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Non-Rayleigh Acoustic Scattering Characteristics
of Individual Fish and Zooplankton

Timothy K. Stanton, Dezhang Chu, and D. Benjamin Reeder

Abstract—It has long been known that the statistical properties
of acoustic echoes from individual fish can have non-Rayleigh
characteristics. The statistical properties of echoes from zoo-
plankton are generally less understood. In this study, echoes
from individual fish and zooplankton from a series of laboratory
measurements from the past decade are investigated. In the
experiments, acoustic echoes from various individual organisms
were measured over a wide range of frequencies and orientations,
typically in 1 –3 increments. In the analysis in this paper, the
echoes from most of those measurements are grouped according
to ranges of orientation, which correspond to typical orientation
distributions of these organisms in the natural ocean environment.
This grouping provides a distribution of echo values for each
range of orientation. This approach, in essence, emulates a field
experiment whereby distributions of echoes would be recorded
for different distributions of orientations of the organisms. For
both the fish and zooplankton data, there are conditions under
which the echoes are strongly non-Rayleigh distributed. In some
cases, the distribution is quantitatively connected to the physics
of the scattering process while, in other cases, the connection
is described qualitatively. Exploitation of the animal-specific
statistics for classification purposes is suggested.

Index Terms—Acoustic scattering, echo statistics, fish, zoo-
plankton.

I. INTRODUCTION

ACTIVE acoustic methods have long been used to rapidly
and remotely survey marine organisms such as fish and

zooplankton. A critical element in the interpretation of the echo
data is understanding the acoustic scattering characteristics of
the organisms. Models of the scattering, used in combination
with ground truth data such as net tows, can help to provide es-
timates of meaningful biological parameters, such as numerical
density, size, and taxa of the organisms.

A common approach toward acoustically assessing the distri-
bution of organisms is to use a model or measure of the average
acoustic scattering by individual organisms. The average scat-
tering value is combined with the volume-scattering strength of

Manuscript received July 17, 2003; revised December 23, 2003. This work
was supported by the U.S. Navy, by the U.S. Office of Naval Research, by
the National Oceanographic and Atmospheric Administration, and by the
Massachusetts Institute of Technology/Woods Hole Oceanographic Institution
(WHOI) Joint Graduate Education Program in Oceanographic Engineering.
This is Woods Hole Oceanographic Institution Contribution 11064.

T. K. Stanton and D. Chu are with the Department of Applied Ocean Physics
and Engineering, Woods Hole Oceanographic Institution, Woods Hole, MA
02543-1053 USA (e-mail: tstanton@whoi.edu).

D. B. Reeder was with the Department of Applied Ocean Physics and Engi-
neering, Woods Hole Oceanographic Institution, Woods Hole, MA 02543-1053
USA. He is now with the Department of Oceanography, Naval Postgraduate
School, Monterey, CA 93943 USA.

Digital Object Identifier 10.1109/JOE.2004.828208

the water column to obtain average quantities such as numerical
density of organisms, as listed above. Although this is a very
useful and robust approach, it also loses much statistical infor-
mation through the averaging process.

There is information in the statistical characteristics of the
individual echoes related to important features of the organism,
such as size, anatomical group, and orientation distribution. For
example, in the research reviewed by [1], the echo-amplitude
probability density function (pdf) of the echoes from individual
fish is narrow (Gaussian-like) for calm fish and broad (Rayleigh-
like) for active fish whose orientation varied significantly. In the
research of [2], the echo-amplitude pdf was shown to be depen-
dent upon the size of zooplankton; the small-sized zooplankton
produced pdfs that were narrow and Gaussian-like, while the
larger zooplankton produced Rayleigh-like pdfs. MacLennon
and Menz [3] have proposed a method to extract the target-
strength/length relationship from the echo pdf of individual fish.
In the research of [4], the statistical properties of the frequency
spectrum of broad-band echoes from zooplankton had charac-
teristics specific to the particular anatomical group to which the
zooplankton belonged.

