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Three-dimensional modeling of acoustic backscattering
from fluid-like zooplankton

Andone C. Lavery, Timothy K. Stanton, Duncan E. McGehee,a) and Dezhang Chu
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543

~Received 23 March 2001; revised 19 October 2001; accepted 13 November 2001!

Scattering models that correctly incorporate organism size and shape are a critical component for the
remote detection and classification of many marine organisms. In this work, an acoustic scattering
model has been developed for fluid-like zooplankton that is based on the distorted wave Born
approximation~DWBA! and that makes use of high-resolution three-dimensional measurements of
the animal’s outer boundary shape. High-resolution computerized tomography~CT! was used to
determine the three-dimensional digitizations of animal shape. This study focuses on developing the
methodology for incorporating high-resolution CT scans into a scattering model that is generally
valid for any body with fluid-like material properties. The model predictions are compared to
controlled laboratory measurements of the acoustic backscattering from live individual decapod
shrimp. The frequency range used was 50 kHz to 1 MHz and the angular characteristics of the
backscattering were investigated with up to a 1° angular resolution. The practical conditions under
which it is necessary to make use of high-resolution digitizations of shape are assessed. ©2002
Acoustical Society of America.@DOI: 10.1121/1.1433813#

PACS numbers: 43.30.Ft, 43.30.Sf, 43.20.Fn@DLB#
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I. INTRODUCTION

Acoustic surveys are commonly used as a tool for
sessing the distribution of zooplankton and other marine
ganisms that inhabit the water column. The primary adv
tage of this technique over other more conventional metho
such as net tows, is the possibility of performing synop
surveys while also obtaining high-resolution data over r
evant temporal and spatial scales~Medwin and Clay, 1998;
Foote and Stanton, 2000!. To accurately measure zooplan
ton biomass using this technique, it is necessary to first
derstand the process by which zooplankton scatter so
Understanding the scattering of sound from zooplankton
challenge for a number of reasons. First, many different s
cies of zooplankton are typically present in the water colu
at any given time and location. Second, the scattering p
erties of these different species can vary enormously w
organism size, shape, orientation, material properties,
acoustic frequency. Under many circumstances, succe
interpretation of acoustic field data is limited in part by t
availability of acoustic scattering models that take into
count these diverse scattering properties. Though it is
feasible to develop a scattering model for each individ
animal, it is possible to establish a categorization sche
based on general scattering properties and boundary co
tions. One such scheme was developed by Stantonet al.
~1994, 1998a, 1998b! in which three categories were ident
fied; zooplankton with fluid-like acoustic characteristi
~e.g., euphausiids, copepods!, zooplankton with gas inclu-
sions ~e.g., siphonophores!, and zooplankton with elastic
shells~e.g., pteropods!.

The investigation focuses on organisms with fluid-li
material properties, meaning that shear waves are no

a!Currently at BAE Systems, Analysis & Applied Research Division, S
Diego, CA 92123.
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cluded in the formalism. It is also assumed that there are
gas inclusions. Although the shape of the animals inve
gated in this paper is elongated, the model is not restricte
elongated scatterers, but is generally applicable to any fl
like body, of any complex shape and size. Elongated flu
like zooplankton are a possible application of this gene
model and are of particular interest due to the ecolog
significance and naturally high abundances found in m
regions~Greeneet al., 1991; Hewitt and Demer, 1991!. Spe-
cifically, in this study we will present data and modelin
results obtained for common shore shrimp,Palaeomonetes
vulgaris. This crustacean has fluid-like material properti
and a similar shape and size to many elongated fluid-
zooplankton, and has the added advantage of being co
niently obtainable from local waters. In addition, previo
models based on this local species have been adapted
some success to oceanic species. There have been a nu
of laboratory and field studies aimed at understanding aco
tic scattering from fluid-like scatterers, concentrating p
dominantly on decapod shrimp and euphausiids~Greenlaw,
1977; Everson, 1982; Eversonet al., 1990; Footeet al.,
1990; Chuet al., 1992, 1993; Martin Traykovskiet al., 1998;
McGeheeet al., 1998; Stantonet al., 1993a, 1993b, 1996
1998b, 1998c, 2000!.

In a recent paper, Stanton and Chu~2000! presented a
comprehensive review of the scattering models curren
available for predicting the scattering of sound from elo
gated fluid-like zooplankton. Briefly synthesizing this wor
the Anderson~1950! homogeneous fluid-sphere model is t
simplest possible representation for animal shape used to
scribe scattering from this class of zooplankton~Greenlaw,
1977; Hollidayet al., 1989; Holliday and Pieper, 1995!. In a
series of studies, cited in Stanton and Chu~2000!, Stanton
and others have developed a number of models that m
use of finite-length deformed cylinders to describe anim
shape, resulting in a more accurate description of the
1197197/14/$19.00 © 2002 Acoustical Society of America
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served angular scattering characteristics. To date, the m
sophisticated model available for this class of zooplankt
with the largest range of applicability, is a deformed-cylind
model based on the distorted wave Born approximat
~DWBA! ~Chu et al., 1993; Stantonet al., 1993b, 1998a,
1998b; McGeheeet al., 1998; Chu and Ye, 1999; Stanto
and Chu, 2000!. With this model it is possible to incorporat
a relatively realistic animal shape, in addition to variations
the material properties, though a fundamental restriction
this model is the assumption of cylindrical symmetry. A r
sult of this limitation is that the animal cross section is c
cular at every point along the lengthwise axis of the anim
and the material properties can only vary along the leng
wise axis.

In this study, we develop a DWBA-based scatteri
model that incorporates high-resolution, fully thre
dimensional ~3D! digitizations of animal shape obtaine
through the use of computerized tomography~CT!. This
model by-passes the limitations imposed by the assump
of cylindrical symmetry made in the finite-length deforme
cylinder model. We also compare the model predictions
acoustic backscattering laboratory measurements of both
dividual and aggregations of live decapod shrimp. The d
presented in this paper were obtained during two sepa
experiments. The most recent data set, described in d
and for the first time in this paper, was obtained for li
individuals under well-characterized and controlled con
tions, using both single-frequency and broadband sign
with the animal orientation carefully controlled and with a
angular resolution of 1° in two scattering planes. The sec
data set used in this paper to compare with the model
dictions was previously published by Stantonet al. ~1993b!
and involves aggregations of live decapod shrimp. Thou
the acoustics and CT data were obtained on animals of
same species and of generally the same shape and siz
practical reasons the acoustics and CT data involved di
ent specimens.

This paper is organized as follows. In Sec. II, tw
DWBA-based scattering models are described. One of th
models makes use of 3D measurements of the animal s
and results in a volume-integral solution; the other mod
the deformed-cylinder model, uses 2D measurements of
mal shape and results in a line-integral solution. In Sec.
the laboratory setup, methods used for data collection
analysis, and the methods used to obtain 2D and 3D m
surements of animal shape are outlined. Intermodel comp
sons are performed in Sec. IV. Scattering predictions
compared to the data in Sec. V, and the physics of the s
tering process is discussed in Sec. VI. Finally, in Sec. V
the results are summarized, and recommendations are m
regarding conditions under which the various approac
should be used.

