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Abstract

The modelling of acoustic backscatler has long been
of inlerest to the US Navy because the application
of these models offers the possibility of remote char-
aclerization of the seafloor. Basic scallering mech-
anisms and empirical studies of seafloor backscatler
are reviewed in this paper. The Rayleigh criterion
offers @ means of classifying a rough surface. The
Rayleigh parameler, a measure of vertical roughness,
and the Rayleigh reflection coefficient, a measur.: of
reflection loss belween boundaries, are reviewed. The
task of modelling the scaltering from a surface with
two scales of roughness is approached using a com-
bination of two scatlering approrimations, one valid
for small-scale roughness and one valid for large-scale
roughness. The method of small perturbation is used
for small-scale roughness, ard the method of tangent
plane, or Kirchoff approzimition, is used for large-
scale roughness.

1 Introduction

This paper reviews the factors involved with the
modelling of seafloor acoustic backscatter. Backscat-
tering of sound from the seafloor has long been of
practical importance in sonar work because in many
cases it acts as the dominant masking agent of the
reverberation against which a sonar target must be
detected. In other cases, backscatter measurements
offer a means of remotely characterizing properties of
the seafloor. It is therefore important to know the
dependence of backscattered reverberation on grazing
angle, frequency, bottom type, and bottom roughness
{1]. These four factors are primary considerations in
the modelling of seafloor backscatter. Many empirical
studies (2, 3, 4, 5, 6, 7, 8, 9, 1, 10, 11] of backscatter,
given various frequencies, grazing angles, and bottom
types, have been conducted in efforts to gain insight to

the physical processes involved with backscatter. At-
tempts have been made tc relate the statistical proper-
ties of backscattered signals to independently observed
geological characteristics of the seafloor. Changes in
bottom type and roughness structure have been found
to correlate with the acoustic backscattered signal.

The problem of modelling seafloor acoustic
backscatter is one of modelling the sound scattering
from a randomly rough surface. All rough surfaces
can be conveniently divided into two classes: surfaces
with exactly given profiles and surfaces with random
irregularities. Surfaces with random irregularities oc-
cur throughout nature, and the seafloor bottom is a
prime example. Such a surface is not known in exact
detail, and even if it were known in exact detail at
every point and every instant in time, anything other
than a statistical solution would be too specific to be
of much value. The class of rough surfaces with pe-
riodic roughness irregularities presents the case where
a non-statistical approach is possible. This class of
rough surfaces was the first to be considered due to
the greater simplicity of the non-statistical approach.
It is useful to study surfaces with periodic roughness
even though they do not occur as commonly as do
randomly rough surfaces because the theory for peri-
odically rough surfaces is general enough to give some
indication as to the behavior of randomly rough sur-
faces [12]. Lord Rayleigh [13] first treated a problem
of scattering of waves from a periodically rough sur-
face, where he considered normal incidence of sound
waves onto a sinusoidal surface. Rayleigh’s work is
now considered classic in the field.

The modelling of the ocean bottom is further com-
plicated by the fact that the bottom possesses two
scales of roughness. That is, the ocean bottom con-
sists of both large and small scale irregularities (Fig.
1), giving it a rather broad spatial spectrum. The
Rayleigh parameter, discussed in section 5, determines
the scale of roughness.

0-7803-1257-0/93/33.00 © 1993 IEEE.
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Figure 1: Small and large scale components of a rough
surface [19].

The modelling of wave scattering from this type
of surface is based on the primary assumption that
the surface roughness can be divided into two com-
ponents, a small-scale component and and large-scale
component. We will discuss these as well as other con-
siderations in the following sections. First, though, we
will review the basic scattering mechanisms.