While most of the above studies have shown, at least qualita-
tively, that the statistical properties of the echoes from individual
organisms can be non-Rayleigh under important conditions, the
studies were generally not controlled relative to the orientation of
the organisms. Specifically, orientation plays a key role in both
the overall scattering levels as well as the statistical behavior of
the echoes. The orientation distribution of organisms varies with
animal behavior. Furthermore, the orientation of the organisms
relative to the sonar changes with deployment geometry of the
acoustic system (e.g., downlooking versus sidelooking). Given
the variety of organism behavior and deployment geometries,
there is a need to understand the dependence of the statistical
properties of the echoes from individual organisms upon the dis-
tribution of their orientation relative to the sonar.

This paper investigates the orientation dependence of the sta-
tistical properties of acoustic echoes from individual fish and
zooplankton. This analysis makes use of the results of a series
of measurements that have been conducted over the past decade
of the acoustic scattering by the individuals over a wide range
of frequencies and orientations. Generally, the orientation was
varied in 1 –3 increments in one or two planes of rotation.
From these data, the echoes are grouped and binned into his-
tograms for different ranges of orientations. These ranges cor-
respond to important orientation distributions of the organisms
in the natural oceanic environment. The statistical characteris-
tics of the echoes are shown to vary with orientation distribution
and have non-Rayleigh properties under important conditions.

0364-9059/04$20.00 © 2004 IEEE
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Fig. 1. Schematic of scattered rays by various types of organisms;
shrimp, swimbladder-bearing fish, periwinkle, and siphonophore in (a)–(d),
respectively. The fish in (b) contains a swimbladder, as illustrated by the
shaded elongated feature in its interior and the siphonophore in (d) contains a
gas inclusion, as indicated by the top-most scattering feature. In (c), incidence
#1 corresponds to the case in which the scattering is dominated by the echo
from the front interface and inside of opercular opening of the periwinkle and
Incidence #2 corresponds to when the scattering is dominated by the echo from
the front interface and a partially circumnavigating Lamb wave.

In all cases, the statistics of the echoes are related to the physics
of the scattering at least qualitatively, if not also quantitatively.
For example, the echoes are strongly non-Rayleigh when a small
number of scattering features (traceable to the anatomy of the
organisms) dominate the scattering.

The results of this study apply directly to high-resolution
sonars in which the echoes from the individual organisms are re-
solved. For the cases in which they are not resolved, the echoes
from the group echo would be further complicated by the addi-
tive effects of the individual echoes. In addition to the influence
of the physics of the scattering as described in this paper, the
group echo would also depend upon the number of organisms
within a resolution cell as well as their average separation, de-
gree of spatial heterogeneity (i.e., patchiness), and size distribu-
tion (see, for example, [5] and [6]).

II. ECHO STATISTICS OF AN -RAY SCATTERING PROCESS

The acoustic scattering by marine organisms is complex and
only under certain conditions can the echo statistics be simply re-
lated to the scattering physics. Generally, in the geometric scat-
tering region (i.e., wavelengths much shorter than any dimension
of the target), the scattering can be described through a ray repre-
sentation of the scattering (Fig. 1). In this region, each ray is as-
sociated with the scattering by a particular physical feature, such
as an edge, outer surface, or an organ, and will have an asso-

Fig. 2. Envelope pdfs from sums ofn random phase sinusoids, wheren = 2–4
and infinity. Curves based on a combination of equations from [14] and [15].

ciated amplitude and phase, depending on the size, shape, ori-
entation, position, and material property of the feature, as well
as the wavelength of the sound. The total scattered field will be
comprised of the sum of these rays. As the orientation of the or-
ganism changes, so will the amplitude and phase of the rays.