II. THEORY

A. DWBA-based scattering model

For a single insonification of a target of any compl
shape and size, the incident and scattered sound wave
related by the scattering amplitude. The scattering amplitu
1198 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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which has units of length, is a measure of the efficiency w
which a target scatters sound, and is a function of the targ
shape, size, orientation, material properties~mass density,r,
and sound speedc! and the acoustic wave number,k, of the
incident wave (k52p/l, where l is the acoustic wave-
length!. The scattering amplitude for sound scattering fro
any weak scatterer with a finite body of volumeV ~such as
the animals under investigation here, which have mate
properties that are similar to those of the surrounding m
dium! can be modeled in the far field using the Born appro
mation ~Morse and Ingard, 1968!. In fact, all formulations
and measurements presented in this paper are for b
scattering, in which case the backscattering amplitude,f bs ,
is given by

f bs5
k1

2

4pE E
V

E ~gk2gr!e2ik2i•rvdV, ~1!

where k1 is the wave number of the incident sound~k1

5uk1i u), k2i is the wave vector of the incident sound eval
ated in the interior of the volume,r v is the position vector of
any volume element,gk5(k22k1)/k15(12gh2)/gh2, gr

5(r22r1)/r25(12g)/g, and g(5r2 /r1) and h
(5c2 /c1) are the density and sound-speed contrasts, res
tively. k1(5(r1c1

2)21) and k2(5(r2c2
2)21) are the com-

pressibilities in the surrounding medium and body interior
should be noted that the wave number in the exponent
been evaluated within the body interior~k2i instead ofk1i in
the exponent!. This modification to the Born approximatio
has been referred to as the distorted wave Born approxi
tion ~DWBA!. Throughout this work, the subscript ‘‘1’’ indi-
cates that the quantity referred to is evaluated in the s
rounding medium, while the subscript ‘‘2’’ indicates that th
quantity referred to is evaluated in the body interior. If t
material properties are constant throughout the volumegk

2gr) can be factored out of the integral, and, at very lo
frequencies, it is straightforward to show thatf bs is propor-
tional to V (f bs5(k1

2/4p)(gk2gr)V).
For an elongated body with a circular cross section

every point along its lengthwise axis, Eq.~1! can be further
simplified to a one-dimensional line integral~Stantonet al.,
1998b!, given by

f bs5
k1

4 Er p

~gk2gr!a
J1~2k2a cosb tilt !

cosb tilt
e2ik2i•rpudr pu, ~2!

wherer p is the position vector of the body centerline,a is the
radius, andb tilt the local tilt angle of the body cross sectio
relative to k1i at each point on the axis. In this case, (gk

2gr), a, andb tilt can vary along the length of the body, b
are restricted to a constant value in any given cross sec

For a small number of cases it is possible, by mak
very restrictive, but simplifying, assumptions about the sha
and material properties~e.g., fluid-filled sphere or ellipsoid!,
to obtain a closed-form mathematical expression for
backscattering amplitude. In general, however, particula
when the conditions are as complex as those of the deca
shrimp we are attempting to model here, it is necessary
solve for the backscattering amplitude numerically.
Lavery et al.: 3D modeling of acoustic backscattering
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The far-field backscattered energy is often expresse
terms of the target strength~TS! with units of decibel~dB!
relative to 1 m2 ~Urick, 1983!, and is given by

TS510 logsbs510 logu f bsu2, ~3!

wheresbs5u f bsu2 is the differential backscattering cross se
tion, and differs from the often-used backscattering cr
sections by a factor of 4p (s54psbs). In order to compare
scattering from objects of different sizes but similar prop
tions, TS is often normalized according to the square of so
typical dimension, giving rise to the reduced target stren
~RTS!. For elongated zooplankton, of lengthL, the RTS is
given by

RTS510 log
sbs

L2 510 logu f bsu2210 logL2. ~4!

B. Modeling considerations

The most rigorous method of modeling the acous
scattering from a complex body is to digitize the body sha
and material properties within the body in increments sign
cantly smaller than the wavelength. These high-resolu
digitizations can then be used as input to a general 3D s
tering model, such as that given by Eq.~1!. Under most cir-
cumstances, measurements at a resolution of approxim
l/10 tol/20 are required to accurately represent the anim
body, although the exact value may vary with the model
approach~Stanton and Chu, 2000!. This digitization criterion
for the outer boundary shape is met for the range of frequ
cies used in these experiments when the animal shap
obtained from CT scans. However, if high-resolution C
scans are not available, it is possible to perform lower re
lution 2D measurements of outer boundary shape, and
these digitizations as input to a simplified scattering mod
such as that given by Eq.~2!. As will be seen later, there ar
circumstances under which caution must be used when
plying the line-integral model, although there are conditio
when the results of the line-integral and volume-integ
models are very similar. Comparison of the results obtai
using these two approaches is one of the goals of this w

High resolution digitizations of the material properti
are also necessary to accurately evaluatef bs . However, there
are only a few studies in which the material properties
fluid-like zooplankton have been investigated~Greenlaw,
1977; Foote, 1990; Chuet al., 2000! and in these cases, onl
the average quantities were studied. There is little inform
tion available as to the spatial variability of these propert
throughout the body interior~Yayanoset al., 1978; Foote,
1998!. For most of the work presented here,g andh are held
constant throughout the body interior, with values
g51.0357 andh51.0279 taken from Foote~1990!, as mea-
sured forEuphausia superba.

III. EXPERIMENTAL METHODS

A. Acoustic data acquisition

The acoustic backscattering measurements involving
dividual decapod shrimp were made on ten specimens,
only data collected from animals that remained alive and
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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good condition throughout the data acquisition process
considered here, namely the four animals numbered 6, 8
and 10. The experimental setup was very similar to that
scribed in Stantonet al. ~2000!, and only a brief overview of
the relevant equipment and methods will be described h
together with a description of the difference between the t
setups. The data presented in this study were collecte
1996 in the acoustics laboratory at the Woods Hole Ocea
graphic Institution.

The experiments were performed in a 1.5-m-deep
3.7-m-long and 2.4-m-wide tank filled with filtered seawa
~Fig. 1!. An array of transducer pairs was mounted in t
tank facing horizontally. A combination of single-frequenc
and broadband transducers was employed to collect
acoustic backscattering data. The transducers within e
pair were placed in a bistatic configuration, as close as p
sible to each other so as to approximate a monostatic c
figuration. Six pairs of powerful narrow-band~NB! transduc-
ers, emitting 200-ms-long gated sine waves, were employ
at the following frequencies: 50, 75, 120, 165, 200, and 2
kHz. In addition, two octave-bandwidth broadband~BB!
transducers were also employed, emitting 200-ms-long
‘‘chirp’’ ~linear frequency modulated! signals with center fre-
quencies at 250 and 500 kHz. The transmitted voltage t
series, vbs

T (t), and the received voltage time series,
equivalently, the backscattered return echo from the anim
vbs

R (t), were stored on a personal computer for later analy
One of the main advantages of using broadband transdu
is that large amounts of information can be gathered ove
wide frequency range, allowing both temporal and spec
data analysis techniques to be exploited, maximizing the
formation that can be extracted about the sound scatte
process. However, a considerable drawback of employ
broadband signals is that less energy can be applied per
quency bin.

