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ACOUSTIC SCATTERING FROM ROUGH SURFACES 
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ABSTRACT 

Naval Research Laboratory 
Washington, D.C. 20375 

A review of scattering from the ocean bottom and ocean 

ice cover is given. Areas of deficiency are cited. 

INTRODUCTION 

NATO has an interest in acoustic scattering for several 

reasons. Among these are the support of navigation, co~unicationt 

target detection, target classification, tracking, and fire 

control. In each of these operational functions, underwater 

scattering plays a major role in the degree of Success that can 

be obtained. Antisubmarine warfare units whether they be active 

or passive are subjected to the environment of the ocean with a 

limited number of propagation paths over which the sound is 

transmitted. Scattering occurs when the paths intersect the rough 

boundaries and when discontinuities or inhomogeneities are 

encountered in the volume. 

In practice all acoustic waves propagating in the ocean are 

scattered to some degree. There is less effective scattering at 

low frequencies and for propagation over certain paths. The 

frequency effect is caused by the relative size of the scatterers 

with respect to the wavelength of the sound. The path effect is 
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caused by the type, amount, and quantity of scattererS encountered. 

Some deep water paths of interest to NATO are: RAP, SOFAR, 

surface duct, bottom bounce, and convergence zone forming types. 

In shallow water, wave guide type paths are, in general, the only 

propagation modes available. All of the paths involve volume 

scattering which is caused by inhomogeneities in the volume, such 

as, fish, internal wave fields, and random fluctuations of the 

physical parameters of the medium. Those paths concerned solely 

with volume scattering are: SOFAR and possibly convergence zone 

forming types. Surface duct paths have multiple interactions 

with the sea surface or ice cover and energy is continuously 

scattered out of the duct. Generally a sloping bottom and large 

topographic features are additional complications in this type 

of problem. 

We discuss scattering from surfaces, specifically, from the 

bottom and ice cover, in more detail in subsequent sections. 

SCATTERING FROM SURFACES 

When acoustic waves intersect a rough surface, several effects 

are observed. These effects are a spatial redistribution of the 

scattered energy, a transmission of energy through the surface, 

frequency smearing of the signal, and time smearing of the signal. 

These effects will be discussed below for the specific surface 

types: sea bottom, and under ice. Since surface topography is 

cornmon to both rough surfaces, we discuss its effect first. 

Since it is impractical to measure precisely the topography 

of those scattering surfaces met in practice, it is required, in 

some way, to model these surfaces in order to do scattering problems. 
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Scattering theories based on these models, to be of use, 

must be verified by actual measurements or shown to predict known 

solutions adequately. Here, essentially, is the reason why surface 

scattering has remained a major unsolved problem; the complete 

lack of an exact, tractable solution for a realistic surface. 

Exact must be qualified with tractable since it is not difficult 

to write formally the exact solution 1-3 to the surface scattering 

problem. The real difficulty arises in its evaluation. 

Scattering from rough surfaces can be treated either 

deterministically or statistically. Deterministric surfaces can 

be further divided into separable and nonseparable surfaces, where 

the category separable means that the surface fits into a natural 

coordinate scheme for which the solution of the Helmholtz equation 

is separable.~ Examples of the separable type include the half 

plane, 2-5 rectangularly corrugated surfaces, 6_19 and sawtooth 

corrugations. 20 - 26 A classic example of the nonseparable type of 

surface is the sinusoidal surface. 27-~3 In addition to surfaces 

which are geometrically rough, some authors 44-~5 dea.l with a flat 

surface having a periodic impedance modulation. 

The solution for the scattered velocity potential (or pressure) 

is often found by writing certain assumed forms of the fields with 

unknown (complex) amplitude coefficients in the various geometric 

regions of the problem. Continuity of pressure and velocity across 

the common boundaries yield linear equations relating the amplitude 

coefficients. These linear equations are usually solved by matrix 
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inversion 1111213~,35,39 although in certain cases matrix inver-