Depending on the type of organism and scattering condition
(such as orientation and frequency), the scattering can be mod-
eled as one or more rays. The resultant echo-amplitude statistics
will vary significantly, depending on how many rays contribute
significantly to the scattering (Fig. 2). Generally, a small number
of rays will result in a non-Rayleigh pdf and a large number of
rays will result in a Rayleigh pdf. For example, a single ray will
result in the delta-function pdf. Two rays will have a bimodal
pdf associated with it. As the number of rays increases toward
six and beyond, the pdf will increasingly resemble the Rayleigh
pdf (Fig. 2).

In certain special cases, there will be a single strong ray super-
imposed upon many weaker rays. The resultant pdf is the Rice
pdf, which tends to a Gaussian (and, eventually, a delta function)
for high ratios of energy of the strong ray to collective energy of
the weaker rays [7]. For low ratios, it tends to the Rayleigh. The
shape of the pdf varies continuously, from that of the Rayleigh
pdf to that of the delta-function pdf, for the full range of the ratios.

III. LABORATORY MEASUREMENTS AND DATA PROCESSING

All acoustic backscattering measurements were performed
in tanks using live individual animals during the period 1993–
2000. Two series of measurements were performed at sea with
a tank on the deck of a ship, using live freshly caught zoo-
plankton. The remainder of the measurements were performed
on land. Over the course of these studies, more than 100 organ-
isms were studied. Four representative cases will be presented
here, involving a low-aspect-ratio hard elastic shelled organism
(periwinkle), two elongated high-aspect-ratio species (fish and
shrimp), and an elongated gelatinous organism with a low-as-
pect-ratio gas inclusion (siphonophore), all of which are illus-
trated in Fig. 1
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Fig. 3. Echo-amplitude histograms (solid) using laboratory backscattering data from an individual periwinkle shell (diameter of a sphere with the same volume is
4.6 mm). Histograms were formed by grouping the echo data from ranges of orientations and from data (animal 97-1) described in [10]. Values of ka range from
0.5 at 52 kHz to 5 at 550 kHz. The Gaussian (curves in the left column) and Rayleigh (curves in the right column) pdfs were fit to the data using a least-squares
approach. The error from the approach is given in an upper corner and 0 corresponds to the acoustic wave incident upon the apex of the periwinkle (point opposite
“winged” section shown in Fig. 1).

The zooplankton measurements involved tanks that were
1.5-m deep and either 2.4 m in diameter or 2.4 m wide by 3.7 m
long. The dimensions of the cubic tank for the fish measure-
ments were 6 m per side. Each setup involved use of one pair
of closely spaced transducers per frequency or frequency band.
One transducer was used as a transmitter while the other was

used as a receiver. Commercial pulse-echo electronics were
used to transmit and receive the echoes. A computer-controlled
signal generator was used to create the various signals that were
fed into a power amplifier that, in turn, applied a high-voltage
signal to the transmitting transducer. The received echo was
first amplified by a preamplifier, then filtered before being



STANTON et al.: NON-RAYLEIGH ACOUSTIC SCATTERING CHARACTERISTICS OF INDIVIDUAL FISH AND ZOOPLANKTON 263

Fig. 4. Echo-amplitude histograms (solid) using laboratory backscattering data from a live individual Alewife (caudal lengths = 22 cm). Broadside corresponds
to dorsal and ventral incidence �15 , end-on corresponds to tail- and head-on incidence �15 , and “all orientations” corresponds to 0 –360 . Rayleigh pdfs
(curves) were fit in the same manner as described in the caption to Fig. 3. The values of ka are approximately 1–2, while kL=2 is about 7–13, where a (=0:5 cm)
is the cross-sectional radius of the swimbladder and L (=7:5 cm) is its length. The histograms were formed from data (Alewife 15) described in [12].