2 Scattering Mechanisms

The sea bottom acts as an effective reflector and
scatterer of sound; it redistributes a portion of the
sound acoustic energy incident upon it to the ocean
above. Early studies of sea-bottom reverberation in-
vestigated its dependence on such parameters as bot-
tom type, bottom roughness, frequency, and grazing
angle. It is common to relate the bottom scatter-
ing strength to bottom type, even though it is real-
ized that particle size is only an indirect indicator of
acoustic scattering. Sediment type serves as a first
cut means in classifying the bottom in terms of acous-
tic backscattering. Not all acoustic energy is neces-
sarily redistributed to the ocean above; a portion of
the acoustic energy incident upon the bottom may be
transmitted into the subsurface, so bottom type must
affect the division of energy between the water above
and tilw carth below. The transmission of acoustic en-
<tRy into the earth creates another effect, called “vol-
ume scattering.” Here, each sedimentary particle can
be thought of as a scatterer of sound, so a portion of
the return from the bottom is produced by this vol-
ume seattering within the sediment itself. The rera-

Boftom Acoustic Scattering Mechanisms

Figure 2: Bottom Scattering Mechanisms [18].

diation of sound that has penetrated the bottom may
be an important process to consider at low frequencies
and high grazing angles, where reflection and scatter-
ing from subsurface layers may oceur. At high fre-
quencies there is little penetration into the sediment
of the seabed so volume scattering would be negligible,
and the principal characteristics of the bottom return
would remain to be given by discontinuity of acoustic
properties occuring at the bottom itself [14].

The types of scattering depicted in Fig. 2 are scat-
tering due to interface roughness and scattering from
within the sediment volume itself. Models have been
developed to describe both types of processes. The
relative importance of these two processes is not well
established. Jackson and Briggs [11] published a study
on the roles played by interface roughness and sed-
iment volume inhomogeneities. In a previous study,
Jackson et al. [15] reported that roughness scattering
was dominant for a sandy site surveyed, and sediment
volume scattering was dominant for a silty site. This
paper will deal with only the considerations used in
modelling the scattering from the rough interface. We
will now review empirical studies and their implica-
tions, and then discuss the factors in modelling sound
scattering from a rough surface.

3 Empirical Studies

Empirical studies have been conducted in efforts to
relate acoustic backscatter to sediment type, bottom
roughness, and dependence on grazing angle and fre-
quency. Many of the empirical studies have served as
insight to the physical processes involved in backscat-
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ter, and this insight has aided in the development of
theoretical models of the backscatter process.

An extensive study of the backscatter process was
conducted by Nolle [7]} in 1963. Nolle measured the ve-
locity and attenuation of sound waves in water-filled
sands and the scattering from a water-sand interface.
His analysis predicted limiting behavior of the mea-
sured backscatter with respect to particle size and fre-
quency.

In the early 1960’s, McKinney and Anderson [1}
also made an empirical study of seafloor acoustic
backscatter. Data was taken from backscattering of
sound from the ocean bottom at sixteen locations.
The goal of the study was to compare field data with
theoretical predicitons and laboratory results, and to
obtain quantitative data on average reverberation lev-
els. This data was given as a function of grazing angle
and frequency for mud, sand, and gravel. Backscatter-
ing increased with grazing angle according to sin and
sin?, depending on angle and sediment type. McKin-
ney and Anderson concluded that a knowledge of the
particle structure of the bottom is helpful in trying to
measure reverberation level.

In the late 1960’s, Wong and Chesterman [3] con-
ducted a study of backscattering at grazing angles be-
tween 4 and 8 degrees using a frequency of 48 kHz at
12 locations in the inshore waters of Hong Kong. Their
study showed that backscatter strength increases by
about 25dB as the bottom type changes from silt and
sand to rock. Data obtained from this study sug-
gests that backscatter depends on both bottom type
and bottom roughness, though it is difficult to discern
which factor is dominant, especially because bottom
roughness and its sediment type are seldom completely
independent. Wong and Chesterman conclude that a
knowledge of the percentage of sand and the effective
bottom roughness is helpful in estimation of seafloor
backscatter.