sion can be avoided. This is true if it is possible to relate 

the sets of linear equations to the residue series of integrals 

of certain meromorphic functions. 8 ,13-19 In this case, the 

amplitude coefficients are given in terms of the function. Other 

methods of solving linear equations are also employed. For example, 

continued fractions are used on the linear equations for a 

periodic impedance modulated surface.~5 If the surface is periodic, 

then it can be shown that the energy is scattered in discrete 

directions (grating effect) and the problem can be collapsed to 

a consideration of only a single period of the surface. 35 

Note, however, that the series expansions assumed must converge 

to the boundary conditions imposed on the surface. That all assumed 

expansions do not converge is well illustrated- by the so-called 

Rayleigh hypothesis, i.e., that the field in the wells of a 

sinusoidal surface could be represented as a sum of upgoing plane 

waves combined with the single downgoing incident plane wave. 27 ,34-36 

The Rayleigh hypothesis, for example, has been shown to be either 

true or false depending on whether kb ~ 0.448 or kb > 0.448 where 

the surface is given as y = b cos (kx) .1+6-1+8 The number 0.448 arises 

as the solution of a transcendental equation, which solution 

yields the singularities of the field expansion. 

Solutions can be found using the He~oltz integral formula, 

which simply yields an integral representation of the solution 

of the Helmholtz equation in terms of single and double layers 
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on the surface.~9-53 In addition to the known free space Green's 

function, both the velocity potential (or the pressure) and its 

normal derivative are required to be known on the surface. For 

a rigorous mathematical problem, only one of the two, either 

velocity potential or its normal derivative, can be specified. 3 

An integral equation is then constructed for the surface value 

of the unspecified other quantity. Its solution is then substituted 

into the original Helmholtz integral formula to give, along with 

the assumed boundary value, an integral representation for the 

velocity potential (or pressure). 

A mathematically rigorous variation of the procedure involves 

choosing a Green's function which itself satisfies a specified 

poundary condition and then writing Rayleigh-Sommerfeld integral 

tormulas for the velocity potential. 54-56 Now only one surface 

value is involved, either velocity potential or its normal 

~erivative (depending on which of the Rayleigh-Sommerfeld integral 

tormulas one chooses), producing a mathematically rigorous problem. 

~n this case the additional boundary condition assumption involves 

the specification of only one boundary value. Although the 

formulation of the problem is mathematically rigorous, the practical 

difficulty of specifying a boundary Green's function for arbitrary 

boundaries remains. Tbe latter problem is as difficult as the 

original problem of calculating the velocity potential. 

Other methods of solution are imaging, as has been appl ied 

to symmetrical bosses on a perfectly reflecting plane,57-61 and 

generalized harmonic analysis 62-65 which may be applied to any 

surface. 
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We now consider approximate types of solutions, some of 

which have been comparatively reviewed. 66 - 68 The Helmholtz 

integral formula is an integral over the scattering surface and 

requires a knowledge of the field, 1jJ, and its normal derivative, 
31jJ an everywhere on the surface. Since these two boundary 

conditions are not generally known, they are approximated by , 

assuming that the surface is smooth enough to replace the field 

at a point by the field that would be present on the tangent plane 

at the point (Kirchhoff or geometrical acoustics approxi-

mation). 6,54-56,69-70 That is IjJ = (1 + V)Wi and ~* 

where V = local Fresnel reflection coefficient, Wi = incident field, 

and ki = incident wave number. The scattered field is how completely 

specified; however, in general, the integration cannot be performed. 

Additional assumptions usually made are: V = constant, and the 

source and observation point removed to the Fraunhofer zone. 

The approximations made are: the surface is smooth, i.e., does 

not change appreciably within a wavelength, and the surface is 

completely illuminated (no shadowing). Surfaces that are shadowed 

are treated by making further assumptions and are discussed by 

several authors. 68 - 73 

The method of series expansion of the fields, where 'allowable, 

does not suffer ,from the restrictions noted in the Helmholtz 

formulation. Allowable refers to the necessity that the expansion 

in elementary solutions to the Helmholtz equation must converge 

to the boundary conditions imposed on the surface. 47 ,48 The 

problem encountered here is that infinite sets of equations must 

be solved for the expansion coefficients. The coefficients can L 
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for some surfaces, be determined exactly by various methods 

discussed above. However, these exact solutions are not easily 

evaluated and parameter dependencies are not obvious. In general, 

the approximations are: using finite sets of equations and 

proceeding by matrix inversion, 11,12,35,36,41 and using variational 

nethods which choose coefficients such that the mean square error 

in the boundary conditions is minimized. 2o 

If the roughness of the surface can be treated as small, 

various perturbation methods become available. 3 ,34,7o Mathematical 

techniques involving boundary perturbations and perturbations 

of the solutions of known canonical problems exist. 3 For example, 

the latter problem could consist of a surface with two scales of 

roughness. lit The larger roughness part of the problem is canonical 

in the sense that the solution can be written down, whereas the 

smaller roughness induces small geometrical variations in the 

surface, and a corresponding variation in the scattered field. 