digitized and displayed on a digital oscilloscope that, in turn,
transferred the data to the computer for display and storage.
Gated sine waves were used for the narrow-band transducers,
while linear frequency-modulation signals (“chirps”) were ap-
plied to the broad-band transducers that typically had an octave
bandwidth. All organisms were suspended by thin monofilament
lines, which had negligibly small echoes. The organisms in
the ship-based measurements were suspended by a simple
tether system with little or no control over orientation (orien-
tation was monitored with a video camera). In the land-based
measurements, the tether system was more complex and the
orientation of the organisms was controlled through the use of a
computer-controlled stepper motor. The motor stepped through
1 –3 increments per ping over all angles of orientation in two
planes of rotation. Prior to each measurement and before the
organism was placed in the acoustic beam, the reverberation of
the tank was coherently measured and stored. Once the organism
was placed in the beam, the reverberation was subtracted in real
time from the echo, so that only the echo from the organism
remained (plus random noise). This process of subtraction has
proven to be relatively robust over the decade of experiments
and has routinely removed echoes from the rigid and fixed
structures with rejection ratios of tens of decibels. Details of
the experiments, including calibration, are given in [8]–[12].

In order to emulate the statistical behavior of the echoes that
might be expected in the natural ocean environment,echoes were
grouped within ranges of orientations. These ranges correspond
to the orientation distributions that may be encountered in the
ocean. In all cases, the echo envelope (magnitude of backscat-
tering amplitude) was analyzed. Once grouped, the echoes were
binned to form an echo histogram for that particular distribu-
tion of orientations. For example, for an up- or downlooking
echosounder and a hovering or swimming animal, the orienta-
tions near normal incidence were grouped together. For a side-
looking sonar, all orientations (0 –360 ) were used, since the
orientations would most likely be, over a long enough period
of time, randomly and uniformly distributed. For organisms mi-
grating quickly up- or downward, the orientations near end-on
were grouped together (up- or downlooking echo sounder).

IV. RESULTS

The echo-amplitude histograms showed significant variation
with respect to orientation distribution, animal type, and acoustic
frequency (Figs. 3–6). In many of the histograms, attempts were
made to fit the Rayleigh pdf to the distributions. In certain other
cases, attempts were also made to fit Gaussian and Rice pdfs to
the data. For each organism, there were conditions under which
the histograms were non-Rayleigh. Errors (“err”) between the
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Fig. 5. Echo-amplitude histograms (solid) using laboratory backscattering data from a live individual decapod shrimp (length = 3:0 cm). The histograms were
formed from data (Animal 6) described in [11]. The values of ka and kL=2 are in the approximate ranges of 3–4 and 30–40, respectively, where a (=1:5 mm) is
the cross-sectional radius of the shrimp. Details on the histograms, orientations, and Rayleigh pdf curves given in the caption to Fig. 4, with the exception that the
plane of rotation was the lateral plane and “broadside” is the side aspect.

data and theoretical curves were calculated the same way for
all plots for intercomparison and were displayed in some of the
panels. The errors were calculated by normalizing the sum of the
square of the difference between the data (histogram bars) and
theoretical curve by the sum of the square of the corresponding
points on the theoretical curve.

For the rounded organisms (periwinkles), histograms over a
wide range of frequencies are presented (52–550 kHz; Fig. 3). At
the lowest frequency (52 kHz), the histograms are narrow for all
orientation distributions and sometimes are Gaussian-like.As the
frequency increases, the distributions widen to an intermediate
distribution at120kHzandapproach theRayleighpdfat550kHz.

For the elongated organisms (fish and shrimp), the echoes
generally displayed Rayleigh-like behavior when the orienta-

tions were centered near end-on incidence (middle columns,
Figs. 4 and 5) and for the data involving all orientations (third
columns, Figs. 4 and 5), with the exception of the 500-kHz
data for the shrimp. For orientations near broadside, the dis-
tributions were generally non-Rayleigh for the two organisms
(first columns, Figs. 4 and 5), with the possible exception of
the 600-kHz data for the shrimp. Also, the histograms for the
fish appeared to be bimodal for these orientations (first column,
Fig. 4), with two peaks occurring in each histogram at relative
echo amplitudes of approximately 0.006 and 0.022.

