'/ I , usually 
connected with a large Rayleigh parameter K.o.-h '» I . Then the displacement 
difference in (42a) and the covariance function in (42b) may be expanded with 
respect to their spatial and temporal lags, ~ ~ and L1 t:-

S (~+t,~ Ii + Mo) - S L~"/;) "" y~ ~(~ ,e) 4~ + ~ ($.,4-) /It 
and [IsJ 

C ( 6 ~· I ~ f ) ~ -r ~ ~ ~ dl,' d
J
' C I ~,~. i 1 ~ ( .1 ~, ~t) . 

<,j 0 -(, J 

(44a) 

(44b) 

Neglecting interferences of "high lights" [13,15] one obtams for the Doppler 
density of the scattering strength (42) 

u ( . 
where I V v';' y ~ ~ I ~) 

-~::>, ~ 

function of the surface slopes 

(45) 

is the three-dimensional probability density 

and vertical velocities. Accordingly, if the sur-
face statistic is Gaussian the angular distribution of the scattered intensity 
and the Doppler spectra are aJ.so Gaussian in this asymptotic approximation. Of 
cOUY'se, an approximation of the form (45) can also be derived directly with aid 
of geometrical ray theory. 
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4. Two-scale model 

Generally the spectrum of the sea surface waves contains short wave-length com-
ponents ("ripple") with wave-lengths comparable with that of the sOW1d, as well 
as long wave-length components ( "swe 11" ) with surface displacements large com-
pared with the acoustic wave-length. This means that neither of the two limi-
ting cases discussed above is realized. In order to avoid extremely complicated 
direct evaluations of the full (unsimplified) 1. order approximations (40a) and 
(40b) one can use a combination of both limiting cases.'lhis leads to the "two-
scale" (or "wave-facet" or "composite roughness") model [20,21,41,46.,47J in 
which the spectrum or the sea surrace displacements is divided into a short and 
a long wave-length part. Sound scattering rrorn the short waves is modulated via 
slope variations of the long waves. 

An important question which has to be answered for this model is that after the 
choice of the division point. The long waves (facets) have to be chosen large 
compared with the acoustic wave-length though not too l~ge so that the displace-
ments due to the short wave-length part remain small compared with the acoustic 
wave-length. A plausible heuristic procedure to rind an appropriate cut has been 
proposed by Bachmann [21J . Schwarze [41] has introduced a quantity which charac-
terizes the "quality" of the two-scale model for a given surface wave spectrum. 

A formal derivation of the two-scale model can be given on the basis of the 
"1. order" approximation (40a) or (40b). For this the displacement difference 
in (40a) or the covariance function of the displacements in (40b) are divided 
into short and long scale parts with division points remaining unspecified for 
the moment. Then,the corresponding exponentials are expanded with respect to 
the short scale part while the asymptotic approximation (method of stationary 
phase) is applied to the long scale part. A criterion for positioning the cut 
is provided by the higher order terms of the expansions. Accordingly the optinrurn 
position of the cut is given by the minimum of the errors due to these terms. 
This method M1ich has not been worked out hitherto should be used to put the 
two-scale model on a more profound mathematical basis. 
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5. Geometrical shadowing 

It has already been pointed out that the 1. order approximations discussed in 
chapter V cannot describe the phenomenon of shadowing of certain surface areas 
by other parts of the surface. Consequently, if these approximations are used 
shadowing corrections have to be considered additionally. They are very . impor-
tant for small grazing angles. 

Only Gardner · [48 J has tried to take shadowing into acc runt directly in the 
Helmholtz-Kirchhoff integral by setting the unknown normal derivative of the 
sound field pressure at the surface equal to zero in the shadowed zones. Unfor-
tunately his treatment contains some errors. fut anyhow, it seems to be IIDre 
conveniant to consider shadowing corrections in connection with the two-scale 
IIDdel of the sea surface. 