In the early 1970’s, Hamilton [16] conducted a
study of sound velocity and attenuation measurements
in the seafloor off of San Diego for frequencies between
3.5 and 100 kHz. The sediment type for this region
ranged from coarse sand to clayey silt. One objective
of the study was development of a method to pre-
dict attenuation in marine sediments given frequency
and common physical properties such as grain size.
Hamilton also investigated the relationships between
frequency, velocity, attenuation, and other physical
properties. Hamilton's measurements are still in cur-
rent use in backscatter models.

More recent acoustic backscattering measurements
were made by Boehme et al. [8] in 1984 in eflorts

to provide data at low grazing angles from which
backscatter strength values could be extracted. These
measurements were taken near San Diego and the data
was analyzed to determine the mean value and stan.
dard deviation of bottom backscattering strength per
square meter as a function of grazing angle, insonified
area, transmit signal type, and frequency. Lambert's
rule held true fairly well in estimation of the bottom
backscattering strength as a function of grazing angle
for all frequencies and pulse types used. Boehme et
al. reported a frequency dependence consistant with
that reported by McKinney and Anderson [1].

Also in the mid-1980’s Jackson et al. [10] made bot-
tom backscatter measurements at six shallow-water
sites for frequencies ranging from 20-85kHz. Bottom
types ranged from silt to sand to gravel. This study
was motivated by the fact that even though a number
of high-frequency bottom backscattering studies had
been reported, the physical properties of backscatter-
ing were still not well understood. So, backscatter
measurements were made as well as measurements of
the physical properties of the seabed. Bottom sam-
ples were taken at all experimental sites. This study
showed a slight frequency dependence, and scattering
strength generally decreased with grazing angle.

The physical backscatter data gathered has served
to provide an idea as to the physical processes involved
in seafloor acoustic backscatter, but these are still not
well understood. Quoting Jackson et al.,

Until the various bottom scattering mecha-
nisms are understood, one cannot hope to un-
derstand the observed frequency and grazing an-
gle dependence, or to take full advantage of
backscatter strength measurement as a remote
sensing tool. Study of these mechanisms re-
quires a combination of experiment and physical
modeling. Some general questions arise in this
context: [s it possible to develop useful models
for high-frequency bottom backscattering, or is
the seabed so complicated and so variable as to
defy all but the crudest modeling efforts? If use-
ful models can be developed, which parameters
(grain size, porosity, roughness, etc.) are suffi-
cient to determine the high-frequency scattering
properties? [10].

Empirical studies have provided insight to the physi-
cal processes involved in seafloor backscatter, though
it is questionable whether a useful physical model is
feasible. We will now investigate common factors con-
sidered in modelling the scattering of sound from a
rough surface.




Figure 3: Derivation of the Rayleigh criterion [15].

4 Scattering from Rough Surfaces

The first consideration in the modelling of sound
scattering from a rough surface is the determination
of what classifies a rough surface. That is, for what
values of wavelength, angle of incidence, and sur-
face roughness, does specular reflection become diffuse
scattering?

Rayleigh developed a method of relating these con-
siderations, as presented by Beckman and Spizzichino
[12]. For the two rays (Fig. 3), 1 and 2, incident on a
surface with irregularities of height h at grazing angle
0, the path difference between the two rays is given by

Ar = 2hsind (1)

and the phase difference is then

27 4rh
Ap = TAr: Tsmﬂ (2)

where A is the acoustic wavelength,

When this phase difference is small, the two rays
are almost in phase as they would be in the case of
a perfectly smooth surface. As the phase difference
increases, the two rays interfere until Ay = 7w, where
they will be in phase opposition and will cancel. The
energy must be redistributed in other directions since
energy cannot be lost. So, for Ap = 0, the surface is
smooth and produces specular reflection. For Ap=n,
th‘e surface scatters diffusely and is therefore rough.
Differentiation of a rough surface from a smooth one
€an be treated by choosing a value half-way between
the two cases, Ay = 7/2, and substituting this value
in for Eq. 2. This gives the relation known as the