In the case of the gas-bearing zooplankton (siphonophore),
orientation of this very flexible organism was not controlled.
In contrast to the above studies, the statistical characteristics of
the echoes were studied both with and without the gas inclusion
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Fig. 6. Echo-amplitude histograms (upper row, solid) using laboratory backscattering data from a live individual siphonophore (body length = 4:8 cm; diameter
of a sphere with the same volume of gas is 0.85 mm). Acoustic frequency is the 560-kHz component of the broad-band echo. The histograms were formed from
a series of pings in which the organism was freely moving while on a tether in the acoustic beam (there was no control over the orientation). The left column
corresponds to data involving the whole organism, while the right column corresponds to the organism with the gas inclusion removed through dissection. The
bottom row corresponds to simulations: Right plot—many random-phase rays to describe the tissue scattering without gas. Left plot—the tissue rays added to a
single constant ray to describe the scattering by the tissue and gas. The solid curves in all plots are the Ricean pdfs, while in the left column it has a Gaussian-like
appearance and in the right column it has become the Rayleigh pdf. The value of kL=2 is about 55 (from [9]).

present. The measurements show that the echoes from the whole
organism are non-Rayleigh. Once the gas inclusion is removed
and only the elongated body tissue remained, then the echoes
were Rayleigh distributed (Fig. 6).

V. INTERPRETATION IN TERMS OF SCATTERING PHYSICS

The statistics of the observed echoes from the various organ-
isms can be related, at least qualitatively, to the dominant scat-
tering processes associated with them. Because of the differ-
ence in types of organisms (e.g., low- and high-aspect ratios)
and types of data collected (a wide range of frequencies for
some, but not all, organisms), the interpretation of the data is
organized as follows. All combinations of a wide range of fre-
quencies and orientation distributions for the low-aspect-ratio
target (periwinkle), three different orientation distributions at an
intermediate-to-high set of frequencies for the high-aspect-ratio
targets (fish and shrimp), and the special case of the gas-bearing
zooplankton (siphonophore) with and without the gas (through
dissection).

A. Low-Aspect-Ratio Target

Given the rounded shape of the periwinkle, the analysis is
organized according to frequency regime, rather than orienta-
tion. The full frequency range is explored, ranging from low
frequency, where , to high frequency, where
(the intermediate frequency case involves values of ).
Here, ( is the acoustic wavelength) is the acoustic
wavenumber and is the average radius of the target.

1) Low Acoustic Frequency—Non-Rayleigh: The low fre-
quency (52-kHz) scattering by the periwinkle produced echo
pdfs that were consistently narrow and sometimes Gaussian-like
(left column, Fig. 3). As shown in [10], the scattering at this
frequency by this animal does not depend strongly on orienta-
tion. Any grouping of orientation angles will thus result in little
variation of scattering levels, as demonstrated in Fig. 3. The ex-
planation of these effects is straightforward, as the wavelengths
(28 mm) are greater than the dimensions of the target (5 mm).
Specifically, ; thus, the scattering is in the upper por-
tion of the Rayleigh scattering region. In this region,
the phase difference between the scattering from any parts of the
target is relatively small. Changes in orientation will not result
in significant changes in phase of the scattering by any parts.
Thus, the target acts principally as a single scattering feature
with a narrowly distributed range of echo levels.

2) Intermediate Acoustic Frequency—Non-Rayleigh: As
the frequency is increased for the periwinkle, other scattering
phenomena become important (Fig. 3, middle column). In
this region, rays from different scattering features contribute
significantly to the scattering. As demonstrated in [10], at least
two rays contribute to the scattering and these rays have phases
that depend upon orientation, size, and acoustic wavelength.
Depending on the orientation, there is some combination of
rays from the front interface, a circumnavigating Lamb wave,
and back surface inside the opercular opening. The histograms
in this midfrequency region are generally bimodal, broadly
consistent with two-ray scattering (Fig. 2).
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3) High Acoustic Frequency—Tending to Rayleigh: Once
the frequency increases even further than in the above case, the
echo statistics for the periwinkle tend to Rayleigh, although
in the examples shown in Fig. 3 (right column), the pdfs have
yet to reach the Rayleigh pdf. It is hypothesized that at these
higher frequencies, the smaller features (edges, roughness of
the shell) become more of a factor and more than two rays can
be contributing to the scattering in this case. As a result, the
object becomes more of a diffuse scatterer in this region.