The animals were tethered in a two-point acoustica
transparent harness made of 59-mm-diameter monofilamen
line ~Fig. 1!. This involved a loop around the thorax, an
another line running through the midpoint of the abdom
@Fig. 2~a!#. The loop was loose enough to permit norm
respiration and blood flow, but tight enough to prevent su

FIG. 1. Schematic of the experimental system used for acquiring acou
backscattering data as a function of angle of orientation and frequency:
transducer array, stepper motor, and~acoustically transparent! harness sys-
tem with horizontal aluminum rods used to tether the decapod shrimp.
1199Lavery et al.: 3D modeling of acoustic backscattering
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stantial movement. For the data reported here, the anim
remained alive and in good condition throughout the d
acquisition process. Tension was maintained in the harn
by two horizontal aluminum rods. This kept the position a
orientation of each animal stable. The animals were cente
in the acoustic beam in the far field of the transducers a
range of 0.51 m. A computer-controlled stepper motor
tated the animals in 1° increments, in most cases through
full rotations ~720°!. The animals were insonofied with
single ping at each angle of orientation. Table I summari
the frequencies and angles of orientations for which ba
scattering measurements were performed. Measuremen
the animal lengths, radii, aspect ratios (L/a), and wet
weights are summarized in Table II.

Animals 6 and 8 were tethered such that the dors
ventral aspect was approximately in the vertical plane, w
an out-of-plane tilt of 25°–45°. In contrast, animals 9 and
were tethered such that the dorsal–ventral aspect of the
mals was approximately in the horizontal plane, with an o
of-plane tilt of 25°–45°. There is some uncertainty in the
angle of the animals since there was no way to accura

FIG. 2. ~a! Schematic diagram of a decapod shrimp, showing the two-p
tether. The animals were tethered with a loop about the thorax and were
pierced through the abdomen. The animal lengths~L! were measured from
the photographic images.~b! The animal shape was digitized in 2D b
obtaining measurements in the dorsal–ventral plane. The measuremen
shown as black points along the outside contour of the animal. The ca
lated centerline is also shown~from which the length, L, was calculated!,
together with a selection of radii. For the scattering predictions made u
the line-integral model, based on the 2D digitizations of animal shape,
animals were digitally straightened so that the shape of the animal m
accurately reproduced the observed shape during the acoustic backsca
measurements. However, it was not necessary to digitally straighten th
data since the animals were naturally straighter during the CT scan
process.
1200 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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quantify it and it also changed slightly as the animals w
rotated.

The transducers were calibrated prior to the backsca
ing measurements following the procedure outlined in St
ton et al. ~1998a!. During the calibration, the receiver an
transmitter were aimed at each other at a ranger cal50.69 m.
For each transducer pair, ten 200-ms-long chirp signals were
collected and averaged. The time series of the transmit
vcal

T (t), and received,vcal
R (t), calibration voltages were store

for the purpose of postprocessing calibration of the scatte
data. The background reverberation of the tank, without
animals present, was also measured for each transducer
in the bistatic scattering configuration. This measurement
volved averaging the background reverberation signals,
each set of transducers, over a large number of echoes.
average reverberation echo was stored on the data acquis
oscilloscope and subtracted in real time from the echoes
tained once the animals were placed in the tank. This pro
dure was repeated for each animal. Great care was ta
throughout the data acquisition process to minimize the p
ence of bubbles on the tethers, since the acoustic sig
from bubbles can greatly contaminate the acoustic return
interest. For each acoustic return from each transducer p

f bs5
Vbs

R

Vcal
R

Vcal
T

Vbs
T

r bs
2

r cal
, ~5!

whereVbs
R , Vbs

T , Vcal
R , andVcal

T are the absolute values o
the Fourier transforms ofvbs

R (t), vbs
T (t), vcal

R (t), and
vcal

T (t), respectively. Prior to evaluating the Fourier tran
forms of the voltage time series, a bandpass filter was
plied to the data, to reduce out-of-band noise.

B. 2D measurements of animal shape

For application of the line-integral model it was nece
sary to estimate the cylindrical radius of each animal a
number of points along the lengthwise axis. These meas
ments were performed by first taking 2D photographic i
ages of the preserved animals in the dorsal–ventral plane
mentioned earlier, one of the underlying assumptions of
model is that the animal cross section is circular. Con
quently, it is sufficient to obtain 2D measurements of t
animal radius in one plane at a number of points along
centerline axis. The animal shapes were digitized by colle
ing the coordinates of a number of points along their ou
contours. Animal centerlines and radii were then calcula
from these measurements. To obtain the coordinates and

t
lso

are
u-

g
e
re
ring
T

ng

TABLE I. Range of orientations and frequencies used to obtain acou
backscattering measurements.

Frequency~kHz! Animal no. Range of orientations in 1° increment

50 6,8,10 0–720°
75 6,8,10 0–360°
120 6,8,9,10 0–720°
160 6,8,9,10 0–720°
200 6,8,9,10 0–720°
258 6,8,9,10 0–720°
250 ~BB! 6,8,9,10 0–720°
500 ~BB! 6,8,9,10 0–720°
Lavery et al.: 3D modeling of acoustic backscattering
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TABLE II. Animal lengths ~defined in Fig. 2!, average torso radii, wet weights, aspect ratio, number of d
points along the lengthwise axis~including end points! taken from the 2D photographic images, and availabil
of acoustic and CT data. The average torso radii were calculated from the 2D photographic images by av
over all the radii, excluding the ten points at each end of each animal.

Animal no.
Length ~L!

~mm!
Radius~a!

~mm!
Wet weight

~g!
Aspect ratio

(L/a) N Acoustic: CT

6 30 1.5 0.17 20.5 49 Yes:No
8 25 1.35 0.10 17.7 46 Yes:No
9 25 1.6 0.10 15.6 45 Yes:No

10 26 1.4 0.13 18.1 47 Yes:No
11 39 2.2 0.48 17.9 57 No:Yes
13 35 2.3 0.45 16.9 43 No:Yes
14 30 1.65 0.19 18.2 41 No:Yes
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of N points along the centerline axis, including two e
points, it is necessary to collect (2N-2) points along the
outer contour of the animal~Table II!. The result of this 2D
digitization process is shown in Fig. 2~b! for animal 11.
Since these measurements were performed in the dor
ventral plane of the animals, the results more closely rep
sent a side view of the actual animal than a top view. Fina
since the digitization of animal shape was performed a
the animals had been preserved, it was necessary to dig
straighten the animals so that they more closely represe
the actual live animal shape.

C. 3D measurements of animal shape: CT scans

High-resolution computerized tomography~CT! scans
were performed for three decapod shrimp~animals 11, 13,
and 14! at the Massachusetts Eye and Ear Hospital usin
spiral CT scanner. Scans of animals 13 and 14 were
formed with the animals live~but not in water!, while animal
11 was scanned after recent preservation. The CT scans
used to evaluate the 3D volume integral with the integrat
performed withinMATLAB ~version 5.3!. Details of this pro-
cedure are described below.