Since the surfaces cannot realistically be measured, it is 

convenient to model them using statistical methods. This is done 

by considering random surfaces 6,77-84 or random point sets with 

given statistical properties. 8s - 9o Thus, when the statistical 

properties of the surface are determined, different moments of the 

scattered field can be calculated. Another approach is to consider 

smooth surfaces with random impedence 91-9~ or smoothed boundary 

conditions. 93 - 9s 

Although there exist many different statistical models of 

surface scattering in the literature, we attempt to classify and 

describe only a few. 
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A diagrammatic solution for scattering from single valued 

mUltivariate Gaussian surface has beenderived. 96 - 98 Evaluation 

of the diagrams present numerical difficulties and only one first 

order diagram has been completed. 99 

There isa large amount of work which is based on the 

Helmholtz integral formula using the Kirchhoff approximation ... 

where both source and receiver are moved to the Fraunhofer 

zone. 6 ,69-70,78-B4,lOO-102 The surface z = t(x,y) is then treated 

as a random variable and suitable moments of the field calculated. 

These models require knowledge of the joint probability distribution 

of any two surface points. 

At least one model 103 addresses non Gaussian surface statistics 

whereas most others use Gaussian statistics for ease of evaluation. 

One mode1 34 expands ~(x,y) in a harmonic series with 

coefficients related to the surface power spectrum. This model 

requires the availability of the power spectrum of the surface 

and is extremely difficult to evaluate. 

Two models, randomly spaced half planes,104,105 and randomly 

spaced bosses on a plane,60,61 are based on exact solutions where 

the spacing of elements has been randomized. 

Models based on random facets, 1 0 6 -108 and random point set.s 85-89 

have been developed. These incorporate such features as random 

spacings or slopes, random scattering strengths r and various 

directivity functions. 

Some of these models have been used to describe experimental 

results with limited success. A basic problem here is the 

determination of the surface statistics and choice of parameterSr 
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Surfaces with specified statistics have been constructed, one lQ9 

physical and not yet used in an experiment, the other numer i cal 110 

used in a computer experiment. Those models based on nonphysical 

surfaces 95 - 8 9 104,105 are especially difficult since there 

appears to be no way to relate the surface parameters to the 

parameters of the solution. 

SCATTERING FRO~1 THE SEA BOTTOM 

The sea bottom, in general, has discontinuities, thereby 

limiting the use of the Kirchhoff approximation. In addition, 

in most places the bottom does not present a large impedance 

contrast. Thus the impedance of the bottom material and its 

distribution becomes extremely important in the description of 

the scattered field. Because of its remoteness, both the 

topography and impedance characteristics of the bottom are 

difficult to obtain. 

The bottom, in places, is stratified. and has been modeledlll-llG 

as such. In other places, however, the bottom composition is 

much more complicated and requi res a statistical treatment. 

Existing models and detailed" experimental datal17-12~ on this 

aspect of the problem are insufficient. However, two collections, 

MGS and NAVADO, of data yield average acoustic scattering 

information for large ocean bottom regions. The scattering data 

are classified according to bottom characteristics. Frequency 

smearing of signals scattered from the bottom, due entirely to 

source-receiver motion, has not been measured. Further, rough 

surface time smearing and time smearing caused by penetration 
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into the bottom have not been adequately studied. 

Measurement of the bottom relief and composition presents 

a major unsolved problem. Use of precision fathometers and 

various other. acoustic devices aid in the determinat.ion of sur-

face relief and sub-bottom reflectivity along a track, but have 

limited resolution. At least one paper 125 has dealt with the 

problem of measuring bottom surface statistics from scattering 

experiments. There are many paperslll-122, 126-129 presenting 

experimental data on scattering from the sea bottom for the 

backscatter and specular directions. Data for other directions 

are extremely limited. 111 ,11711 30-133 

A recent Russian reference text13~ has nine chapters devoted 

to scattering and reflection from the ocean bottom and a bibli~ 

ography through 1969. 

