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Beyond bathymetry: Mapping acoustic backscattering
from the deep seafloor with Sea Beam

Christian de Moustier
Marine Physical Laboratory, Scripps Institution of Oceanography, University of California, San Diego,
California 92093

(Received 10 June 1985; accepted for publication 15 Qctober 1985)

In its standard mode of operation, the multibeam echo sounder Sea Beam produces high
resolution bathymetric contour charts of the seafloor surveyed. However, additional information
about the nature of the seafloor can be extracted from the structure of the echo signals received by
the system. Such signals have been recorded digitally over a variety of seafloor environments for
which independent observations from bottom photographs or sidescan sonars were available. An
attempt is made to relate the statistical properties of the bottom-backscattered sound field to the
independently observed geological characteristics of the seafloor surveyed. Acoustic boundary
mapping over flat areas is achieved by following trend changes in the acoustic data both along and
across track. Such changes in the acoustics are found to correlate with changes in bottom type or
roughness structure. The overall energy level of a partial angular-dependence function of
backscattering appears to depend strongly on bottom type, whereas the shape of the function does
not. Clues to the roughness structure of the bottom are obtained by relating the shape of the
probability density function of normal-incidence echo envelopes to the degree of coherence in the

backscattered acoustic field.

PACS numbers: 43.30.Bp, 43.30.Gv, 92.10.Vz, 91.50.Ey

INTRODUCTION

In the past few years, multibeam echo sounders have
become available to the scientific community, allowing in-
vestigators to map, with high resolution and in near-real
time, a large swath of seafloor on each traverse of the ship.
The bathymetric charts thus obtained represent a great im-
provement over those drawn from conventional single-point
depth recording systems. However, bathymetry reveals the
shape of seafloor features only to the resolution of the sound-
ing system; it does not yield other seafloor characteristics,
such as bottom type or bottom microroughness and their
respective lateral homogeneity.

Because bottom roughness and variations in bottom
substrate cause fluctuations in the backscattered acoustic
signal, such seafloor characteristics can be inferred, in part,
by analyzing the structure and the variations of this signal
over several transmission cycles (pings). This analysis is
necessarily statistical, and deals with an ensemble of inde-
pendent samples since, as the ship moves, each ping ensoni-
fies a slightly different portion of seafloor. In order to relate
the statistics of the backscattered sound field to the charac-
teristics of the seafloor from which it emanates, two main
theoretical approaches have been taken. By analogy with the
Huygens—Fresnel principle of physical optics,’ both ap-
proaches consider that the sound field scattered by the sea-
floor consists of elementary waves in mutual phase interfer-
ence. Their difference lies in the representation of the
irregularities of the seafloor. In the first approach, the sea-
floor is a surface whose irregularities are described by a root-
mean-square (rms) roughness in the vertical dimension, and
a correlation distance or area in the lateral dimension. The
statistics of the surface are then incorporated into the Helm-
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holtz—Kirchhoff formulation of the scattering theory so that
statistics of the sound field (usually a Gaussian process) can
be used to estimate the characteristics of the surface.® The
second approach describes the rough surface as a random
distribution of point scatterers reradiating independently in
time. It is the quasiphenomenological model of Faure,’
Ol’shevskii,'” and Middleton,'! which uses a Poisson pro-
cess giving clues to the density of the scatterers. In this mod-
el, however, no relation exists between the statistics of the
scatterers and those of the rough surface. For this reason, the
first approach mentioned above is preferred in this paper.

In the Helmholtz—Kirchhoff formulation, it is possible
to determine a measure of the degree of coherence in the
backscattered sound field, and use it to relate the shape of the
probability density function (pdf) of echo envelopes to the
characteristics of the surface (rms roughness, correlation
function).'? Because of their inherent narrow-beam geome-
try, multibeam echo sounders are well suited for such analy-
sis. In addition, backscatter measurements with well-defined
spatial resolution are obtainable both along and across the
ship’s track. A description of seafloor characteristics is then
possible in terms of acoustic boundaries.

This paper presents the results of an experiment to map
seafloor acoustic backscattering boundaries with a Sea Beam
multibeam echo sounder operating at a frequency of 12 kHz
with a 7-ms pulse length and a 23 deg angular resolution. As
this system does not retain the acoustic data it receives, a
parallel data acquisition system,'* built by the Marine Phys-
ical Laboratory (MPL) of the Scripps Institution of Ocean-
ography, was used to record digitally the envelope of the
detected echoes over a variety of seafloor environments.
These data are analyzed as follows:
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(1) First-order statistics (mean and variance) of peak
amplitude in the near-specular direction, and of total energy
for nonspecular beams serve to quantify spatial homogeneity
of the backscattered sound field.

(2) Angular dependence of total energy is used to com-
plement (1) in the estimation of acoustic boundaries over
the swath of seafloor ensonified by the Sea Beam.

(3) Probability density functions of peak amplitude in
the near-specular direction are compared to a Rician pdf to
estimate the degree of coherency of the backscattered sig-
nals, yielding a qualitative estimate of the roughness struc-
ture of the seafloor.

However, the lack of phase information, occasional sat-
uration in both the data acquisition and the Sea Beam sys-
tems, and sidelobe interference problems limit the scope of
this analysis. Therefore, this paper only intends to show the
potential for determining seafloor characteristics that exist
in acoustic backscatter measurements derived from a multi-
beam echo sounder. Also, acoustic measurements alone are
insufficient to determine the exact nature of the bottom.
Consequently, ground truth must be obtained by indepen-
dent remote sensing (e.g., deep-sea photography and/or
television, core or grab samples, etc.). To this end, most of
the data presented here are supported by at least one inde-
pendent source of measurements.

I. THEORY

In this section, we first consider the applicability of the
Helmholtz—Kirchhoff formulation for seafloor acoustic
backscattering to backscatter measurements made with a
Sea Beam system. Next, we give an expression which relates
the degree of coherence of the backscattered sound field to
the roughness and correlation structure of the scattering sur-
face. As shown by Stanton,'? an estimate of these parameters
is then obtainable from the shape of the pdf of normal-inci-
dence echo envelopes.

A. Seafloor acoustic backscattering

When measuring acoustic backscatter from the deep
seafloor, the first common observation is that individual ech-
oes are not reproducible and that there can be several dB of
variation in the amplitude of the returned signal from one
ping to the next. The backscattering process is therefore con-
sidered stochastic, and its description needs to be statistical.

Expressions for the sound pressure of a bottom echo
impinging upon a hydrophone array have been derived*®
using the Helmholtz—Kirchhoff formulation in the bistatic
scattering from a rough surface. In the backscattering case,
omitting the time dependence and propagation losses, a re-
ceiver at Q (Fig. 1) will sense the pressure:

+
P(Q) =jB, exp(2jkR,) Jf D, eXP[ZJ(ax +¢5

—

K_ (x*cos?6 +y2))]dx dy

+
2R,

with
a=ksinf, ¢= —«xcosf, B,=xkBR/2rR3 cosb.
n
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FIG. 1. Geometry of backscattering. Source and receiver are at Q(x,2), a
distance R away from the element of surface ds. Here, { (x,p) is the eleva-
tion of ds above the xy plane.