B. High-Aspect-Ratio Targets

Given the strong dependence of the scattering (and associ-
ated echo statistics) upon orientation, the analysis is organized
according to several important orientation distributions—ones
centered around end-on and normal incidence, as well as one in
which the orientation distribution is uniformly distributed across
all orientations. The frequency range is in the intermediate range
relative to cross-sectional radius (according to the definition in
the previous section), where is around 1–2 for the fish and
3–4 for the shrimp, and is the cross-sectional radius of the
swimbladder of the fish and body of the shrimp. However, the
frequencies are high relative to length, as is about 7–13
for the swimbladder and 30–40 for the shrimp, where is the
length of the swimbladder or body of the shrimp.

1) End-On Incidence—Rayleigh: The echoes near end-on
incidence of the two elongated targets are generally Rayleigh
distributed (middle columns, Figs. 4 and 5, except for the
500-kHz data with the shrimp). Since is much greater than
unity, the phase of the scattered acoustic signal varies rapidly
along the length of the target for any given orientation near
end-on. When the orientation changes, those relative variations
change significantly. In this case, the scattering can be modeled
in terms of many rays of random phase and amplitude radiating
from various parts of the body. The fact that the echo statistics
are Rayleigh indicates that there are well more than six rays
that contribute significantly to the scattering (Fig. 2). This
is consistent with the scattering geometry; for near end-on
incidence, there is no single dominant feature. There mostly
are irregularities along the length of the targets. Since the
wavelengths are small as compared with the overall dimensions
of the targets, then the phases of the rays radiating from those
irregularities will tend to be random. The changing orientation
will change the set of phases into a new set of random values.

2) Normal Incidence—Non-Rayleigh: For the cases in-
volving normal incidence for the fish and shrimp, the pdfs are
generally non-Rayleigh (first column, Figs. 4 and 5, except
for the 600-kHz data with the shrimp). As shown in previous
studies, under these conditions, there are a small number of
scattering features that dominate the scattering. In the case
of the fish, the swimbladder has been shown to dominate
the scattering. Since the swimbladder is elongated, there still
are phase variations along the length and related directional
characteristics of the scattering. For the shrimp, the front and
back interface have been shown to dominate the scattering,
hence resulting in two rays that contribute significantly to the
scattering.

None of the histograms from the fish and shrimp in the
normal incidence case resemble a one-, two-, or three-ray pdf.
Clearly, the scattering is much more complicated than what

a simple, equal-amplitude ray description could describe for
the histograms. The histogram at 500 kHz for the shrimp case
most deviates from the Rayleigh pdf. This frequency coincides
approximately with a null in the pattern of target strength
versus frequency. The destructive interference at this frequency
apparently contributes to the non-Rayleigh characteristics.
Given the bimodal nature of some of the histograms for both
fish and shrimp, there is the suggestion that two or three rays
may be contributing to the scattering in a significant way
(Fig. 2). Since there is not a consistent resemblance between
these pdfs and the and plots of Fig. 2, certainly
the scattering process is more complicated than that. In each
case, there are other parts of the bodies that contribute to the
scattering. Although those parts may not dominate the average
level of scattering, they can possibly contribute enough to alter
the statistical behavior of the scattering.

3) All Orientations—Rayleigh: Once all of the orientations
are included in the echo-amplitude histograms, the echoes gen-
erally tend to be even closer to Rayleigh than in the end-on case.
It is hypothesized that, in this case, there are so many rays con-
tributing to the scattering from each of the different orientations
that, as in the central limit theorem, the distribution tends to
Rayleigh.