SCATTERING FROM AN ICE COVER 

The problem of predicting scattering from the under surface 

of an ice cover is extremely difficult because it is inaccessible, 

has extremes in roughness, has extensive entrapped air, and the 

ice cover itself is discontinuous. All of the problems encountered 

in sea bottom scattering are here. The great majority of our data 

on under ice scattering is obtained from multiple scattering in 

the forward direction during propagation experiments. 

Wave motion on the ice has been detected and measured.13S-136 

In the central Arctic this motion is very small and should have 

little effect on the acoustic scattering problems. However, in 

fringe Arctic regions it may be more important. Most of the 
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experimental scattering data from under ice have been for the 

backscatter case,137-144 although at least one paper deals with 

s?8cular reflection. 145 Recent transmission studies under ice146-1~~ 

indicate that for sufficiently low frequencies the scattering loss 

becomes insignificant. There is very little knowledge about the 

acoustical properties of sea ice and even less is known about the 

surface topography necessary for scatter prediction. The method 

for measuring the latter using a submarine and obtaining related 

information is the subject of other papers. 150 ,151 Currently one 

of the hopes is that the measurement of characteristics of the 

upper surface by aircraft can be correlated with the roughness 

of below surface ice for acoustic purposes. 

CO~CLUDING REMARKS 

Most theoretical treatments of scattering consider an incident 

plane wave or at least a locally plane wave. This choice is made 

in order to simplify the problem to manageable proportions. By 

assuming an incident plane wave, an approximation to the problem 

has been made. The fact that we are considering a linear problem 

and any incident wave may be represented by a suitable - superposition 

of plane waves is in many instances not much comfort. 

The assumption of an incident plane wave is a good approxima-

tion where the size of a scatterer is small compared to the acoustic 

wavelength. In the case of a surface, the projection of the effec-

tive insonified region normal to the incident direction should 
l 

deviate from a wave front by a small amount compared to a wavelength. 

More difficult theoretically is the addition of source and 

receiver directivities. Since directivity is a far field term 
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as derived in the free field it is more proper to refer to the 

difficulty as the finite size of sources and receivers in a 

non-free-field environment. 

Scattering from realistic surfaces is approached by breaking 

do~vn the allowable surfaces into three categories. The first 

category comprises those surfaces that have little roughness 

compared to an acoustic wavelength, second, those that have 

roughness comparable to a wavelength, and third, those that are 

very rough compared to an acoustic wavelength. The first and 

third of these have been worked on by numerous authors, while 

the second has been considered by only a few. Limited solutions 

exist for the smooth case, but no tractable results are available 

for the intermediate case, which is the case most ofte,n met in 

practice; the very rough case is approximated by tl)e geometrical 

acoustics solution. 

These are all surface relief type problems, if in addition 

the surface is penetrable, then several other complications 

enter the problem. Only relatively simple approximations have 

been made toward the solution" of acoustic scattering from surfaces 

bounding inhomogeneous material. 

Statistical scattering theories that have been developed 

do not predict the experimental results to a reasonable or required 

cegree of accuracy. By parameter changes they can be brought 

into re lati vely close agreement, but, in general, 'the parameters 

'cannot be associated with characteristics of the scatterers. 

Adequate testing of the various approximations made in 

scattering theory has to be done. This will require experimenta-

tion under extremely well controlled and measured conditions. 
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It is proposed that the proper approach to solving problems 

of acoustic scattering from rough surfaces is one in which an 

appropriate field expansion is evaluated in conjunction with a 

controlled experiment. The authors feel that the ingredients 

for the solution lie in the theoretical diagrammatic expansions 97 

and specified s~rface constructions. 109 

In 1968 the Russians assessed the understanding of and progress 

on scattering problems in the ocean as one of their major goals at 

the USSR Academy of Sciences and Sixth All Union Acoustic Conference. lS2 

As indicated by the magnitude of recent activities, the Russians 

are continuing to place a strong emphasis on ocean scattering 

problems. 
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