The notation follows that of Clay and Medwin (Ref. 6, Ap-
pendix 10), where B is proportional to the source power, D,
is the source directivity, x is the acoustic wavenumber, and R
is the reflection coefficient. As shown in Fig. 1, R, is the
range to the center of the scattering region and @ is the angle
of incidence. In their notation, @ = 8, with 6, = — 0, and
05 = 0, while a and c are the horizontal and vertical compo-
nents of wavenumber.'* Also, ¢ is the normal deviation of
the scattering surface from the xy plane and depends on posi-
tion in the plane: { = £(x,p); it characterizes the roughness
of the surface. In the limit { = 0, corresponding to a plane
surface, the return is-a specular reflection at normal inci-
dence, and outside of normal incidence, Eq. (1) is a function
of the beam pattern of the acoustic array. At the other ex-
treme, when ¢ is large, the return comes mostly from acous-
tic energy scattered by the rough surface back towards the
receiver. So, in the general case, the return is a combination
of scattered (incoherent) and reflected (coherent) energy
which varies depending on the angle of incidence and the
beam pattern of the array.

Equation (1) is derived in the farfield of the transmit/
receive system so that ranges R can be approximated by R,
(Fig. 1) in the expressions of the incident and backscattered
pressure fields, except in the phase terms, where R is expand-
ed to second-order terms to account for Fresnel zone contri-
butions. This approximation is valid for Sea Beam’s 12-cm
wavelength at ocean depths.

The Kirchhoff approximation is also used. It assumes
that in the boundary conditions on the surface, the reflection
coefficient R can be used at every point on the surface by
approximating the field at any point on the surface by that
which would be present on the tangent plane at that point
(Ref. 3, Chap. 3). This requires that the radius of curvature
of the irregularities on the seafloor be large compared to the
acoustic wavelength or that no shadowing effects occur
within the ensonified area. These conditions are met in most
of the data presented here.

Equation (1) also assumes that the area ensonified is
small compared to R, so that the dependence of R, on x, y,
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or & can be ignored. Likewise, R, a, and ¢, which depend
mostly on the angle of incidence 6, are assumed to have only
small variations within the scattering area. These approxi-
mations therefore require that the acoustic system have a
small beam width and commensurate pulse length. Both as-
sumptions are reasonable for the Sea Beam system.

It follows that, for a given angle of incidence 6, the ran-
dom character of p(Q) in Eq. (1) is mostly due to the fluctu-
ations of the phase term %), which accounts for the irregu-
larities of the bottom. As a consequence, the bottom
roughness § is considered a random process, and a statistical
description of the backscattered sound field can be achieved
by ensemble averaging returns from successive pings. Such
returns are independent from each other since the ship
moves between pings and a slightly different portion of sea-
floor is sampled every time. For an ensemble of such surfaces
over several pings, the stochastic function £(x,p) is charac-
terized by an rms roughness amplitude (assuming £ has a
Zero mean):

o= {{(xp)H)'?, (2)
a “correlation function,”
C(x'y) = (/A ExPEx + %'y +))), (3)

and a pdf W({). Equations (2) and (3) describe, respective-
ly, the vertical and the lateral dimensions of the random
rough surface.

Assuming § to be normally distributed with zero mean,
the (ensemble) average pressure (p) is related to the degree
of coherence in the backscattered sound,”* and an estimate
of the rms roughness o is directly obtainable from measure-
ments of the coherently backscattered signals (p). However,
although this is a proven technique,**'%1¢ it requires mea-
surements of the phases of the echo signal, which are not
available in our data. For this reason, we resort to the mean-
square pressure:

<P2> = (PP*), (4)
where p* is the complex conjugate of p.

As summarized in Appendix A, the mean-square pres-
sure (p?), which includes the contribution of both the re-
flected (coherent) and scattered (incoherent) components
of the backscatter, is related to the statistics of the rough
surface through the rms roughness o and the spatial correla-
tion function C(£&,7). To estimate these parameters requires
the determination of the respective contributions from the
coherent and incoherent components to the total back-
scattered field, which is equivalent to obtaining a measure of
the degree of coherence in the field. To this end, the total
mean-square pressure is expressed as the sum of the coherent
(p)? and incoherent (S'?) components (Ref. 4, p. 204),

@) = () + (5, (5)
where (p)? = (p) (p*), so that (S2) is simply the mean-

square second moment of p. It follows that the ratio of the
coherent to the incoherent components,

r=@(E?, (6)
is a measure of the degree of coherence of the backscattered

field. Other authors'’ have used the ratio of the coherent
part (p)? to the total mean-square pressure (p*) as a mea-
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sure of the degree of coherence. Both expressions are valid,
but Eq. (6) is the more useful in this context since it gives a
link between the statistics of the backscattered field and a
Rician pdf.!2 '

At normal incidence (8 = 0), ¥ is related to the param-
eters of the rough surface o and C by

y~! =@ff exp[ — (a€? + Bn?)]
T

X {exp[4x*0*C(&,m)] — 1}dE dy, (7

where @ and 8 account for the acoustic geometry of the mea-
suring system [Appendix A, Eq. (A7)]. To integrate Eq.
(7) requires the determination of an analytical form of the
correlation function. Although several forms of this function
have been used in rough-surface scattering theory,'® most of
them are one dimensional and are restricted to ripplelike
features. Stanton'? introduced a correlation area by consid-
ering a two-dimensional correlation function which is zero
on the average except for a small “elliptic cone” around
& =7 =0, where it decreases linearly from 1 at £ =7 =0.
His application was a surface consisting of ripples, but the
approach is also valid for other types of roughness (nodule
fields, bed rocks, etc.), more representative of our data. For
ease of integration, we prefer to use, as a two-dimensional
correlation function, an elliptic paraboloid such that

1— 2/12 _ 212 s 0,
C(m)=[ &) - 13, >

0, otherwise.
In the limit (4«®0*«1) of small to moderate roughness, the
second exponential in Eq. (7) is expandable in a Taylor se-
ries. Keeping the first two terms of the expansion and using
Eq. (8), Eq. (7) integrates into

¢))

¥ 1~(16/3) (Ja B /m)3d?l,1,, 9)
where /, and /, are the correlation distances beyond which
C(&m) =0.