C. Spherical Gas Inclusion—Non-Rayleigh

In the case of the siphonophore, there are two distinct
scattering phenomena taking place. One involves the nearly
spherical gas inclusion, which produces a significant echo
and whose scattering is not strongly dependent upon orien-
tation. The other involves the gelatinous tissue that contains
many facets. The tissue portion of the siphophonore produces
a Rayleigh-distributed echo at high frequencies [Fig. 6(b)
and (d)]. Once the gas inclusion is present, the echoes are
non-Rayleigh [Fig. 6(a) and (c)]. In fact, it has been shown that
the distribution is Rice distributed, which is due to the sum of
two types of rays: one a delta-function-distributed ray (from the
gas) and the other a Rayleigh-distributed ray [from the tissue;
curves in Fig. 6(a) and (c)].

VI. SUMMARY AND CONCLUSION

As a result of the various groupings of data, the echo-ampli-
tude distributions from individual organisms were shown to be
strong functions of orientation distribution, as well as animal
type and shape and acoustic frequency. The distributions can
be related, at least qualitatively, in terms of the scattering fea-
tures of the targets. At low frequencies, the phase of the acoustic
signal is relatively constant across the target, which acts as a
single scatterer. In this case, the echo amplitude is narrowly dis-
tributed and non-Rayleigh. As the frequency is increased, the
phase across the target begins to change significantly. In this
region, certain scattering features may dominate and elonga-
tion of the target also becomes a factor. For end-on orienta-
tion or distributions involving most or all of the angles, there
can be many scattering features that contribute to the scattering
resulting in a Rayleigh-distributed echo. However, in certain
cases, such as for distributions centered near normal incidence,
there may be a small number of scattering features, which re-
sults in a non-Rayleigh distribution. Finally, in the special case
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of siphonophores in which there exists a small gas inclusion in
the irregular gelatinous tissue, the gas produces a constant level
echo superimposed upon the Rayleigh-distributed echoes from
the tissue, resulting in a (non-Rayleigh) Rice-distributed echo.

The analysis in this paper is based on experiments in which
the shape was held relatively constant for the fish and shrimp.
However, for free-swimming organisms in the ocean, bending of
the body throughout a series of pings could cause a departure of
the echo statistics from those reported in this paper. For example,
in [13], the backscattering by finite cylinders was demonstrated
to depend strongly on the degree to which the cylinders were
bent. If the shape of the fish and shrimp changes in addition to
the orientation, there will be most likely a broadening of their
echo-amplitude pdfs over those reported herein. Such changes
are not anticipated for the pdfs associated with the other two
organisms as the periwinkle is rigid and the siphonophore was
allowed to flex freely throughout the experiment.

As discussed in Section I, the statistical characteristics of
echoes from resolved targets can be exploited for target discrim-
ination and classification. The results in this study show that
the echoes from the various zooplankton and fish are strongly
non-Rayleigh under important conditions. It is possible that the
dependences of the statistical parameters of the echoes upon im-
portant biological parameters can be used to help to differen-
tiate between organisms of different sizes, orientation distribu-
tions, and gross anatomical features, such as those discussed in
[1]–[4]. For example, the shape of the pdf is shown to change
from Gaussian-like for small to Rayleigh-like for high
(Fig. 3), hence providing a measure of size of the object, which
can be deduced from the transition frequency. Also, observing
pdfs with a Rice distribution at high acoustic frequencies would
suggest the presence of a gas-bearing zooplankton.

In conclusion, the acoustic scattering by marine organisms
is complex and description of the echo-amplitude statistics
of the resolved individuals is correspondingly complex. The
scattering by the individuals can be described, at least quali-
tatively, through individual rays caused by various dominant
scattering features. The number and strength of the rays depend
strongly upon size, shape, orientation, and material properties
of the target, as well as acoustic frequency. If the number of
rays is high enough, such as at high frequencies in some cases,
then the echoes tend to be Rayleigh distributed. However,
there are important conditions, such as at low-to-intermediate
frequencies and/or at normal incidence, under which the echoes
are non-Rayleigh.
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