For random surfaces the problem is to calculate the probability 5 (Va I ~ 0 , ~-o' ) 
that a point X-= 0 is illuminated with radiation at an angle of incidence ~o 
to the mean plane , given that the displacement is So and the local slope 
is S~ at this point. Wagner' [49J and &nith [50J have shown that this function 
can be written as 

00 

U{ Cot-Vo - ~~) .RIXf> i- J f.L1:-) cL (; 1 (46) 
o 

where tU. is the unit step function and t ( "t) ~ "l: is the conditional probabi-
1ity that ~ (D) is shadowed by -z; in the interval (1:", "C I-A 1;) , given 
it is not shadowed by ~ in ( 0 I "'C) . This latter function cannot be cal-
culated exactly. Therefore Wagner [49J made the approximation that, for all 1:) 
the probability that S crosses the ray in A"t is indeperrlent of the 
values of ~ 0 and ~ ~ at X -::. 0 . An even IIDre incisive simplification was 
made by Smith [50J . He approximated ,f('C) by replacing tL't) A «t.- with the 
conditional probability that 'l;l 0) is shadowed by S in 6.7: given that it 
is not shadowed by ~ at "C • Furthenmre he neglected correlations between 
the displacements and the slopes. fut his results fit quite well to those of 
Wagner and those obtained by computer simulations [ 51 J . 

For' shadowing corrections in connection with sound scattering from the sea 
surface it generally suffices to know the probability that a surface point is 
illuminated, independent of its displacenent. For GaussIan statistics 3nith 
obtained 
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S (,J I '( ') -- .{,l ( tot J. 0 - t!) . . _ (47) 

o ~o , + (21rr 'h. Co~v.ob;Cp(-Cot2.~o/2S~)-te.~c.(Cot~olfiS) 
where 5 is therms-value of ~' . For the probability S(,J,o) that a point on 
the surface is illuminated, independent of displacement am slope, the step 
function M.. in the nominator has to be replaced with J - f .e"'fc.(cot~o/uS). 
Shadowing is only important for small · grazing angles r;, ~ ")[/2., - * 0 • ' 

Therefore, in many practical cases 5 (~o , 't; ~) am 5 (~o) may be approxima-
ted by 

and 

(1r).fhi n. 
2. 5) 

while they may be set equal to 1 for to ~ s . 

tor \I" «.5 . 
00 ) 

(48a) 

(48b) 

For very small grazing angles, say below 50, the tails of the probability den-
sity of the surface displacements become important. However these have not been 
sufficiently investigated. Therefore (48a) and (48b) become dubious. Possibly 
they go with a power of (0/5 other than the first one. This effect should be 
further investigated theoretically as well as experimentally. 

For shadowing correction of the scattering strength the scattering contributions 
. from areas with a · certain slope ~ I have to be weighted with the probability 
density P~ll ~/) and the shadowing function S(40 I 'r;') due to this slope. 
If the scattering strength is simply multiplied by ~(~) [21J the reduction 
of illuminated area by shadowing is somewhat overestimated. 
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6. Description of the sea surface 

For a "fully developed" sea Pierson am Moskowitz [5 2] have given the frequency 
spectrum 

(49) 

where ~ is acceleration due to gravity and ~ is the wind speed above the sea 
surface. Unfortunately the high frequency part of the spectrum which is impor-
tant for backscattering for small grazing angles is not sufficiently well 
established and should be investigated further. 

On the assumption of a dispersion relation of the form (b) the spectrum (49) 
suffices to describe an isotropic sea surface. For an anisotropic sea surface 
an appropriately chosen "spreading factor" IInlst be introduced [13,34J . For de:" 
tails of the Doppler spectrum of scattered sound it is also important to know 
the ratio of surface wayes running off to that rUnning towards the receiver. 
This may be described by a "mixing function" as introduced by Schwarze [41J . 

The statistics of the surface is usually assumed to be Gaussian. But as we 
have pointed out alreadY,deviations fran Gaussian probability densities can 
be important for shadowing at small grazing angles. -

For further information on the description of the sea surface we may refer to 
the review paper given by Crowther [5 3] . 
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VII Conclusions 

The theory for the scattering and reflection of sound from the randomly varying 
surface of the sea has at the present time been developed to the point where 
appropriate approximations are available for all important situations. The per-
turbation theory permits a systematic examination of the errors involved. The 
main steps in the derivation of appropriate approximations can be summarized 
as follows: 

1) 

The sea surface may be considered as JIl)ving independently of the incident sound 
field. ~s establishes a linear response theory. The errors introduced may be 
neglected for commonly occuring incident acoustic intensities. 

2) 

The effect of the fluid motion in the surface waves on the scattered sound field 
may be neglected compared with the effect of the surface displacements so that 
sound scattering fran the s'ea surface can be treated as a purely acoustic boun-
dary value problem with a given time-varying bourxiary. The errors involved in 
this approximation are of the order of the ratio of the phase velocities of the 
surface waves to that of the sound wave. 