* It has been assumed that for |£ | </, and |7|</, the con-
tribution of the first exponential term in Eq. (7) can be ne-
glected. This is equivalent to requiring the exponential term
to reach e~ outside of the range |£|</, |7|</, so that
at? + Pn* = for |€ | >1,and |£ | > I,. Except for afactor of
2, Eq. (9) isequivalent to Stanton’s'? Eq. (16). It shows that
for small to moderate roughness, the degree of coherence in
the specular backscattered sound field depends on the rela-
tive roughness («o) and the correlation area (/,/,) of the
surface, as well as on the beam widths of the measuring sys-
tem (a, 3). Because the same degree of coherence is a pa-
rameter which controls the shape of the pdf of normal inci-
dence echo envelopes, Eq. (9) makes it possible to evaluate
the parameters of the rough surface directly from the shape
of the pdf. Also, pending determination of the rms roughness
from coherent measurements, the correlation area is readily
obtained from Eq. (9). :

B. Envelope distributions

As summarized in Appendix B, the Rician distribu-
tion'? is useful in describing the effects of coherent scattering
on the shape of the pdf of echo envelopes. By considering the
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backscattered pressure wave as a sum of a coherent compo-
nent of rms value 4 and an incoherent component normally
distributed with variance o7, the parameter y can be written
as

y=A4%a’. (10)
It follows that the Rician distribution for the corresponding

echo envelopes E can be expressed as a function of E, its
second moment (E %), and y:

E__( Q+nE+y(E?
(E%) “P( 2E?) )

XI{(E/(E»'?) [y2+ )]} (11)

In the limit where ¥ tends to zero (dominance of the incoher-
ent component), Eq. (11) tends to the Rayleigh distribution
[Eq. (B4)]. Conversely, when the coherent component
dominates (¥> 1), Eq. (11) tends to Gaussian-like distribu-
tion. A qualitative estimate of the degree of coherence in the
backscattered sound field can then be obtained directly from
the value of y that gives the best fit of the Rician distribution
to a histogram of the normal-incidence echo-envelope peak
distribution.

This is analogous to the determination of the contrast of
a speckle pattern®® in laser optics. Speckle patterns are the
result of constructive and destructive interference between
light waves scattered from elementary areas of a rough sur-
face. Their contrast is analogous to ! [Eq. (7)] since an

W(E) = (2 +7)

(@) TRANSMIT (b) RECEIVE

ANGLE OF INCIDENCE, deg
20 40 6060 -40 -2
! 1

ideal mirror surface does not produce a speckle pattern
(contrast =0).

As in optics, useful quantitative results concerning the
roughness structure of the surface are obtained for acoustic
backscatter only when the roughness of the surface is a frac-
tion of the acoustic wavelength. In such cases, the value of ¥
derived from the shape of the pdf can be directly related to
the product of the rms roughness and correlation area of the
surface [Eq. (9)]. For practical purposes, this technique is
applicable when ¥ 1 because there is little difference in the
shape of the pdf’s for 0<y<1 (e.g., Ref. 12, Fig. 2).

Il. SEA BEAM ACOUSTIC DATA

To explain some of the peculiarities of the Sea Beam
data presented here, a brief description of the acoustic geom-
etry is necessary.

A. Acoustic geometry

Sea Beam uses two arrays perpendicular to each other.
The transmit array consists of 20 projectors aligned along
the ship’s keel. The outputs of the projectors are amplitude
shaded for sidelobe control according to the Dolph-Chebys-
chev method,?! and phase corrected to ensure vertical pro-
jection at all times. The resulting beam pattern is 2§ deg wide
in the fore—aft direction and 54 deg athwartships [Fig.
2(a)]. These angles correspond to the half-power point of

(¢) TRANSMIT/RECEIVE

40 60

d
1
~n
o

0 0 20
T T T | 1 T ] T 1 1 T
\ | L rore-arT
ATHWARTSHIPS /\
I TN N N [ T Y SN SO S I | I
1 1 1 1 T T

o—T—T"T"T7

FORE -AFT
SHADED

| ATHWARTSHIPS
SHADED

ATTENUATION,

A

0 LR

FORE-AFT
UNSHADED

| ATHWARTSHIPS
UNSHADED

40

FIG. 2. Sea Beam transmit/receive geometry. Theoretical beam pattern cross sections are computed in the athwartships vertical plane centered on the array
and in the vertical plane through the ship’s fore-aft axis. The transmit beam pattern (a) spans 54 deg athwartships by 2% deg in the fore—aft direction. The
receive beam pattern (b) is 20 deg wide in the fore-aft direction by 23 deg athwartships. Sixteen such beams are formed by steering the receiving hydrophone
array athwartships between + 20 deg of incidence at 24 deg intervals. The effect of Dolph—Chebyschev amplitude shading is shown for both arrays with Sea
Beam’s design criterion of 30-dB sidelobe attenuation. A cartoon (c¢) shows the angular relationship between the mainlobes of the transmit and receive beam

patterns. Their intersection is represented by 16 “squares” 23 deg on a side.
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—030 -20 -10 0 10

20 30

ATTENUATION,

the beam patterns. This convention will be kept in the fol-
lowing.

The receive array consists of 40 elements arranged ath-
wartships in a V-shaped array symmetrical about the ship’s
keel. The outputs of these elements are amplitude shaded
(Dolph—-Chebyschev shading) for sidelobe control, and the
resulting beam is steered phasewise to form 16 preformed
beams spaced 2% deg apart between + 20 and — 20 deg of
incidence. Each beam is 23 deg wide in the athwartships di-
rection and 20 deg fore—-aft [Fig. 2(b)]. The comparatively
wide beam width in the fore-aft direction is meant to accom-
modate pitch angles of + 10 deg for no pitch correction is
performed on the receive array. Note also that each of the
preformed beams has sidelobes pointing in the direction of
(but not necessarily aligned with) the mainlobe of all the
other beams (Fig. 3). As will be shown in the following, this

10 w
8J,
| | SIDE LOBE

6T .
(2]
o
>

4__

2_.

,-'/ -
Y l
5-&
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FIG. 3. Preformed beams. Four out of the
sixteen preformed beams are displayed to
show how sidelobes from each beam “look”
into the direction of the mainlobe of all the
others. The sidelobe contributions to the 16
bottom echoes received each ping can be
seen in Fig. 4.

fact is significant when dealing with echo envelopes of the 16
preformed beams. For a broader description of the Sea Beam
system, the reader is referred to a comprehensive review by
Renard and Allenou.??