The CT scans were performed along the lengthwise a
of the animals, with a full set of slices obtained in a 1–2
time interval. The separation,dz, between the slices was 10
mm for animals 13 and 14, corresponding to the resolut
limit of the CT scanner, while for animal 11 the separati
between the slices was 200mm. This resulted inNz slices per
animal, which varied according to the animal length~Table
III !. A 3D image of animal 11 is shown in Fig. 3~a!, together
with a number of representative CT slices. The resolution
the CT data along the lengthwise axis of the animal, de

TABLE III. Animal number, number of CT slices (Nz), number of pixels
per CT slice (Np3Np), separation between CT slices~dz!, and pixel area
within each slice. Note that the length of animal 13 as measured from
photographic images~Table II! is smaller than that of animal 11. Howeve
there are more CT slices of animal 13 since more of the antennae
captured during this set of scans. These animal parts are not expect
contribute significantly to the scattering; the lengths used to calculate
RTS values are based on Table II.

Animal no. Nz Np3Np dz ~mm! Pixel area (mm!2

11 156 1283128 200 1003100
13 399 1003100 100 1043104
14 301 1003100 100 1043104
, Vol. 111, No. 3, March 2002
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mined bydz, and the resolution within any given slice, d
termined by the focus and zoom of the scanner, differ. Ho
ever, for the CT data acquired during this study, bo
measures of resolution adequately meet the resolution c
rion stated earlier, over the full range of acoustic wav
lengths used for the data acquisition. For instance, at
kHz, 200mm corresponds to approximatelyl/15.

For each animal, the original CT slices contained 5
3512 pixels. For ease of manipulation and numerical e
ciency, it was possible to crop each CT slice~referenced to a
common pixel to maintain overall alignment! to containNp

3Np pixels. Each CT slice was then converted to a bina

e

re
to
e
FIG. 3. ~a! 3D image of animal 11, together with three representative
slices.~b! Scattering geometry used in the scattering models. Theẑ axis is
aligned along the lengthwise axis of the animal. Broadside incidence co
sponds to, approximately,u50° and u5180°. Head-on incidence corre
sponds tou5290°, or equivalently,u5270°. End-on incidence correspond
to, approximately,u590°. The f50° and 180° planes correspond to th
dorsal and ventral sides of the animals, while thef5690° planes corre-
sponds to the left and right sides of the animal.
1201Lavery et al.: 3D modeling of acoustic backscattering
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matrix, M l , of size Np3Np , where l runs from 1 toNz .
Matrix elements corresponding to pixels with an intens
above a certain threshold value contain ones and all ot
elements are zero. The matricesM l were relatively insensi-
tive to the value chosen for the threshold once it was set h
enough to eliminate background diffraction effects. Thus,
each incident wave vector, the backscattering amplitude,f bs ,
given as a volume-integral by Eq.~1!, becomes

f bs5
k1

2

4p
~gk2gr!(

l 51

Nz

(
j 51

Np

(
i 51

Np

Mi j
l

3e2ik2~cosu cosfXi j
l

1cosu sin fYi j
l

1sin uZi j
l

!dVi j
l . ~6!

Xi j
l , Yi j

1 , andZi j
1 are the position vectors of each pixel,dVi j

l

corresponds to the volume associated to each pixel, and
material properties have been assumed constant throug
the body interior. The direction of the incident~and backscat-
tered! wave vector is k̂l i 5(cosu cosfx̂1cosu sinfŷ
1sinuẑ!, where the coordinate system is aligned with the
scanner coordinate system@Fig. 3~b!#. Thus, theẑ direction
is, approximately, along the lengthwise axis of the anima
Broadside incidence corresponds tou50° or u5180°, in
somef plane, whileu5690° corresponds to end-on an
head-on incidence, in anyf plane.

Simple variations in the material properties along t
lengthwise axis of the animals can be incorporated into
~6! by allowing the quantity (gk2gr) to vary between CT
slices. Thus, Eq.~6! becomes

f bs5
k1

2

4p (
l 51

Nz

(
j 51

Np

(
i 51

Np

~M 8! i j
l

3e2ik2~cosu cosfXi j
l

1cosu sin fYi j
l

1sin uZi j
l

!dVi j
l , ~7!

where (M 8) i j
l 5(gk2gr) lM i j

l , and (gk2gr) l has a single
value within any given CT slice. This is only an approxima
method of incorporating lengthwise variations in the mate
properties of the animals since it does not take into acco
the degree of animal bend.

Full 3D variation in the material properties can also
easily incorporated in a similar manner. In this case, (M 8) i j

l

5(gk2gr) i j
l M i j

l , where (gk2gr) i j
l has a distinct value for

each pixel. Finally, it is worth noting that it may be possib
to extract density contrast values from the CT data, altho
it would be necessary first to calibrate the CT data.

D. Averages

In general, the scattering process is highly complex a
can depend on many parameters simultaneously. Given
uncertainty in each parameter, predictions of a single sca
ing realization are often difficult to make. As a result, co
parisons between predictions and data for single realizat
are generally qualitative. Quantitative comparisons can
made for both the statistics of scattering and for avera
levels, where the averages can be over some distributio
parameters, such as a distribution of sizes or angles of or
tation. There is also a more direct relationship between
approach and volume scattering data, such as that colle
from aggregations involving a varied distribution of anim
1202 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
rs

h
r

he
out

.

q.

l
nt

h

d
he
r-

-
ns
e
d
of
n-
is
ted
l

sizes and angles of orientation. It is possible to predict av
age scattering levels more accurately since the complex
stochastic structure of the scattering is smoothed during
averaging process. In this paper, the focus is on avera
over orientation since the number of animals for which th
are scattering data, and their size range, is relatively sm

At sufficiently high frequencies, acoustic returns fro
aggregations of zooplankton tend to add incoherently. Th
average TS (510 logsbs! values were obtained by averagin
the differential backscattering cross section,sbs , over all
angles of orientation. Since there is little information ava
able as to the natural orientation distributions of decap
shrimp, or any other elongated fluid-like animals, average
values were calculated by assuming a uniform distribution
orientations from 0–360°.

The average TS values as a function of frequency w
calculated for all four animals, for both single-frequency a
broadband data, and these results are shown in Fig. 4. O
averages are taken, much of the fine structure observed in
data on a ping-by-ping basis is smoothed out. The TS va
for animal 6 obtained from the 500-kHz broadband tra
ducer were approximately 6 dB higher than those obtai
for the other animals. Although no errors were noted dur
the data acquisition process for this animal, it is hypo
esized that this anomaly could be due to an error in an
cilloscope setting.

IV. MODEL PREDICTIONS

A. Comparison of TS predictions versus angle

Though the TS values predicted by both models span
a similar range for the frequencies and angles investigate
was found that the differences between the predicted sca
ing levels were generally larger at angles close to end
incidence than at angles close to broadside~Fig. 5!, with the
line-integral model predicting considerably higher values
angles close to end-on incidence. These differences w

FIG. 4. TS averaged over orientation vs frequency for animals 6, 8, 9,
10. The four solid lines represent data obtained using the 250-kHz br
band~BB! transducer. The four dashed lines represent data obtained u
the 500-kHz broadband transducer. The symbols represent the averag
values obtained from the single-frequency, or narrow-band~NB!, data. The
averages are taken for all angles uniformly in one plane.
Lavery et al.: 3D modeling of acoustic backscattering
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accentuated at the higher frequencies@Fig. 5~b!#. For ease of
intermodel comparison, most scattering predictions were
formed in thef50° plane. However, predictions were als
made in thef545° andf590° planes, with trends in the
results similar to those found for thef50° plane.