“Rayleigh criterion.” In other words, a surface is con-
sidered smooth for

A
h< Somd @)

Other values for Ay have been suggested as more re-
alistic. Beckman and Spizzichino note, however, that
there is little point in determining an exact dividing
line, and that a safer way of expressing the basic idea
of the Rayleigh criterion is

%h siné (4)

and this may be used as a measure of effective sur-
face roughness. The surface will tend to be effectively
smooth under only two conditions

h
and
-0 (6)

Beckman and Spizzichino also note that the crudity of
the Rayleigh criterion is obvious. It is based on simple
ray theory and the irregularities of the rough surface
are described by a single parameter. In engineering
practice, the Rayleigh criterion is still widely used as
an approach to rough surface scatter. The Rayleigh
criterion is a simple expression that requires only three
easily measurable parameters, h, 8 and A. Due to this,
the Rayleigh criterion lends itself well to practical use.

The Rayleigh criterion establishes an approximate
division between surfaces that may be regarded as
rough or smooth but does not establish a quantita-
tive description of the reflection by a rough surface, as
we address now. A field scattered by a rough surface
should be considered the sum of two components: the
specular component and the diffuse component. The
existence of these two components is a phenomenon
which appears in any type of rough surface, and not
Just a consequence of a particular model of a rough
surface. Reflection off of a smooth surface produces
purely specular reflection. Specular reflection is direc-
tional and obeys the laws of classical optics. Its phase
is coherent and its fluctuations have a relatively small
amplitude. In contrast, diffuse scattering has little di-
rectivity and its phase is incoherent. Its fluctuations
are large in amplitude and are Rayleigh distributed.
The existence of specular and diffuse reflections and
their properties has been shown in investigations of
scattering by rough surfaces, and has been demon-
strated experimentally [12). We have seen that an el-
ementary consideration in the modelling of scattering




-
—
of ]

Figure 4: Derivation of the Rayleigh parameter {19].

from a rough surface is establishing the criterion of
what classifies a rough surface. We will now consider
a means of measuring the degree of roughness of the
surface.

5 Rayleigh Parameter

The spectrum of bottom relief of the ocean is very
wide, ranging from small “ripple marks” formed by
currents on sand to the great mid-oceanic ridges that
extend over a thousand kilometers with a height of a
few kilometers. The Rayleigh parameter is a measure
of the vertical scale of roughness for a surface and is
given by

P = 2kgcos by (7

where k is the wave number of sound, 8y is the an-
gle of incidence of the sound wave, and ¢ is the root-
mean-square displacement of the rough surface from
its mean level (Fig. 4). For P « 1 the roughness
of the surface is considered small. For this case, the
surface scatters sound slightly and the main part of
the sound energy propogates in the specular direction
as a coherent wave. For P » 1 the surface rough-
ness is large and incoherent waves are scattered in all
directions.

The physical meaning of the Rayleigh parameter
can be treated as follows. Consider the reflections of
sound from the rough surface z = £(r),r = x,y and
the phase change along the ray ACD relative to the
mean plane z = 0. The phase difference is equal to

Ay = k(BC +CD) = k(2CD - AB)  (8)

where

_ £
Cb= cos Oy 9)
and
AB = 2§tanfq sin 6, (10)
So,
Ay = 2kE cos by (1

Hence, the Rayleigh parameter P is exactly equal to
the root-mean-square of Ay

P = [< (Ap)? >]§ = 2k¢ cos 9y (12)

where
¢= (<€)} (13)

Note that P — 0 if § —0ordy — % Scattering does
not occur and reflection becomes specular in this case
[17]).

The Rayleigh parameter is a measure of the verti-
cal scale of roughness for a surface and is a primary
consideration in many scattering models. We will now
examine another common component of many models,
the Rayleigh reflection coeffiecient.