B. Sea Beam digitized echo envelopes

Figure 4 illustrates a typical set of echo envelopes as
they appear at the output of Sea Beam’s echo-processor re- -
ceivers. Each envelope corresponds to the return on one of
the 16 preformed beams numbered 1-8 from the center of
the ship out, on both port and starboard. These data have not
been roll compensated; therefore, the ship’s center line does
not necessarily lie on the true vertical. The ridge of synchro-
nous returns corresponds to energy from a strong return in

BOTTOM FIG. 4. Acoustic signal envelopes of the
16 preformed beams at the output of Sea
Beam’s echo processor receivers. Time is
in seconds after transmission. Signal am-
¢ plitude is in volts corrected for acoustic
A transmission loss by a time-varied gain.
In this display, the data have not been
corrected for ship roll or receiver gain.
The ridge of synchronous returns is the
sidelobe response to a strong return in
the near-specular direction (STBD
beam # 1 in this figure).
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the near-specular direction leaking into the sidelobes of all
the other beams (e.g., starboard beam #1 in this figure). The
term near-specular is used here to indicate that because Sea
Beam receives with discrete beams, the return may be within
23 deg of the specular direction. Likewise, in the following,
nonspecular beams refer to those beams which are not within
2% deg of the specular direction. In its current mode of oper-
ation, the Sea Beam echo processor digitizes these echo enve-
lopes and applies ray bending, roll, gain, and sidelobe correc-
tions. A time of arrival is then determined at the center of
mass of each of the corrected echoes and is converted into a
depth and a cross-track distance. These are, in turn, logged
on magnetic tape, as well as recorded on paper as a bathy-
metric contour chart. No further use is made of the echo
signals, which are then discarded. In an effort to preserve
these echo signals for analysis, MPL built a parallel acoustic
data acquisition system to record digitally data such as those
of Fig. 4, along with a time-varied gain and the ship’s roll
angle. In this paper, some of the envelope data collected with
the MPL system suffer amplitude clipping due to saturation
in both the data acquisition system and the Sea Beam echo-
processor receivers. The saturation in the receivers occasion-
ally disrupts Sea Beam’s echo processing, resulting in spur-
ious depth measurements. Likewise, because the echo
processing is done on the envelope of the signals, the system
cannot differentiate between sidelobe response and bottom
return when the two overlap (e.g., beam #2 in Fig. 4). Im-
proper depth determination and bathymetric artifacts result.
Such bathymetric artifacts have been analyzed in detail else-
where,?® and we shall not repeat the discussion here. Never-
theless, this sidelobe interference constitutes a serious hin-
drance when analyzing signal envelopes where sidelobe and
bottom return overlap. To tell them apart requires phase
information which is not available in our present data set.

C. Data reduction

Owing to the limitations outlined above, the acoustic
data recorded from Sea Beam were reduced to be analyzed in
two ways. The first approach concentrates on the statistics of
the peak amplitude in the near-specular direction; the sec-

ond deals with both angular dependence and statistics of
total energy in nonspecular beams. To overcome the satura-
tion problem mentioned above, the mean sidelobe response
was used to retrieve the peak amplitude of the near-specular
returns that appeared clipped. The method assumes that the
ratio of the near-specular peak amplitude to the correspond-
ing mean sidelobe response is approximately constant from
ping to ping, and that most of the variability in this ratio is
due to (1) the slight misalignment of sidelobes with the
mainlobe of the near-specular beam (Fig. 3), and (2) the
roll of the ship. For simplicity, only data collected over near-
ly flat seafloor (slope angles less than 23 deg) were used in
this exercise, since, owing to the acoustic geometry, no
specular backscatter is to be expected from bottoms sloping
up or down. To avoid bias from bottom returns, the mean
sidelobe response was computed as the arithmetic mean of
the peak values of sidelobe contributions well separated from
the bottom returns. As an example, beams number port 8-3
and starboard 4-8 would qualify in Fig. 4. By working on
nonclipped data, this mean was then compared with the am-
plitude of the corresponding near-specular peak by comput-
ing their ratio.

From an ensemble of over 400 such ratios the mainlobe
to sidelobe ratio is 17.80 (25 dB) with a standard deviation
of 2.14. This value is in agreement with what Dolph?* pre-
dicted for his amplitude shading method. It is, however, 2 to
3 dB lower than the level measured by Renard and Allenou®?
(27-28 dB) on a different Sea Beam system. But, because
their measurements were done on only two preformed
beams, it is reasonable to expect the level obtained by averag-
ing over ten beams to be lower.

The ping-to-ping variations of the near-specular peak
were then inferred from the variations of the corresponding
mean sidelobe response using the same method. When the
sidelobe response had insufficient signal-to-noise ratio, the
near-specular return was not clipped so its peak amplitude
was used to compute the mean sidelobe level by subtracting
25 dB. Results of this method are illustrated in Fig. 5.

Because of the time stretching evidenced on the nonspe-
cular returns (Fig. 4), their description is more appropri-
ately based on total energy than on peak amplitude. To es-

FIG. 5. Variations in the amplitude of
the near-specular return which is
clipped in the recorded data [(a), top]
are recovered from the corresponding
mean sidelobe response [ (a), bottom].
Each data point corresponds to one
ping. The cross covariance between
these two time series, excluding the
clipped portions, is shown in (b), where
successive lags are successive pings. The
mean sidelobe response was found to be
25 dB below the near-specular return.
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tablish a common reference between pings, the 16 beams are  noise in an equivalent window. This way a fixed window size
roll compensated and put into a set of beams 27 deg apart,  can be used for all beams.

_one of which is centered on the true vertical. Each roll-com- As no accurate calibration exists for the Sea Beam sys-
pensated beam is obtained by linear interpolation between  tem from which these acoustic data were recorded, the fol-
the two adjacent unstabilized beams. Ideally, a ray-bending  lowing results are given in relative units.
correction should also be applied. However, errors resulting
from the omission of this correction are small at the steep
angles of incidence considered here and are inconsequential lil. RESULTS AND DISCUSSION
in the scope of this paper. Again, roll-compensated beams Given that variations in bottom type and bottom rough-
for which sidelobe response and bottom return overlap are  ness are the main factors in the nature of the fluctuations of
disregarded. The total energy in a return is then computedas  the acoustic backscatter from the seafloor, data from three
the difference between the mean-square amplitude (signal  geologically different areas have been analyzed to determine
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FIG. 6. Manganese nodule area: synopsis of Sea Beam data. Upper left: bathymetry for one swath of Sea Beam. The depth scale in meters is shown with a
vertical exaggeration of 10 and its origin is at 4600 m. The distance across and along track are in kilometers. Across track, a vertical bar indicates the position
of normal incidence. The terrain has a very gentle undulation along track. Upper right: along-track variations of peak amplitude in the near- ar
direction ( ~0 deg incidence) and of total energy at about 13-deg incidence. Plots have been low-pass filtered by averaging over five pings. The coefficient of
variation (standard deviation/mean) shows the variability in the data for each of the three angles of incidence. Lower: partial angular dependence of total
energy and its variations along track are displayed in both left and right view. The center portion (between +- 5 deg incidence) has been left out because of
sidelobe interference and saturation in the data. The notch seen on the outer starboard side is probably a system-related artifact, for it is found to some extent
in all the recorded data.
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FIG. 7. Representative Deep Tow bottom photographs taken in the manga-
nese nodule field. They show the contrast between a relatively dense cover-
age of manganese nodules (a) and bare mud (b).

possible to tell these areas apart from analysis of the acoustic
data alone, our acoustic data base is too small and incom-
plete to identify them, and we use ground truth from inde-
pendent measurements to validate the acoustic measure-
ments made with Sea Beam.

