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THE PROCESSES OF SOUND SCATTERING AT THE 
OCEAN SURFACE AND BOTTOM 

BY 
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The Pennsylvania State University 
University Park, Pennsylvania 

ABSTRACT 
In order to have a firm basis for the prediction of reverberation or back-scattering 

of sound in the sea, field measurements leading to values for a back-scattering coef-
ficient of the sea surface and bottom have been made. Variation of this coefficient 
with angle of incidence of the sound beam provides some interesting clues as to the 
back-scattering processes which operate. It is suggested that three different pro-
cesses of scattering from the sea surface are dominant in different ranges of angle 
between grazing and normal incidence. At angles near normal incidence, sound 
appears to be returned toward the source by mirror-like reflection from wave facets. 
At angles near grazing incidence, a scattering layer below the surface is indicated 
as the important scatterer at moderate sea states. At intermediate angles, rough-
surface scattering by small surface irregularities is suggested as the dominant source 
of scattering. For bottom-scattering, the latter process appears to be the important 
one at all angles of incidence for the harder bottom types. 

INTRODUCTION 
At present there are numerous applications of underwater sound, 

mostly in connection with naval warfare where its military use lies 
in submarine detection, underwater communication, torpedo homing, 
and others. In civilian fields, underwater sound has more familiar 
uses in fathometry and fish-finding. In most of these practical 
applications, the boundaries of the sea-its surface and bottom-play 
an important part in the propagation of acoustic energy by confining 
and dispersing sound that impinges upon them. 

If these boundaries were ideal plane surfaces, they would act like 
mirrors, merely reflecting any incident sound energy into the specular 
angle and producing no redistribution of energy other than this single 
change of direction. But these surfaces are rough, and in addition 
they appear to have other peculiar characteristics as acoustic bound-
aries. Because of this, they "back-scatter" or return incident sound 
toward the source, thereby giving rise, in the aggregate, to the "rever-
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beration" which is so troublesome whenever echo-ranging on an under-
water object is attempted. 

The Ordnance Research Laboratory of the Pennsylvania State 
University has recently made measurements of acoustic back-scatter-
ing by the sea surface and bottom at various locations near Key West, 
Florida and Newport, Rhode Island. The primary aim of the work 
was to investigate the back-scattering coefficient as a function of 
angle, sea state, bottom type, and other variables in order to obtain 
a rational basis for the prediction of reverberation levels. As a by-
product, the measurements appear to provide some (by no means 
conclusive) evidence of the processes by which sound is reflected and 
scattered by the ocean boundaries. This paper presents some con-
jectures regarding scattering phenomena which these measurements 
appear to make reasonable. 

Since the angle of incidence of the sound beam was of prime im-
portance as a determinant of scattering, the measurements have been 
principally concerned with the variation of scattering with angle. 
Two transducers-one used as a sound source, the other as a receiver-
were mounted on a cylinder which could be rotated in a vertical 
plane so that the transducers, each having a beamwidth1 of 14°, 
could be pointed at any desired angle toward the surface or bottom. 
A photograph of the cylinder and its associated handling gear on 
board a YF-Type vessel is shown in Fig. 1. With this equipment 
over the ship's side, a sound pulse of short duration was emitted by 
the sending transducer; the back-scattered pulse, returned by the 
surface or bottom, was received by the receiving transducer. The 
received pulse was amplified and photographed on the face of an 
oscilloscope screen. Some examples of the appearance of the back-
scattered pulse are shown in Figs. 2-4. Suitable techniques for 
calibrating the equipment were employed so that the measured in-
tensity of the back-scattering could be expressed as a certain ratio 
of the intensity of the emitted pulse at a unit distance. 

Once this ratio has been obtained, it becomes a matter of geometry 
(by no means a simple one) to express the result in tt:lrms of a scattering 
coefficient of a unit area of surface and bottom. A number of dif-
ferent coefficients may be used to express the scattering or reflecting 
ability of a surface. The one that has been adopted in the present 
study has been called the scattering strength of unit area, in analogy 
with the similar unit, target strength, which denotes the corresponding 

1 Angle between points 3 db down on the transmitting or receiving beam pat-
tern. For two-way transmission (transmitting and receiving) the corresponding 
angle is 7 degrees. 
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property of underwater objects. Scattering strength, which is related 
by a factor of 41r to the scattering cross-section of unit area, is the 
ratio of the scattered intensity from the unit area, measured at unit 
distance, to the intensity of the incident sound beam. Following 
naval practice, these distances are expressed in yards. 