6 Rayleigh Reflection Coefficient

The Rayleigh reflection coefficient, Ry, is another
common component in many seafloor backscatter
models. This component helps account for bottom-
reflection loss. Rayleigh derived the reflection ioss of
incident sound at an angle to a plane boundary be-
tween two fluids (Fig. 5). This coefficient relates the
intensity of the reflected wave I, to the intensity of
the incident wave I;

R = I, _ [msing, — (n? —cos’@l)‘”r (14)
T L T {msiné, + (n? - cos26,)!/2
where p2
==, 15
" P1 (15)
and
_a
=5 (16)
The reflection loss is then 10logl,/l;. The val-

ues of the sound velocity ratio, ¢;/c2, and the den-
sity ratio, p2/p1, are needed to evaluate the Rayleigh
reflection coefficient as a function of grazing angle.
Brekhovskikh [17] investigates the behavior of loss
with the grazing angle for various conditions on m
and n. The most common condition found for natu-
ral bottoms is that in which a critical angle 8, exists




Figure 5: Discontinuity between two mediums, {17].

where total reflection occurs (zero loss) at grazing an-
gles less than critical {14]. The Rayleigh reflection
coefficient, which accounts for the reflection loss be-
tween two mediums, is a common consideration in the
modelling of seafloor backscatter. We will now review
the effects that small and large-scale roughness com-
ponents have on modellir considerations.

7 Large and small-scale roughness

components

Recall in Fig. 1 the large and small-scale roughness
components of the ocean bottom. These differences
in irregularities give the ocean bottom a wide spatial
spectrum. In modelling such a surface, a combination
of two wave scattering approximations are needed: one
valid for small-scale roughness and one valid for large-
scale roughness. Such a combination is based on the
assumption that the surface roughness can in fact be
divided into these two components.

The approximation valid for the small-scale rough-
ness is the method of small perturbation (MSP). (See
(17] for a detailed description of this method.) The
MSP is valid for the case where the rough surface de-
viates only slightly from a certain mean surface and
has sufficiently small slopes. The basic idea behind
this theory is that the boundary conditions at a rough
surface (See Fig. 4) z = £(r) can be transferred to
the mean surface by expanding the boundary condi-
lions into a power series of ¢. The sound field in a
hal{-space : > § can also be expanded in powers of
€. The boundary conditions at the mean surface that
must be satisfied by the first, second, and higher ap-

Figure 6: “Local” scattering geometry, [19).

proximations are then found. This method reduces the
problem of wave scattering at a rough surface to the
problem of radiation by the distribution of “virtual”
sound sources.

The small perturbation method is applicable for the
case of a small Rayleigh parameter P << 1. The
ocean bottom often does not satisfy this condition; the
roughness of the bottom is frequently much greater
than the sound wavelength. Another method must
be used in such cases. The approximation needed for
the large-scale roughness component is the method of
tangent plane, or Kirchoff approximation. (See [17]
for a detailed description of this method.) This ap-
proximation is valid for the case where the roughness
is sufficiently smooth, though large in contrast to the
acoustic wavelength. Under this condition, it is as-
sumed that sound reflection takes place at each point
of the surface in the same manner as reflection at an
infinite plane tangent to a rough surface at the point
considered (Fig. 6). This method yields useful results
only for grazing angles close to specular direction.

The combination of these two approximations al-
lows for the modelling of a surface with two scales
of roughness. The “two-scale” model is ol‘\laincd by
superimposing the surface with the smali 'thspl.\n\
ment £(r) upon the smooth, large-scale surface nrh
(Fig. 1) [17). The method of dealing with twesseales
of roughness is a primary factor in many seafloor
backscatter models.