The three areas investigated are: (1) a manganese nod-
ule field in the North Eastern Tropical Pacific (15°N,
125 °W) for which there are bottom photographs taken with
MPL’s Deep Tow instrument package,* as well as box core
data; (2) a sedimentary environment in the North San Cle-
mente basin ( ~ 150 km southwest of San Diego, CA) with
Deep Tow bottom photographs in the general area; and (3)
a lava sheet flow on the crest of the East Pacific Rise around
10 °N with supporting data from the Lamont—Doherty Geo-
logical Observatory Sea MARC I sidelooking sonar®® and
bottom photographs.

For each area, a composite figure (Figs. 6, 8, and 10)
has been assembled to give a synopsis of the Sea Beam data.
Sea Beam bathymetry is shown in a three-dimensional view
of a single swath, as a mesh of instantaneous cross track
depth profiles, low-pass filtered along track and displayed
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with a vertical exaggeration of 10. The acoustic data are pre-
sented as along-track variations of relative peak amplitude in
the specular direction and relative total energy for nonspecu-
lar beams. As described in Sec. II, the peak amplitude infor-
mation has been recovered from sidelobe data, and the ener-
gy has been calculated only for nonspecular beams where
bottom return and sidelobe response were well separated. In
all displays, the data have been low-pass filtered with a run-
ning mean averaging over the number of pings necessary to
traverse a single beam footprint (2% deg < 2 deg) on the sea-
floor at the depth considered. A coefficient of variation,
which is simply the standard deviation normalized by the
mean over the averaging interval, is also displayed to give a
measure of the variability in the data. Finally, partial angu-
lar dependence profiles of total energy are stacked and low-
pass filtered along track to show trends in the backscattered
acoustic energy both along and across track. The central
portion of the angular dependence of total energy has been
purposely left out because of our inability to remove the side- '
lobe contribution contaminating the returns closest to the
specular direction without seriously degrading the returns
themselves.

In the following discussion, we assess how much can be
learned about a portion of seafloor surveyed with Sea Beam
by analysis of the acoustic backscatter it receives. We consid-
er successively the system’s ability to delineate acoustic
boundaries, the use of an angular dependence function of
backscattering to differentiate between various types of sub-
strate, and the potential for estimating the microroughness
of the bottom.

A. Mapping acoustic boundaries

Because most statistical analyses of the backscattered
sound field are based upon the assumption of a homogeneous
(stationary) scattering surface, it is important to be able to
isolate seafloor areas for which this assumption holds. To
this end, we define an acoustic boundary as the place where a
marked change in trend appears in the acoustic data. With a
multibeam system, such trends can be followed both along
and across tracks, given that it is possible to correct for bot-
tom slope in both directions. In this paper, we simplify the
problem by limiting ourselves to nearly flat portions of sea-
floor.

1. Manganese nodule area \

In a previous paper,?® we used the variations in ampli-
tude of the specular beam alone to infer manganese nodule
coverage over a well-documented nodule mining site. Al-
though the estimates of coverage were crude, they were in
very good qualitative agreement with estimates of coverage
derived from Deep Tow bottom photographs of the same
area. Our ability to correctly identify bare mud patches,
areas sparsely covered with nodules, and areas densely cov-
ered throughout the mining field was a good indication that
acoustic boundary mapping is feasible with Sea Beam. Here,
we extend the analysis to nonspecular beams.
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FIG. 8. North San Clemente Basin: synopsis of Sea Beam data. Layout and scales are the same as in Fig. 6. The origin of the depth scale is at 2000 m. Depth is
shown with a vertical exaggeration of 10. A small step ( ~ 10 m high) runs diagonal to the swath around the 1-km mark along track. Plots of amplitude and
total energy data have been low-pass filtered by averaging over 22 pings. The small step in the bathymetry appears in the amplitude data (arrow) as a marked
dip in amplitude. The gap in the center portion of the angular dependence of total energy is larger in this figure than in Fig. 6 because, as the water depth
decreases, so does the time separation between arrivals on individual beams. As a result, the sidelobe interference affects more beams.

As shown in Fig. 6, the portion of seafloor considered is
nearly flat, and the average depth is about 4500 m. At this
depth, the Sea Beam transmits every 8 s and, since the ship
was moving at ~5 m/s (10 kn), the spatial sampling inter-
val is roughly 40 m along track. By comparison, the diameter
of the vertical incidence footprint is about 200 m, so that it
takes five pings to traverse a footprint. This number was used
as the averaging interval in the low-pass filter of the data for
the area.

With this averaging, the peak amplitude of normal inci-
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dence (0 deg) returns is seen to fluctuate around a mean
level of about 15 dB between 0 and 6 km and then drop
sharply beyond the 6-km mark (Fig. 6). A similar trend,
although much better defined, is seen in the mean total ener-
gy. For reference, + 13-deg incidence corresponds to a dis- -
tance across track of + 1 km from the vertical incidence
point. The drop in level is clearly seen in both port and star-
board plots, but it happens ~ 1 km further along track (7-
km mark) on the starboard side. It can be followed also on
the stacked profiles of total energy, where it is seen to run
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FIG. 9. Deep Tow bottom photograph taken in the North San Clemente
basin. The sediments appear relatively smooth with occasional animal gen-
erated boreholes and craters, and numerous worm tracks.

diagonal to the ship’s track. This diagonal therefore defines
an acoustic boundary.

Deep Tow bottom photographs taken along the same
track show that this boundary is associated with a rapid
transition between dense nodule coverage [Fig. 7(a)] and
bare mud [Fig. 7(b)]. In this case, the change in bottom
substrate from nodules to mud, rather than their relative
roughness, seems to be the dominant factor in the back-
scattering process. Also, it is interesting to note that, in this
area, nonspecular beams energy is better suited for acoustic
boundary mapping than peak amplitude in the specular re-
turn. The peak amplitude data shown in Fig. 6 seem to be
more sensitive to small variations in bottom slope and to
potential bottom focusing effects, and would therefore re-
quire more averaging to bring out the underlying trend read-
ily observable in the energy data of nonspecular beams.

2. North San Clemente basin

The portion of Sea Beam data considered in Fig. 8 corre-
sponds to a flat area around 32° 30'N, 118° 10'W. The bathy-
metry shows a small diagonal step rising 10 m over 150 m,
and the average depth is 1900 m. At this depth, Sea Beam
transmits every 4 s. In this instance, the ship speed was about
1 m/s (~2kn), yielding a sampling interval along track of
roughly 4 m, so that 22 pings are necessary to transverse the
length of a vertical incidence footprint (88 m). This number
of pings was therefore used as the averaging interval to low-
pass filter the data.