B. Comparison of average TS predictions

The average TS was initially calculated for averag
taken over all angles of orientation uniformly distributed
thef50° plane@Fig. 6~a!#. The average TS values predicte
by both models agree closely at the lower frequencies,
the agreement deteriorates with increasing frequency. At
kHz, the line-integral prediction lies almost 10 dB high
than the volume-integral prediction. At high frequencies,
volume-integral model predicts that the average TS attain
relatively constant value, whereas the line-integral mo
predicts that the average target strength slowly increases
increasing frequency, over the frequency range investiga
Average TS values were then calculated with the625° cen-
tered about end-on incidence excluded@Fig. 6~b!#. In this
case, both models predict very similar average TS levels
can be seen that the differences between the model pre
tions are generally within several dB at most frequenc
investigated. It is apparent from Figs. 5 and 6 that at hig
frequencies the line-integral model is predicting significan
higher average TS levels when the averages include an
close to end-on incidence. This trend was observed for af
planes investigated.

FIG. 5. Comparison of TS predictions for animal 11, in thef50° plane
~dorsal–ventral!, based on the line-integrated~dashed line! and volume-
integral ~solid lines! models. ~a! 200 kHz and~b! 600 kHz. The largest
differences observed between the two models occur at angles clos
head-on and end-on incidence~u5690°! where the line-integral predicts
higher backscattering levels, particularly at higher frequencies.
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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C. Comparison of average RTS predictions for
different animals

The differences in the average RTS values obtained
ing the volume-integral model, for the three animals f
which CT scans were available, are illustrated in Fig. 7. T
average RTS values are plotted as a function of the dim
sionless productka so as to account for the different radii o
the animals.~The values ofa used to evaluateka are those
presented in Table II.! It can be seen that the structure of th

to

FIG. 6. Comparison of TS averaged over orientation vs frequency predi
by the line-integral~dashed lines! and the volume-integral~solid lines! mod-
els for animal 11 in thef50° plane ~dorsal–ventral!. ~a! Averages per-
formed over all angles of orientation uniformly.~b! Averages performed
uniformly over all angles of orientation excluding the range of angles625°
centered on end-on incidence.

FIG. 7. Comparison of RTS averaged over orientation vska predicted by the
volume-integral model for animals 11~dashed line!, 13 ~thick solid line!,
and 14~thin solid line!, in the f50° plane~dorsal–ventral!. The average
torso radii, calculated from the 2D animal measurements~Table II!, were
used to evaluateka.
1203Lavery et al.: 3D modeling of acoustic backscattering
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average RTS is very similar for all three animals, and
transition from Rayleigh to geometric scattering occurs
similar ka values.

D. Comparison of average TS predictions for different
f planes

To illustrate that the conclusions drawn above are
dependent on thef plane chosen, average TS values
animal 13, calculated using the volume-integral model w
f50°, f545°, andf590°, are shown in Fig. 8. It can b
seen that the average TS values in the different planes d
by no more than a few dB. There is a shift in the location
the first peak and null which is probably related to the f
that the average width of the animal is different in differentf
planes.

E. Variations in material properties

The effect on backscattering due to changes in mate
properties was also briefly investigated. Two approac
were taken. The first approach involved studying the effe
of changes in the values of the material properties, assum
homogeneous values throughout the body interior. T
change in TS due to changes in the overall average leve
g andh is given by

DTS5TS~2!2TS~1!520 log
~gk2gr!~2!

~gk2gr!~1! , ~8!

where TS(1) and TS(2) are the target strength values obtain
for ~otherwise identical! animals with average material prop
erties given by (gk2gr)(1) and (gk2gr)(2), respectively.

In the second approach, following the work by Stant
and Chu~2000!, two different material property profiles wer
investigated, chosen to vary along the lengthwise axis of
animal only. Although it is possible that the actual mater
properties will vary in all directions, not just along th
lengthwise axis, we limit this investigation to this particul
scenario due to the large degree of speculation involved
addition, since we are only illustrating the point that sm

FIG. 8. Comparison of TS averaged over orientation vs frequency pred
by the volume-integral model for animal 13 in three differentf planes. The
f50° plane corresponds to the dorsal side of the animal, whilef590°
corresponds to the left side of the animal.
1204 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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changes in the material properties can cause large cha
in the scattering, this study is limited to variations in th
density contrast,g, keeping h constant at all times~h
51.0279!. When dealing with inhomogeneous material pro
erties, Eq.~8! is no longer applicable and the full solution fo
f bs must be calculated before averages can be taken.
tainly, due to the lack of information available, this work ca
only be viewed as exploratory in nature.

The two material property profiles investigated involv

ed
FIG. 9. Material property profiles. Three different uniform values ofg were
investigated~dashed lines!: g51.0564, g51.0357,g51.015. The thick
solid line represents the profile with seven segments with a mean valu
g51.0357. The thin solid line represents the smoothly varying profile, w
the mean value also kept atg51.0357. The material profiles only varie
along the lengthwise axis of the animal.

FIG. 10. Effects on TS due to changes in material property profiles.
predictions shown here are for a single realization based on the volu
integral model for animal 11.~a! TS vs frequency foru526° andf50°
~;broadside!. ~b! TS vs frequency foru590° andf50° ~;end-on!. The
thick dashed lines correspond to a uniform value ofg51.0357, the thick
solid lines correspond to the segmented profile, and the thin solid line
respond to the smoothly varying profile@almost indistinguishable from the
thick solid line in panel~a!#. The sound-speed contrast was held const
with a value ofh51.0279 for all curves.
Lavery et al.: 3D modeling of acoustic backscattering
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FIG. 11. Effects on TS, averaged over orientation due to changes in
material property profiles. The predictions shown here are based on
volume-integratal model for animal 11. The thin dashed lines corresp
to uniform values ofg51.0564~highest TS values! and g51.015 ~lowest
TS values!, respectively. The thick dashed line corresponds to a unifo
value ofg51.0357, the thick solid line corresponds to the segmented pro
and the thin solid line corresponds to the smoothly varying profile. T
sound-speed contrast was held constant with a value ofh51.0279 for all
curves.
n be
ood
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~1! a profile with seven segments and~2! a smoothly varying
profile. These profiles are illustrated in Fig. 9. Each of the
profiles containedNz points, equal to the number of C
slices. This approach was chosen since incorporation of th
profiles into the DWBA-based volume-integral model w
then straightforward, using Eq.~7!, as outlined in Sec. III C.
The segmented profile was chosen to have seven e
length segments, each with a constant value ofg. The value
assigned tog in each segment was chosen randomly with
the limits of 1.015<g<1.0564, subject to the constraint th
the average value ofg remained at 1.0357. The smooth
varying profile was chosen such that it was varied, appro
mately, between the same constraints, with the same ave
value forg.