BACK-SCATTERING PROCESSES 

The variation of this coefficient with angle provides some important 
clues to the scattering processes that operate. In Fig. 5 the pair of 
curves, together with the data points from which they were drawn, 
show scattering strength plotted vs. grazing angle (angle between 
the axial sound ray of the transducer beam and the horizontal) for 
surface scattering for two sea roughnesses when the wind speed was 
5-9 knots and 13-18 knots, respectively. From this sample of a 
large amount of data it is seen that the scattering strength rises with 
increasing grazing angle, though the rate of rise is less in the case of 
rougher seas. As the surface becomes rougher, the scattering in-
creases at the smaller angles and decreases at angles near normal 
incidence (90°). For both calm and rough seas at small grazing 
angles, the scattering strength is nearly independent of angle. This 
is not entirely clear in Fig. 5; but from other unpublished data ob-
tained by the U. S. Navy Ordnance Test Station and by the Applied 
Physics Laboratory, University of Washington, it has been found 
that the surface scattering coefficient appears to be independent of 
angle from 2° to about 30°. 

The corresponding curves for bottom scattering appear to be some-
what different. Fig. 6 shows the scattering curves obtained for four 
different types of bottom. These curves are more like the rough sea 
surface curves in that they do not show a sharp increase near normal 
incidence. Other data extending to smaller angles (1) show no ten-
dency for bottom scattering strength to be independent of angle at 
low angles. In fact, the scattering from hard rocky bottoms appears 
to be more like that which would be expected for the return from a 
diffuse rough surface, which scatters light according to Lambert's 
"Law" (scattering strength proportional to the square of the sine of 
the grazing angle) (2). 

Rather than give additional examples of observed surface scattering 
curves, three composite or typical curves, obtained by averaging and 
smoothing much reduced field data taken under a wide variety of 
conditions, are given in Fig. 7. The three wind speeds selected for 
these smoothed "typical" curves are 5, 10, and 15 knots. Considerable 
deviation, of the order of 2 to 5 db, from these average curves can be 
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Figure 1. Photographs of the two-transducer rotatable cylinder used for back-scattering 
measurements. 
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Figure 2. 

Figure 3. 
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A B C 
Photograph of a 0. S ms pulse scattered back from the surface at normal incidence 
when the wind speed was IS knots. Depth of the cylinder, 138 feet. Horizontal time 
scale, 10 milli seconds per division . A, initial pulse; B, return fr om subsurface 
layer; C, principal return from surfa ce. The vertical scale is such that the return 
from the subsurface layer is I 9 db below the principal surface-scattered pulse. 

A B C D 
Photograph of a 0.5 ms pulse scattered back from the surface at normal incidence 
when the wind speed was 8 knots. Depth of cylinder, 40 feet. Horizontal time 
scale, 10 milliseconds per division. A, in itia l pul se; B, reflection from base of float 
suspending cylinder; C, principal surface return; D, a second reflecti on from 
cylinder and surf ace. 

Figure 4. Photograph of a 5.0 ms pulse scattered back from the bottom in 580 feet of water 
Bottom type, coral sand and rock . Horizontal tim e scale, 50 milli seconds per division: 
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Figure 5. Observed surface scattering strength as a function of angle for two wind speeds. 
The numbers show the number of pulses averaged for each plotted point. 
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Figure 6. Observed bottom scattering strength as a function of angle for several types 
of bottom. The numbers show the number of pulses averaged for each plotted point. Bot-
tom types as determined by bottom samples and chart location: A, C, Undifferentiated coral 
mud and rock off Key West, Florida; B, Mud and fine sand with shell near Newport, Rhode 
Island; D, Mud, deep water off Key West, Florida. 

expected in mean measurements made at a particular time and place, 
and an even greater deviation exists for the scattering indicated by 
a single pulse; nevertheless, it is believed that these curves have 
meaning in showing the order of magnitude of scattering strength 
and its variation with angle. 