Because this averaging interval is large, the profile of
normal incidence peak amplitude data appears relatively
smooth, with less variability than that of Fig. 6. No major
trend changes are observable in this profile (Fig. 8). The
drop in amplitude (arrow) around the 1-km mark is most
likely due to the small bathymetric step. The uniformity of
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this portion of seafloor is confirmed by the mean total energy
data, even though a small undulation with a 1.5-km wave-
length is noticeable on both port and starboard. This trend is
most marked at 13-deg incidence to port. Distances across
track are 440 and 545 m from the vertical incidence point at
13-deg and 16-deg incidence, respectively. As seen in the
stacked profiles of total energy, the undulations on port and
starboard are not symmetric with respect to vertical inci-
dence, but appear to be offset diagonally from each other in
roughly the same orientation as the bathymetric step. A ten-
uous acoustic boundary can then be defined on this Sea
Beam swath as a patch of higher backscatter extending 1.5
km along track and trending diagonally across track.
Owing to the complex nature of sedimentation patterns
in this area, it is difficult to relate the patchiness observed in
the acoustics to geological processes. Sediments of the San
Clemente basin are of both turbidite and pelagic origin and
contain mostly fine grained sand and muds (biogenic and/or
micaceous).?”?® Deep Tow bottom photographs taken in the
vicinity (Fig. 9) show a smooth sedimentary bottom with
evidence of intense animal activity (worm tracks and feces,
holes, and craters, etc.) so that bioturbation must play a
major role in the vertical distribution of sediments. Several
speculations can be made to account for the acoustic bound-
ary observed. It could be due to a patch of seafloor where
sand has been bioturbated with the overlying mud, thereby
enhancing its backscattering properties. A thinning of the
surficial mud layer over sand would have a similar effect.
Another possibility is a change in the fine-scale roughness of
the bottom as a result of animal activity, higher back-
scattered energy corresponding to a rougher interface. More
data (subbottom profiles and/or cores) are necessary to de-
termine whether roughness or bottom type or a combination
dominates the backscattering process in this area.

3. Rise crest environment

The acoustic data presented in Fig. 10 correspond to the
section of bathymetry delimited by the arrows. In those
bounds, the seafloor is nearly flat, with an average depth of
2560 m. With a 6-s ping rate and a ship speed of about 1 m/s,
the along-track sampling interval is 6 m (compared to a foot-
print 120 m in diameter), and the averaging interval used for
low-pass filtering of the data is 20 pings.

The same smoothing effect of large averaging intervals
noted in the San Clemente basin data is seen here. However,
peak amplitude variations are relatively higher indicating a
greater variability in the raw data. Small trend changes over
along-track distances 1 km or less are noticeable in the peak
amplitude as well as in the total energy data. They can also
be followed in the stacked profiles of total energy, which
show no along-track symmetry about vertical incidence. In
this case, relation of the acoustic data to the geological pro-
cesses is facilitated by the uniqueness of the area and the
availability of independent measurements made simulta-
neously with the Sea MARC I system.

This region of the East Pacific Rise around 10° 05'N is
characterized by nearly flat-lying basalt sheet flows covering
anarea over 10 km long and 3 km wide on the rise axis.” A 5-
km segment from this area imaged with the Sea MARC I
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FIG. 10. Lava sheet flow on the crest of the East Pacific Rise: synopsis of Sea Beam data. Layout and scales are identical to those of Figs. 6 and 8. The origin of
the depth scale is at 2700 m. The acoustic data displayed correspond to the section of bathymetry ( ~2.7 km long) delimited by the arrows. In this section, the
bathymetry is nearly flat. For compactness of this figure, the origin (0) of the vertical axes for the acoustic data is not shown; however, the scale is the same as

in Figs. 6 and 8.

side-looking sonar system is shown in Fig. 11(a). On this
image, acoustic shadows are white and intense backscatter is
black. A line drawing [Fig. 11(b)] of this image indicates
fissures and flow channels observable in the sidescan data as
well as in the area covered by the Sea Beam acoustic data
considered here (dotted line). The basalts are fresh as evi-
denced by their glass coatings and the paucity of sediment
seen in bottom photographs in the area [Fig. 11(c)].
Patches of benthic organisms seen in the bottom photo-
graphs and temperature measurements also indicate that
this region of the rise axis is hydrothermally active.?®

The distribution of flow channels outlined inside the
dotted line [Fig. 11(b) ] coincides remarkably well with the
pattern seen in the total-energy profiles (Fig. 10) at + 13-
deg incidence ( ~ 590 m across track from the point of verti-
cal incidence). Total energy is high between flow channel
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zones and drops upon crossing the zones. These flow chan-
nels appear in the sidescan image [Fig. 11(a)] as a lighter
shade of grey than their surroundings, indicating reduced
backscattering properties. Because this portion of seafloor is
uniform in type (basalts) and nearly flat, the change in back-
scattering properties is most likely due to a change in the
microroughness. We therefore conclude that in this area the
acoustic backscatter is dominated by bottom microrough-
ness.

B. Angular dependence

Having isolated acoustically homogeneous areas of the
seafloor by defining acoustic boundaries, one would like to
use the acoustic data to identify the type of bottom within
each area. Because Sea Beam measures acoustic backscatter
simultaneously at 16 angles of incidence spaced 2% deg apart
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FIG. 11. Sea MARC I side looking sonar image of the lava sheet flow (a). The swath covered by Sea Beam is delimited by the dotted line. On this image,
acoustic shadows are white, and intense backscatter is black. Fissures and flow channels observable in this image are outlined in (b) where distance along
track originates at the same location as the 0-km point of the acoustic data in Fig. 10. The arrow points to the location of the bottom photograph (c).

(usually over + 20 deg from vertical when the ship is not
rolling), a discrete angular-dependence function is readily
obtainable. This function is a potential criterion for differen-
tiating between bottom types.