The effect on TS due to the different material prope
profiles was calculated for animal 11 at two specific ang
of orientations @Figs. 10~a! and ~b!#. The two scattering
angles investigated were~a! u526° ~close to broadside!, and
~b! u590° ~close to end-on incidence!. u526° was chosen
instead of 0° since the peaks and nulls were more p
nounced at this angle. Average TS, where the average is
all values ofu uniformly from 0 to 360° in thef50° plane,
for the two material property profiles is shown in Fig. 1
The effect on backscattering when using the profile w
seven segments is highly dependent on angle, and ca
very large at angles close to end-on incidence. This is a g
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FIG. 12. TS vsu for animals 8~a!–~d!
and 9~e!–~h! at 120 kHz~a!, ~e!, 165
kHz ~b!, ~f!, 200 kHz~c!, ~g!, and 258
kHz ~d!, ~h!. The dashed lines corre
spond to line-integral predictions, th
thick solid lines correspond to
volume-integral predictions, and th
thin lines correspond to data. Broad
side incidence corresponds to, ap
proximately, u50° and 180°. End-on
scattering corresponds tou590°, and
head-on scattering corresponds
u5270°. The volume-integral pre-
dictions are based on the CT scan
for animal 14, scaled to the size o
animals 8 and 9, respectively. To bette
match the observed animal orienta
tion during the data acquisition, the
line-integral predictions with the 2D
measurements were performed with
30° out-of-plane tilt. However, the
volume-integral predictions shown
here, based on CT scans for animal 1
do not include any out-of-plane tilt. It
is possible that the volume-integra
predictions would better match the
data if the dependence on tilt was fu
ther investigated.
1205Lavery et al.: 3D modeling of acoustic backscattering
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illustration of the heightened sensitivity of the scattering p
cess to small inhomogeneities at angles close to end-on
dence. This dependence, however, almost completely di
pears when averages over all angles of orientation are ta
Also included in Fig. 11 is the TS for different consta
values ofg: g51.015,g51.0357, andg51.0564.

FIG. 13. Scatter plots of RTS vsu for animals 6, 8, 9, and 10 at~a! 50 kHz
and ~b! 200 kHz. For all animals, broadside incidence corresponds to,
proximately,u50° and 180°. End-on and head-on incidence correspon
u590° andu5270°, respectively. For animals 6 and 8, all data were c
lected with the dorsal–ventral aspects vertical~i.e., scattering in the side
aspect plane!, while for animals 9 and 10 the dorsal–ventral aspect w
horizontal. There was some degree of out-of-plane tilt for all animals,
typically <45°. This figure is included to illustrate the variability in the dat

FIG. 14. TS vs frequency andu obtained from the 250-kHz broadban
transducer for~a! animal 6;~b! animal 8;~c! animal 9; and~d! animal 10.
For clarity, only the first 180° of the data are shown here. The data h
been averaged over a small frequency band to reduce the high leve
variability.
1206 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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It is well known that scattering is highly sensitive t
small changes in the average values of the material pro
ties, in agreement with the modeling predictions presen
here. Furthermore, it appears that the effects on backsca
ing ~before average TS values are calculated! due to changes
in the material property profiles have a relatively strong d
pendence on orientation, with the largest effects occurrin
angles of orientation close to end-on incidence. Once a
age TS values are calculated, however, the differences in
scattering between the different material property profi
were almost completely eliminated. This is further eviden
that reproducing scattering on a ping-by-ping basis is m
difficult than predicting average quantities.

V. MODEL AND DATA COMPARISONS

A. Ping-by-ping

For all animals, it was found that the acoustic bac
scattering data were strongly dependent on both freque
and angle of orientation. To illustrate this, TS as a function
angle of orientation for animal 8 and 9 are shown in Fig.
at a selection of single frequencies. For comparison, pre
tions made with the line- and volume-integral models a
also included. Since CT scans were not available for anim
8 and 9 as input into the volume-integral model, the CT d
for animal 14 were scaled to the same aspect ratio as tha
animals 8 and 9. It can be seen that the orientation dep
dence of the backscattering increases with increasing
quency, and the agreement between both the line-
volume-integral predictions and the data is relatively good
angles close to broadside. However, the agreement is no
good at other angles, with differences of up to 20 dB o
served at 120 kHz for animal 9 between both models and
data. The general agreement between the line- and volu
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FIG. 15. TS vs frequency andu obtained from the 500-kHz broadban
transducer for~a! animal 6;~b! animal 8;~c! animal 9; and~d! animal 10.
For clarity, only the first 180° of the data are shown here. The data h
been averaged over a small frequency band to reduce the high leve
variability.
Lavery et al.: 3D modeling of acoustic backscattering
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integral predictions is also better close to broadside tha
other angles. These observations indicate that the leve
sophistication of the model is less critical at angles close
broadside. As will be discussed later, at these lower frequ
cies the line-integral model is expected to reproduce the
to a level of accuracy comparable to the volume-integ
model. It was also found that, for all animals, the data w
generally reproducible over the two full rotations, though t
variability in the backscattering between the different a
mals at any particular frequency was significant~Fig. 13!.

The broadband data were generally highly variable o
frequency-by-frequency and angle-by-angle basis, exhibi
much fine structure, particularly at the higher frequencies
illustrate this variability, TS values over a wide range
frequencies and angles of orientation are shown in Figs
and 15, corresponding to data acquired with the 250-
500-kHz broadband transducers, respectively. To elimin
some of this variability and allow the prominent features
the data to be more easily observed, the data were aver
over a narrow range of frequencies. However, it can be s
that there is still a strong dependence on the frequency,
animal number, and the angle of orientation.

B. Averages

Given the challenges associated with comparisons
data and model predictions on a ping-by-ping basis, we a
assess the model performance based on comparisons o
erages taken over a uniform distribution of orientations. T
predicted average RTS values for animal 11 are compare
the acoustic data obtained for animals 8 and 10, which
similar aspect ratios, in Fig. 16. The predictions based
both the line- and volume-integral models are included. A
included are data taken from Fig. 7 from Stantonet al.
~1993b!. These data were obtained for backscattering fr
aggregations of live tethered decapod shrimp~the same spe
cies as that used in the present study! over a wide range of
frequencies from 50 kHz to 1.2 MHz. Stantonet al. ~1993b!
also compared these data to a ray-based bent cylinder m
in which averages over length and a uniform distribution
orientations were taken.

The line- and volume-integral models were used
make predictions for two different sets ofg and h values
@Figs. 16~a! and ~b!#. Predictions made usingg51.0357 and
h51.0279 are presented in Fig. 16~a!. These values ofg and
h were determined by Foote~1990! for Euphausia superba,
and have been used in the literature for common sh
shrimp. These values have been used for most of the pre
tions presented in this paper. However, Stantonet al. ~1993b!
found better agreement with the data wheng5h51.06 were
used to make predictions with the ray-based model. The l
and volume-integral predictions usingg5h51.06 are shown
in Fig. 16~b!. Recent measurements of the material prop
ties of decapod shrimp have been performed by Chuet al.
~2000!, resulting in values forg ~51.043! andh ~51.0649 to
1.0736! that are close to the range of values investigated
this study and by Stantonet al. ~1993b!.

It can be seen that, for a particular choice ofg and h
both the line- and volume-integral models predict simi
average RTS values for lowka values. However, at higherka
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
at
of
o
n-
ta
l
e
e
-

a
g
o
f
4
d
te

ed
en
he

of
o
av-
e
to
d
n
o

del
f

re
ic-

e-

r-

n

r

values the line-integral model predicts significantly high
values for the average RTS than the volume-integral mo
with difference between the two models of almost 10 dB
ka57. As was observed by Stantonet al. ~1993b!, the agree-
ment with the data is better wheng5h51.06 @Fig. 16~b!#.
With these values ofg and h, the predicted average RT
values based on the volume-integral model for animal
generally agree well with the data over the range ofka values
investigated here.