3) 
The sea surface may be considered.as being quasi-static, which means that the 
time-variation may be taken into account supplementarily by introduction of 
time-dependent retardations. The corresponding errors are of the order of the 
ratio of a characteristic velocity of surface points to the sound velocity. 

4) 
In most cases appropriate 1. order approximations for the scattering fran the 
corresponding quasi-static surface suffice for the description of sound scat-
tering form the sea surface. 'Ihe corresponding errors are of the order of the 
ratio of the rms radius of curvature to the acoustic wave-length, and/or of the 
order of the ratio of the rms surface displacement to the acoustic wave-length 
(Rayleigh roughness parameter).-
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Though the mathematical basis for the scattering of sound from the sea surface 
seems now to be well established some, partly serious, problems remain: 
1) 

The spectrum of the sea surface waves contains short wave-length components with 
wave lengths comparable with that of the sound, as well as long wave-length com-
ponents with surface displacements large compared with the acoustic wave-length. 
For given surface characteristics sound scattering can be calculated, in principle 
with sufficient accuracy, on the basis of the full (unsimplified) 1. order approxi-
mations being determined by the Fourier transform of the characteristic function 
of the joint probabi.lity density of the surface displacements. However, such cal-
culations would be very complicated. Therefore, for practical purposes further 
simplifications are needed. Such a simplification is the two scala or facet model 
which seems to be quite suited for a relatively good, although simple description 
of the main effects. With this model the problem is the appropriate choice of 
the "facet length" or of the positioning of the cut dividing the surface wave 
spectrum into a short and a long wave-length part. The heuristic procedure des-
cribed by Bachmann [~ I ] and Schwarze [il-l ] may be considered as a first 
step in solving the problem. It should, however, be complemented by a more mathe-
matical treatment. 

2) 
Some characteristics of the sea surface which are important for sound scattering 
have not been sufficiently investigated. Thus the high frequency part of the sur-
faee wave spectrum governing backscattering for small grazing angles is not well-
known. Moreover the tails of the probability density of surface displacements 
(behaviour for large displacements) which are important , for shadowing at low 
grazing angles are also not well known. Further combined oceanographic-acoustic 
meas~>ements should be made to fill up these gaps. 

3) 
The sea below the surface is not at all homogeneous. Thermal and bubble con-
taining surface sub layers as well as volume scatterers have tO~aken into account. 
Experlllentally these influences complicate the extraction of surface scattering 
data from scattering measurements. Bachmann and de Raigniac [5 'tJ have poin-
ted out that the large spread of surface scattering coefficients reported in li-
terature is mainly due to the fact that such influences have generally been ig-
nored. For the theoretical description the phase object picture seems to be 

the best suited to include the subsurface .influences. Hpweyer more detailed 
experimental and theoretical investigations have to be made to ru1alyse the com-
bined acoustic effects of surface and subsurface influences . 
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-

FIG. 1 SCHEMATIC REPRESENTATION OF THE KIRCHHOFF APPROACH. NORMAL DERIVATIVE OF THE 
SOUND FIELD PRESSURE AS FOR LOCAL REFLECTIONS FROM TANGENT PLANES. 

FIG.2 SCHEMATIC REPRESENTATION OF THE RAYLEIGH APPROACH. UP TO THE SURFACE 
EXTENSION OF THE REPRESENTATION OF THE RERADIATED FIELD IN ~leRMS OF 
OUTGOING PLANE WAVES ONLY. 

=-p =9~P o 

FIG.3 SCHEMATIC REPRESENTATION OF MEECHAM'S PERTURBATION APPROACH. 
AVERAGE FLAT SURFACE AS STARTING·POINT FOR PERTURBATION EXPANSION. 
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z. 

FIG.4 DESCRIPTION OF THE SCATTERING GEOMETRY. 

-

I (I) (2) (3) 

1\\ \ 
FIG.S THE SURFACE LAYER AS A PHASE OBJECT. RAY PATHS TRACED: 

(1) according to "local reflections··, 
(2) along incident and scattering directions, 
(3) according to specular reflection-_ from the mean surface, corresponding to the Kirchhoff approach 

and the 1.0rder results (34) and (33) of the Rayleigh approach, respectivel~ • 
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