As mentioned previously, it has not been possible to ob-
tain the complete angular dependence from the data present-
ed here because of saturation and sidelobe interference. As a
result, only the tails of the function are shown in Fig. 12 for
the three types of seafloor considered. In this figure, the lev-
els indicated correspond to the relative total energy mea-
sured at each angle over flat, acoustically homogeneous re-
gions and corrected for transmission loss.
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The tails of these three angular-dependence functions
are mostly remarkable for the differences in their relative
energy levels. Hemipelagic sediments (sand and mud) ap-
pear to be about 10 dB above nodules and 10 dB below ba-
salts. Although very few deep sea data in the kilohertz range
exist in the literature, these relative levels are in general
agreement with comparable measurements in coastal loca- -
tions summarized by Urick.*® In spite of the very different
nature of the three areas considered, the shape of their par-
tial angular-dependence function is similar (Fig. 12), and,
therefore, cannot be used to identify them. Consequently, in
our data, the overall difference in levels between the bottom
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FIG. 12. Angular dependence of total backscattered energy. The tails of the
angular dependence function shown here for the three types of seafloor con-
sidered are remarkable for the differences in their energy level. However,
their shapes are too similar to tell them apart on that criterion alone. Verti-
cal bars represent 1 s. d. about the mean value. The label “nodule/mud”
corresponds to dense nodule coverage over a mud substrate; “sand and
mud” indicates hemipelagic sediments found in the North San Clemente
basin; and “rock” refers to basalts from the lava sheet flow on the East
Pacific Rise at 10° N.

types is the only tangible criterion available on which to sep-
arate them. However, we are missing the information con-
tained in the beams near normal incidence, which, when ex-
pressed as the ratio of the specular backscattered energy to
that of the adjacent nonspecular beams could prove a good
indicator of the nature of the bottom.

To confirm this, a modification of the MPL Sea Beam
acoustic data acquisition system is in progress to record both
amplitude and phase of the backscattered signals. Sidelobe
interference can then be removed without degrading the bot-
tom return to produce a complete angular dependence func-
tion.

C. Estimates of surface statistics

In the present data set, we are restricted to echo enve-
lope statistics for estimating parameters of the rough surface
such as rms roughness and correlation area. For small to
moderate relative roughness (4x°0°<1), these parameters
are directly related to the shape of the pdf of normal-inci-
dence echo envelopes through the ratio ¢ of coherent to inco-
herent energy in the echo [Egs. (9) and (10) ]. Estimates of
y are obtained by fitting a Rician distribution [Eq. (11)] to
the histogram of normal incidence echo peak amplitude.
This method has the advantage of being independent of sys-
tem calibration. Therefore, peak-amplitude variations re-
covered from sidelobe levels (e.g., Fig. 5) can be used to
produce a histogram. Three such histograms for the three
areas under consideration are shown in Fig. 13. The overly-
ing curves represent the “best” fit, in a chi-square goodness
of fit*! sense, of a Rician distribution to the corresponding
values of y. The fit is not good in all three cases and a differ-
ent distribution (e.g., extremal pdf)>? may yield a better fit;
however, the Rician distribution is the only one which re-
lates to physical parameters. It is used here for this reason.
The three areas yield markedly different values of ¥, indicat-
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FIG. 13. Probability density functions of peak amplitude in the near-specu-
lar returns for the three types of seafloor. (a) Manganese nodule area; (b)
sediments in the North San Clemente basin; and (c) lava sheet flow on the
crest of the East Pacific Rise. Histograms are from Sea Beam data. Superim-
posed curves represent the corresponding *“best” fit of a Rician pdf with the
parameter ¥ holding the values indicated in each case.

ing differences in their roughness structure. We can estimate
the rms roughness of each area from the bottom photo-
graphs and calculate an approximate correlation area by us-
ing Eq. (9) and the values of ¥ given in Fig. 13. With Sea
Beam, x = 27/A~51 and A¢ = Ay = 2% deg so that at nor-
mal incidence @ = f~2.8 in Eq. (9).

In the manganese nodule area, ¥ = 0, indicating an infi-
nitely rough surface according to Eq. (9). In fact, the rms
roughness estimated from box cores and bottom photo-
graphs is about 2 cm,? and 4<%0* = 4.15 > 1 so that the as-
sumptions leading to Eq. (9) are violated. The surface can
therefore be considered rough for our purposes. By compari-
son, ¥ = 4 for the North San Clemente basin dataand y = 18
for the basalt sheet flow, indicating relatively smoother sur-
faces. With these two values of ¥, Eq. (23) yields
0’11, =2.03 1075 m* and 4.5 10~% m*, respectively. If o
were the same for both regions, the correlation areas (/,/,)
would differ by a factor of 5, making it possible to tell the two
types of bottom apart. Using the roughness (2 cm) in the
nodule area as a photographic reference scale, it is reasona-
ble to assume o < 1 cm for the two other regions. This yields
a lower bound on the correlation area of 0.203 m? in the San
Clemente basin and 0.045 m? on the basalt sheet flow.
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Both correlation areas support the assumptions which
lead to Eq. (9). In the San Clemente basin, the Gaussian
assumption is justified because the surface microroughness
is due mostly to animal activity and is therefore randomly
distributed with many irregularities within the ensonified
area. These irregularities are most likely isotropic so that
l,~1,~45 cm. In the rise-crest data, the irregularities are
presumably anisotropic. By analogy with current generated
ripples, roughness in the direction perpéndicular to the flow
of lava probably has a longer correlation length than rough-
ness parallel to the flow which is typically characterized by
linear wrinkles [Fig. 11(c)]. From bottom photographs
taken in the general area, the spacing between wrinkles ap-
pears random, giving some justification for the Gaussian as-
sumption. The limiting values required to satisfy
al? +Bl2 =1 in Eq. (7) given that /,/, = 0.045 m? are
1,~60 cm and /,~7.5 cm. Although the value of the correla-
tion area (/,/,) is based on an empirical estimate of the rms
roughness o, the values obtained for /, and /, are consistent
with the general roughness character observed in the area. It
follows that in the limit 4k 20 <1 (rms roughness of the or-
der of 1 cm or less at 12 kHz), two seafloor environments
with the same rms roughness can be differentiated by their
correlation area.

IV. CONCLUSIONS

Deep seafloor acoustic backscatter data measured with
a Sea Beam system have been shown to hold a wealth of
information on the nature of the seafloor surveyed. Acoustic
boundaries are mapped over flat areas by following trend
changes in acoustic data (peak amplitude at normal inci-
dence and total energy otherwise) both along and across
track. Clues to the nature of the bottom are found in the
overall energy level of a partial angular-dependence function
of backscattering as well as in the shape of the pdf of normal-
incidence echo envelopes, which is related to the degree of
coherence in the backscattered acoustic field.

Data from three geologically different environments (a
manganese nodule field, a hemipelagic sedimentary basin,
and a rise-crest basalt sheet flow) have been analyzed and
validated with independent measurements (bottom photo-
graphs and side-looking sonar data). The backscattering
process seemed to be more sensitive to bottom type in the
manganese nodule area, to bottom roughness in the rise-
crest data, and to a combination of both in the sedimentary
basin. Total energy in the partial angular-dependence func-
tion was highest for basalts on the rise crest; it was roughly
10 dB lower for hemipelagic sediment in the San Clemente
basin and another 10 dB lower for manganese nodules.