For further discussion of these curves, we may divide the angular 
range from grazing to normal incidence into three regions, in each of 
which the dominant scattering process seems to be different. These 
three ranges, indicated in Fig. 7 as Regions I, II, and III, correspond 
roughly to the angular intervals 0°-30°, 30°-60°, and 60°-90°, re-
spectively. 

In Region I, the scattering in the rougher seas is sensibly independ-
ent of angle, at least down to about 2°, the lower limit to which existing 
data extend. This is a peculiarity that is difficult to reconcile with 
any scattering process involving the surface alone, since scattering 
by surface roughnesses (comparable with or smaller than a wavelength) 
would be expected to show an appreciable variation with angle near 
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Figure 7. Smooth curves of surface scattering strength obtained by averaging fteld data. 
Estimated mean deviation of a data point (such as those plotted in Fig. 2) from these curves, 
3 db. In the three regions it is suggested that the scat tering processes are different . 



142 Journal of 1vf arine Research [15, 2 

grazing incidence. The usual behavior of rough-surf ace scattering 
(summarized by Lambert's Law), the shadowing of waves by inter-
vening troughs, and the reduction of sound level at small_ angles _by 
the pressure-release effect of the surface, would all conspire to give 
a variation with angle expressed by some high power of angle, probably 
of the order of 3 or 4. 

In order to explain the observed isotropic scattering, imagine a 
scattering layer that is located near the surface and that is several 
wavelengths or more in thickness. Such a layer has been postulated 
before (3) as a possible source of surface scattering, even though no 
direct evidence for its existence appears to have been published. 
The most likely content of this layer is air bubbles whipped into 
the near-surface water by wind action. For some reason that is 
still a mystery, air bubbles are known to have an exceptionally long 
persistence in sea water (4). However, other forms of scatterers 
are possible, such as a layer of plankton. If it is assumed that air 
(or gas) bubbles of resonant size are responsible for a large part of 
the observed scattering, then a simple calculation indicates that 
at kilocycle frequencies a resonant bubble density of only 15 bubbles 
per cubic yard in a layer 3 yards thick is required to produce the 
scattering strength of -30 db indicated in Fig. 7 for a wind speed of 
15 knots. 

Some direct evidence for a near-surface layer is given by photographs 
of the return from the surface at normal incidence. With the trans-
ducers facing 90° upward, many oscilloscope traces show, at high 
wind speeds, a return arriving ahead of the main surface reflected 
pulse. In Fig. 2, a scattering layer some 25 feet in thickness appears 
to lie just below the surface. The magnitude of the scattering strength 
corresponding to the amplitude of the presurface return agrees roughly 
with the scattering strength found at low grazing angles. There is no 
indication of a scattering layer either below the surface at low wind 
speeds (Fig. 3), or above the bottom (Fig. 4). 

Turning next to Region III, near normal incidence (Fig. 7), the 
slope of the curves in this region and their behavior with surface 
roughness suggest that sound is returned by reflection (rather than 
scattering), probably by small fl.at wave-facets oriented normal to 
the incident sound beam. The reflection of light by such facets has 
been studied by measurements of the glitter pattern of the sun (5), 
(6), (7) and by measurements of the angular distribution of the surface-
reflection of an overhead source of light (8). These optical studies 
have provided data on the statistical distribution of sea-surface 
slopes. In one extensive series (6) it was found that slopes of wave 
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facets large enough to reflect light were normally distributed in angle 
with a standard deviation of slope given by 

u2 = .003 + 5.12 + 10-3 W ± .004 , 

where u is the root-mean-square sea surface slope and W is the wind-
speed in meters per second. 