It should be noted that the positions of the first two di
and nulls predicted by the models is highly sensitive to
value used for the mean radius. The mean radii shown
Table II were calculated from the 2D photographic imag
using all the measurements of radii along the lengthwise a

FIG. 16. Comparison of predicted and measured average RTS vska. In both
panels, the thick solid lines correspond to the 250-kHz and 500-kHz bro
band~BB! data obtained for animals 8 and 10. The open circles corresp
to the data obtained for animal 8 and 10 from the single-frequency
narrow-band~NB!, transducers. Data taken over a broad frequency ra
~50 kHz–1.2 MHz! for live tethered decapod shrimp aggregations@Fig. 7
from Stantonet al. ~1993b!# are also included~crosses!. This is the same
species of animal as used throughout the current study. The dashed
corresponds to predictions for animal 11 based on the line-integral mo
while the solid line corresponds to predictions based on the volume-inte
scattering model. Animals 8, 10, and 11 had similar aspect ratios.
different sets of values forg and h were investigated.~a! g51.0357 and
h51.0279. These values are taken from Foote~1990! and are commonly
used in the literature.~b! g5h51.06. These values were used in Fig. 7
Stantonet al. ~1993b! to compare the predictions of an averaged ray-ba
model to the data included here. The agreement between the data an
models is better wheng5h51.06, particularly at low frequencies and clos
to the first null, which occurs at approximatelyka52. In addition, the
volume-integral model also reproduces the location of a second null ap
ent in the data at approximatelyka53.8. The exact position of the nulls is
very sensitive to the value used for the mean radius. The values for the m
radii for each animal shown in Table II were calculated from the 2D pho
graphic images using all the radii except the ten points close to each en
the animal. However, the difference between the mean radius calculated
way and the maximum radius can be as large as 30%. In fact, it was fo
that the best agreement between the model predictions~based on animal 11!
and the Stantonet al. ~1993b! data, in terms of the location of the first tw
nulls, occurred when the calculation of the mean radii included only the
points closest to the center of the animal, which is the dominant sourc
scattering.
1207Lavery et al.: 3D modeling of acoustic backscattering
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of the animals, excluding the ten points at each end of e
animal~since the animals were strongly tapered there!. How-
ever, these mean radii differed by as much as 30% from
maximum radius measured for each animal. It was fou
here that the positions of the first two nulls observed in St
ton et al. ~1993b! data could be best reproduced by using
volume-integral model with a mean radius calculated fr
the 10 points centered around the location of the maxim
radius~Chu et al., 1992!. That is, the mean radius was ca
culated using the main part of the body only~i.e., the thorax
section!, which is similar to the mean radius used by Stan
et al. ~1993b!. For animal 11 this resulted in a mean thor
radius of 2.5 mm instead of 2.2 mm~an increase of approxi
mately 14%!. With this value of mean radius, it can be se
that the position of the first two nulls in the Stantonet al.
~1993b! data, atka52 and ka53.8, are reproduced ver
well by the volume-integral model for animal 11.

Just as we have observed here for predictions base
volume-integral model, Stantonet al. ~1993b! also found
good agreement between their ray-based predictions and
data, in terms of the locations of the first two nulls atka
52 andka53.8. However, the ray-based model predicte
deeper null atka52 than was observed in the data, with
difference between the averaged RTS values at the loca
of the first peak and first null of approximately 12 dB. Th
difference between the averaged RTS values at the loca
of the first peak and first null is approximately 5 dB for th
volume-integral model which is in better agreement with
data. In fact, it can be seen by comparing the predicti
made by Stantonet al. ~1993b! for the ray-based model to
the volume-integral model predictions shown here, that
oscillations in the average RTS versuska are more accentu
ated for the ray-based model over the entireka range inves-
tigated.

VI. DISCUSSION

One of the main findings of this modeling study is th
scattering from elongated fluid-like zooplankton at ang
close to end-on incidence is significantly more sensitive
small changes in material properties and roughness,
scattering at angles close to broadside. Furthermore, this
sitivity is accentuated with increasing frequency. As a res
it is correspondingly harder to accurately predict scatterin
angles close to end-on incidence.

At angles close to broadside, much of the structure
served in the target strength as a function of frequen
e.g., position and number of the peaks and nulls in
frequency spectra, can be relatively well accounted for
considering a simple two-ray model~Stantonet al., 1993a,
1993b; Stanton and Chu, 2000!. For weak scatterers a larg
fraction of the incident energy is transmitted through t
front interface. Consequently, constructive and destruc
interference between the two primary rays that scatter fr
the front and back interfaces is principally responsible for
observed peaks and nulls. The phase difference betw
these two primary rays is determined by parameters suc
the frequency and animal radius. Effects due to scatte
from volume inhomogeneities and surface roughness are
parently small relative to the large primary returns from t
1208 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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front and back interfaces, explaining the relative lack of s
sitivity of scattering at broadside incidence, as well as
plaining the agreement observed between the different s
tering models.

In contrast, at angles close to end-on incidence, the s
tering is not dominated by two large returns from the fro
and back interfaces, and small-scale variability such as
face roughness and volume inhomogeneities play a more
nificant role. Thus, to accurately model scattering at ang
close to end-on incidence it is necessary to have a m
detailed knowledge of the small-scale variability. It is no
possible to understand why predictions based on the l
integral model do not agree with predictions based on
volume-integral scattering model at angles close to end
incidence. There are a number of assumptions underlying
line-integral model. A key aspect of this formulation is th
the animals are assumed to have a circular cross sectio
every point along their lengthwise axis. This assumption
cylindrical symmetry artificially introduces elevated roug
ness levels, through the creation offacets, which will be
most highly accentuated at angles close to end-on incide
This problem has been identified by Stanton and Chu~2000!,
and results in increased scattering levels due to scatte
from these facets. Clearly, this problem is magnified w
increasing frequency as it becomes increasingly harde
satisfy thel/10–l/20 resolution criterion mentioned earlie
Although it may be possible to reduce the effect of facets
increasing the resolution of the 2D measurements, it is
intrinsic problem associated with this model and cannot
eliminated entirely. Stanton and Chu~2000! also found that
the problem could be reduced by smoothing the surf
roughness profiles. However, the procedure was necess
subjective. The more rigorous method to eliminate the pr
lem of facets is to obtain 3D digitizations of animal sha
and roughness, as was done in this study using h
resolution CT scans. Finally, it should be noted that althou
predictions based on the volume-integral model are com
tationally more intensive than those based on the li
integral model, the difficulty involved in obtaining 3D mea
surements of animal shape, and incorporating th
measurements into the model, is not significantly grea
than for the 2D measurements.

Various conclusions can be drawn from this study
garding the practical conditions under which it is necess
to use the DWBA-based volume-integral scattering mo
with high-resolution 3-D digitizations of animal shape. B
fore discussing the range of practical conditions in furth
detail it should be noted that many of these conclusions
based on predictions of average quantities. Once aver
are taken, either over a distribution of angles, lengt
shapes, or sizes, much of the structure seen in the indivi
pings will tend to be washed out. Consequently, the mo
predictions tend to agree better with each other.