" The shape of the pdf of echo envelopes was indicative of
a rough surface in the manganese nodule area, and of
smoother surfaces in the two other environments. This was
confirmed by bottom photographs. When given the same
roughness, the sedimentary basin and the rise-crest sheet
flow were found to have quite different correlation areas. For
small roughness (4k 20*<1) the correlation area is therefore
a useful parameter to differentiate between seafloor types
having the same roughness.
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APPENDIX A
From Eq. (1) in the text, the mean-square pressure is

(p*) =B? j j f Dy(expl2ic(¢ — £7)1)dx dy dx’ dy,

with
D, =D,D exp 2j{a(x —x') +«/2R,
X [(x*> —x"*)cos? 6 + y*> — y'*1}. (Al)

The average within the integral is the joint characteristic
function of { and £’. Similarly,

@)= () (p*)

+ o
- B%HD«exp 2jet Y (exp( — et ") dx dy dx’ dy

(A2)

so that the mean-square second moment of p is
+ o
=81 [ [ [Dulern 26— £)

— (exp 2jc ) (exp( — ZJC§ ))1dx dydx' dy'.
(A3)

Using a Gaussian illumination function for D,

Dy =exp( —x*/X%*—y>/Y?), (A4)
where X and Y are the semiminor (respectively major) axes
of the ellipse outlined by the intersection of the mainlobe of
the beam pattern and the scattering surface.

For beamwidths Ay and A¢ in the x and y directions,
respectively, we have

X =Rsin Ay/cos 8, Y =R sin Ag, (AS)

where @ is the angle of incidence of the beam. We assume
spatial stationarity for the surface which means that the joint
characteristic function of { and §’ depends only on the dis-
tance between points on the surface through £ = x — x’ and
7 =y — ', and that the correlation function depends only
on § and 7: C = C(§,n). Then, with the change of varia-
bles,>$
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x=x"+4£/2, x'=x"—-£/2,
y=y"+n/2, y=y"—n/2 (A6)

substituting (A6) and (A4) into (A3) and integrating over
x" and y” yields

(s?) =Bzf D, [(exp 2ie(¢ —£)

— (exp 2jc§ ) {exp( — 2jc§ ")) 1d€ dn,
with
BinXY _ B’R%’XY
2 87R % cos® 6
D, = exp[ — (2aj + 2£* + Bn™)],

_ 1 (X?%%cos*d 1 _1
_2( R:2 +X2)’ ﬁ_z(

B,=

K2
pe e, )
R: Y?
(A7)
Under the assumption of a normally distributed surface
roughness, the characteristic and joint characteristic func-
tions become*?

(exp 2jef ) = exp( — 2¢°0%),
(A8)
(exp 2je(& — ¢ ")) = exp{ —4c’?[1 — C(§,m 1},
where ¢2 = «? cos? 6, so that
(p)? = (B,m/Ja B) exp( — 4’0 — a*/a), (A9)

and

+ o
(5% =B2I D,{exp[4c’d*C(£,m)] — 1}dEdy.  (A10)

Hence, we get the result

-1 _ (S2>/<p)2
_JaB
T

exp(Z )f [exp — (20 + a? + Br)]

><{exp[4c202€(§,77)] — 1}dé dy, (A1)

which relates the degree of coherence of the backscattered
field to the parameters of the rough surface o and C.

This result is general in the sense that no limitations
have been imposed on the wavelength of the sound radiation
or equivalently on the length scale of the surface roughness.
We have only assumed that the surface satisfies the Kirch-
hoff boundary condition, which requires there be no sharp
edges on the scattering surface. We have also assumed that
the roughness is normally distributed and that it is spatially
stationary by casting the correlation function C as a function
of the distance between points on the surface [C(£,77)]. Al-
though the applicability of such statistical properties to the
ocean floor may seem questionable, especially with regard to
stationarity, they are useful in reducing the foregoing inte-
grals to more manageable expressions.

Outside of normal incidence, the coherent component of
backscattering is likely to be small or negligible compared to
the incoherent component, so that ¢ will tend to zero. Nor-
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mal incidence is more interesting in that both components
are then equally likely to dominate, depending on the type of
rough surface, and there is a direct relationship between ¥
and the shape of the pdf of normal incidence echo envelopes.

APPENDIX B: ENVELOPE DISTRIBUTIONS

For surfaces rough compared to an acoustic wave-
length, the phase of the backscattered echo is, to a good ap-
proximation, distributed uniformly over the interval (0,27),
and the set of pressures received can be assumed to be nor-
mally distributed with variance 0. From the central limit
theorem, this approximation is better as the set gets larger
( ® 30). Under such conditions, the amplitude E of the echo
has been shown'®!® to be Rayleigh distributed with a pdf:

W(E) = (E /0% )exp( — E?*/202). (B1)
The various moments of E are, by definition,
+ oo
(E") = E"W(E)dE, (B2)

—

from which, after substitution of Eq. (B1), we obtain the
second moment,

(E?) =207 (B3)

The Rayleigh pdf can then be expressed in terms of the am-
plitude of the echo envelope E and its mean-square value
(E?), two quantities readily measurable in our data:

W(E) = (2E /{E*))exp( — E*/(E?)). (B4)

The generalized Rayleigh distribution or Rice distribution'®
has been used also to describe the effects of coherent scatter-
ing on the pdf of the echo envelope.'®!? In this case, the
backscattered pressure wave is considered as the sum of a
coherent component of rms value A4 and an incoherent com-
ponent normally distributed with variance oﬁ, respectively
analogous to the sine wave and the narrow-band Gaussian
noise of the original Rician distribution.

The corresponding echo envelope E is distributed with a

pdf:

_E_exp(_E+A )I(EA) Eo0
W(E) ={ o2 27 )\ ) 2%

0, otherwise,
(B5)

where I, is the zeroth order modified Bessel function. Re-
membering Eq. (B2), the moments of E are given by

2
<E">—(2a2)"/2r( +1),F,( LN ;02).
" (B6)

For even-order moments, the confluent hypergeometric
function ,F, ( — n;1,nr) is equal to the nth Laguerre polyno-

mial®*
L, (r VI B (B7)
(= ,2’1( i (M2(n— i)
Therefore, the second moment of E is
(E?) =202 + A% (B8)

To express the Rician distribution in terms of readily mea-
surable quantities, it is convenient to define a parameter
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y=4%d2, (B9)

which is the coherent to incoherent power ratio in the echo.
Substitution of Egs. (B8) and (B9) into (B5) yields

_ E _ (2+7/)E2+1/(E2))
WE)=(2+7y) pr( HE?)

XIL,{(E/EH)[y(2+ )12} (B10)

When y«<1, Eq. (B10) tends to the Rayleigh distribution
[Eq. (B4)]; conversely, when > 1, Eq. (B10) tends to a
Gaussian-like distribution:

W(E)~(yX /27(E?))%exp[ — ¥(X — 1)%/2],
with

X=E/(E*'?, (B11)
since I,(Z) tends to (2mZ) ~!/%¢%, when Z tends to infinity.
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