The principal question is whether the facets that reflect light from 
above are effective as reflectors of sound (with a much larger wave-
length) from below. Such facets have been postulated (9) as being 
responsible for the reflection of radar waves having wavelengths be-
tween 1 and 10 cm, of the same order of magnitude as the sound waves 
of the present study. Evidence that somewhat similar facets reflect 
sound near normal incidence is given by the fact that the curves of 
scattering strength, S, in this region are sensibly portions of normal 
or Gaussian curves having a standard deviation about the same as 
what would be predicted from the results of optical measurements. 
If increasing roughness merely increases the inclination of the facets 
without affecting their size or number per unit area, then the area 
under these normal curves of scattering strength should be a constant 
(independent of wind speed, at least for low and moderate wind speeds) 
so that the total energy returned by the surf ace will remain the same. 
Fig. 8 shows three computed curves, expressed in db units, plotted 
against grazing angle for wind velocities of 4.8 and 12 knots, using 
standard deviations given by the formula quoted above. The simi-
larity to the observed curves in Fig. 7 for Region III will be evident. 
Another comparison, showing more detail, is given in Fig. 9, where 
the mean observed values of scattering strength at 60°, 75°, and 90° 
on five days when the wind velocities were 12.9, 10, 6, and 10.5 knots 
are compared with a normal curve adjusted so that it passes through 
the observed value of S at 90° and has a standard deviation of 7°, 
corresponding to an 8 knot wind by the formula above. Also in-
cluded in Fig. 9 is a curve showing the effect of the finite transducer 
beamwidth, again adjusted arbitrarily to pass through the observed 
point at 90°; this is the shape cf the S-curve that would be obtained 
for a perfect mirror-like reflection as a result of the beamwidth of the 
transducers. 

As the sea becomes rougher, the effectiveness of the specular return 
becomes less as the facets become smaller and as their inclination is 
increased by a higher wind speed. Above some wind speed, probably 
about 10 to 15 knots, any reflection from these facets becomes hidden 
by the scattering produced by the other processes. However, it 
should be mentioned here that essentially no rough-sea data (above 
17 knots) have been obtained in the present experiments. 
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Figure 8. Normal curves of equal area having standard deviations according to the 
formula quoted in text, for the three wind speeds, 4, 8 and 12 knots. 

It should be noted that the absence of a strong rise in the scattering 
curves for the bottom near normal incidence must mean that reflecting 
facets play no part in the return of sound from the bottom. Instead, 
it is likely that scattering by bottom roughness and irregularities is 
the dominant process at all angles of incidence, especially for the 
harder bottom types. For example, for two rocky bottoms examined 
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for an 8-knot wind speed (Fig. 8). The dotted curve would be obtained (with tbe trans-
ducers used) for a perfect mirror refl ection. Both curves aro adjusted to pass through the 
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in an earlier study (1), the curves of S were approximately like those 
of Lambert's Law over the range 10° to 90°, indicating that a hard 
bottom acts like a diffuse scatterer at kilocycle frequencies. 

Turning finally to Region II of Fig. 7, it is tempting to speculate 
that the slow rise of S with angle in this region represents the effect 
of roughness scattering by surface irregularities that are much smaller 
than a wavelength. Small ripples and wavelets here may play their 
principal role as scatterers and caui;;e a quasi-Lambert's Law behavior 
of scattering strength with angle. At large angles and in calm seas 
their effect is overwhelmed by reflection from wave facets; at low 
angles, where their scattering would drop off sharply with decreasing 
angle, their effect is submerged in the scattering from the subsurface 
layer. 
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SUMMARY 

Data on the variation of back-scattering with angle has given some 
clues as to the processes by which the ocean surface and bottom scatter 
kilocycle-frequency sound in the backward direction. Three processes 
are suggested (Fig. 10). At low angles the data suggest that a scatter-
ing layer just below the surface, rather than at the surf ace itself, 
is the principal source of back-scattering so as to give rise to a scattering 
coefficient independent of grazing angle. At moderate angles, ripples 
and small wavelets may be the dominant scatterers and may give 
rise to a slow increase of scattering strength with increasing angle. 
At angles near normal incidence, specular reflection from wave facets 
appears to be the dominant process, except in rough seas where the 
facets become no longer effective as sound reflectors. Neither the 
first nor the third process appears to exist for scattering from the 
bottom which (at least for hard bottoms) seems to behave like a 
diffuse scatterer of sound. 
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