8 Summary

In modelling backscattering from a rough surface,
several key components are considered. We have
looked at the case of modelling backscatter from an
interface with two-scales of roughness. The first con-
sideration was the classification of a rough surface, es-
tablished by the Rayleigh criterion. We then reviewed
the Rayleigh parameter, which is a common parameter
in many seafloor backscatter models and is a measure
of vertical roughness. It is used to determine if a small-
scale or large-scale scattering approximation is appro-
priate. The Rayleigh reflection coefficient is another
common parameter in many models, and is used to ac-
count for reflection loss between boundaries. The task
of modelling the scattering from a surface with two
scales of roughness can be approached using a com-
bination of two scattering approximations, one valid
for small-scale roughness and one valid for large-scale
roughness. The validity of the approximations used
is a primary concern in the modelling process. Re-
search continues towards developing a physical model
for seafloor acoustic backscatter. It has been ques-
tioned whether or not such a model is possible, as
some researchers suggest that the physical processes
involved in backscatter are too complex to accurately
model.

9 Acknowledgments

The authors acknowledge the Office of Naval Tech-
nology, project element 602435N, managed by Dr.
Herbert C. Eppert, Jr., NRL, Stennis Space Cen-
ter, MS. This paper, NRL Contribution Number
NRL/PP/7441-92-0002, is approved for public re-
lease; distribution is unlimited.

References

(1] C. McKinney and C. Anderson, “Measurements
of backscattering of sound from the ocean bot-
tom,” J. Acoust. Soc. Am., vol. 36, pp. 158-163,
January 1964.

[2] C. de Moustier and D. Alexandrou, “Angular de-
pendence of 12-khz seafloor acoustic backscat-
ter,” J. Acoust. Soc. Am., vol. 90, no. 1, pp. 522-
531, 1991.

{3] H-K. Wong and W. Chesterman, “Bottom
backscattering near grazing incidence in shal-

low water,” J. Acoust. Soc. Am., vol. 44, no. 6,
pp. 1713-1718, 1968.

(4] R. Urick, “The processes of sound scattering at
the ocean surface and bottom,” Journal of Ma-
rine Research, pp. 134-147, 1956.

[5]) K. MacKenzie, “Bottom reverberation for 530-
and 1030-cps sound in deep water,” J. Acoust.
Soc. Am., vol. 33, no. 11, pp. 1498-1504, 1961.

[6] R. Urick, “The backscattering of sound from a
harbor bottom,” J. Acoust. Soc. Am., vol. 26,
pp. 231-235, March 1954.

[7) A. Nolle, “Acoustical properties of water-filled
sands,” J. Acoust. Soc. Am., vol. 35, no. 9,
pp. 1394-1408, 1963. |

(8] H. Boehme, N. Chotiros, S. Pitt, A. Garcia,
T. Goldsberry, and R. Lamb, “Acoustic backscat-
tering at low grazing angles from the ocean bot-
tom. part i. bottom backscattering strengh,” J.
Acoust, Soc. Am., vol. 77, pp. 362-974, March
1985.

[9) M. Weydert, “Measurements of the acoustic
backscatter of selected areas of the deep seafloor
and some implications for the assessment of man-
ganese nodule resources,” J. Acoust. Soc. Am.,
vol. 88, no. 1, pp. 350-366, 1990.

{10] D. R. Jackson, A. M. Baird, and P. A. Thom-
son, “High-frequency bottom backscatter mea-
surements in shallow water,” J. Acoust. Soc. Am.,
vol. 80, pp. 1188-1199, October 1986.

[11]) D. R. Jackson and K. B. Briggs, “High-frequency
bottom backscattering: Roughness versus sedi-
ment volume scattering,” J.Accousl. Soc. Am.,
vol. 92, pp. 962-977, August 1992.

(12] P. Beckman and A Spizzichino, The Scattering
of Eleciromagnetic Waves from Rough Surfaces.
New York: The Macmillan Company, 1963.

[13) L. Rayleigh, The Theory of Sound. New York:
Dover Publications, 1945.

(14] R. J. Urick, Principles of Underwater Sound, 3rd
edition. New York: MeGraw-Hill Book Company,
1983.

[15] D. Jackson, D. P. Winebrenner, and A. Ishi-
maru, “Application of the composite roughness
model to high-frequency bottom backscattering,”
J. Acoust. Soc. Am., vol. 79, pp. 1410-1422, May
1986.