As was mentioned earlier, little is known about the na
ral orientation distribution of elongated fluid-like zooplan
ton in their natural environment. Kils~1982!, Sameoto
~1980!, and Endo~1993! have described tank measuremen
of the body orientations of Antarctic krill~Euphausia su-
perba!, and there have been similar studies~Miyashitaet al.,
Lavery et al.: 3D modeling of acoustic backscattering
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1996! performed onEuphausia pacifica. In a more recent
study, Benfieldet al. ~2000! have found that the natural bod
orientation ofCalanus finmarchicus, another member of the
elongated fluid-like class of zooplankton, tends to be na
rally oriented with the animal body axis vertically up, with
standard deviation of about 30°. Thus, based on the pe
mance of the volume-integral model as compared to the l
integral model, it can be concluded that if the natural dis
bution of orientations includes angles of incidence close
end-on, more accurate scattering predictions are poss
with the volume-integral model. Likewise, there is little in
formation currently available as to the variations in the m
terial properties throughout the body volume~Foote, 1998;
Yayanoset al., 1978!. However, it is possible that the mate
rial properties will vary both along the lengthwise axis of t
animals, as well as radially. Once quantified, it would
straightforward to include these volume inhomogeneities
the volume-integral model.

It is apparent from this investigation that the DWBA
based volume-integral scattering model, using hig
resolution 3D measurements of shape, reproduces the l
ratory data for common shore shrimp under cert
conditions. However, there are models that make use of s
pler representations of animal shape~Stanton and Chu, 2000!
that are also accurate over a narrow range of conditio
Whether or not it is necessary to make use of a sophistica
but more complex, scattering model that incorporates hi
resolution measurements of animal shape may depend o
particular application. In fact, based on the results of
volume-integral model presented earlier, and depending
the specific applications, the largest sources of error in p
dicting scattering in realistic field situations may be dom
nated by the uncertainties in the material property and or
tation distributions. Finally, if the animal proportions~i.e.,
the general shape and aspect ratio! scale with the animal size
it may be possible to create a database of scattering pre
tions from 3D measurements of a relatively small number
individuals.

VII. SUMMARY AND CONCLUSIONS

In summary, an acoustic scattering model for fluid-li
scatterers with complex shapes, which is based on the
torted wave Born approximation and incorporates hig
resolution three-dimensional digitizations of shape, has b
developed. This model has a wide range of applicability, a
has been applied in this study to the specific case of deca
shrimp ~Palaeomonetes vulgaris!, an elongated fluid-like
scatterer, which closely resembles many members of
elongated fluid-like class of zooplankton. Detailed acous
scattering measurements of live individual animals ha
been compared to the model predictions. These data, as
as the modeling results and predictions, have shown tha
scattering process is highly complex and sensitive to
shape and size of the organisms, in addition to the angl
orientation, material properties, and acoustic frequency. T
high level of variability indicates that sophisticated mod
are necessary to reproduce all aspects of the scattering
cess on a ping-by-ping basis.
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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High resolution CT scans have been used to accura
incorporate the full three-dimensional animal shape into
DWBA-based volume-integral scattering model. Compa
sons have been made between the volume-integrated m
and a DWBA-based line-integral scattering model that use
2D representation of animal shape. The model predicti
agree reasonably well with each other, and with the ping-
ping low-frequency narrow-band laboratory data, at ang
close to broadside~Fig. 12!. However, at angles close t
end-on incidence, neither model successfully predicted
value close to those observed in the ping-by-ping data, e
at the lower frequencies~Fig. 12!. It should be noted that CT
scans were not available for the same animals from wh
the acoustic scattering data were collected; consequently
volume-integral predictions were based on measuremen
a scaled version of a different animal~scaled by aspect ratio!.
It has also been shown here that at higher frequencies
line-integral model predicts higher average scattering lev
than those predicted by the volume-integral model or see
the averaged data~Fig. 16!, when averages are taken over a
angles of orientation~0–360°! in one plane. The higher av
erage scattering levels can be understood in terms of
creation of facets during the 2D digitization process. T
was not the case with the volume-integral approach in wh
3D CT scans were used to obtain the digitizations of anim
shape. We conclude that care must be used with the l
integral model, particularly at higher frequencies. In contra
the DWBA-based volume-integral scattering model, whi
makes use of the high-resolution 3D measurements of an
shape, compared better with the averaged data~Fig. 16! over
the full frequency range investigated.

One of the many aims of studies such as this one is
improve estimates of the numerical abundances of zoopla
ton as extracted from acoustic data obtained during field
veys, as well as to perform classification of zooplankton
gregations. However, accurately extracting this informat
from the acoustic field data remains a challenging proble
Investigations such as the one presented here, which c
bine a general scattering formulation with high-resoluti
morphological information and high-quality laboratory da
are key to the quantitative use of acoustics in study
zooplankton in the ocean.

ACKNOWLEDGMENTS

The authors would like to thank Darlene Ketten a
Scott Cramer for performing the CT scans of the decap
shrimp, as well as to Hanu Singh and Ryan Eustice for h
with the image analysis of CT images. This work was su
ported in part by the Woods Hole Oceanographic Institut
Education Office. This is Woods Hole Oceanographic Ins
tution Contribution Number 10425.

Anderson, V. C.~1950!. ‘‘Sound scattering from a fluid-sphere,’’ J. Acous
Soc. Am.22, 426–431.

Benfield, M. C., Davis, C. S., and Gallager, S. M.~2000!. ‘‘Estimating thein
situ orientation ofCalanus finmarchicuson Georges Bank using the Vide
Plankton Recorder,’’ Plankton Biol. Ecol.47, 69–72.

Chu, D., Stanton, T. K., and Wiebe, P. H.~1992!. ‘‘Frequency dependence o
sound backscattering from live individual zooplankton,’’ ICES J. Mar. S
49, 97–106.
1209Lavery et al.: 3D modeling of acoustic backscattering



m
tri

p-
rin

E

g

A

,
.

es
ar

,’’

o

t

n-

rill
s-

0

-

ng
.

ple

nk-

in,
n

L.
en-
oc.

m.

ders
m.

r
u-

. D.
s,’’

t-
Chu, D., Foote, K. G., and Stanton, T. K.~1993!. ‘‘Further analysis of target
strength measurements of Antarctic krill at 38 kHz and 120 kHz: Co
parison with deformed-cylinder model and inference of orientation dis
bution,’’ J. Acoust. Soc. Am.93, 2985–2988.

Chu, D., and Ye, Z.~1999!. ‘‘A phase-conjugated distorted wave Born a
proximation representation of the bistatic scattering by weakly scatte
objects: Application to zooplankton,’’ J. Acoust. Soc. Am.106, 1732–
1743.

Chu, D., Wiebe, P. H., and Copley, N.~2000!. ‘‘Inference of material prop-
erties of zooplankton from acoustic and resistivity measurements,’’ IC
J. Mar. Sci.57, 1128–1142.

Endo, Y. ~1993!. ‘‘Orientation of Antarctic krill in an aquarium,’’ Nippon
Suisan Gakkaishi59, 465–468.

Everson, I. ~1982!. ‘‘Diurnal variations in mean volume backscatterin
strengths of an Antarctic krill~Euphausia superba! patch,’’ J. Plankton
Res.4, 155–162.

Everson, I., Watkins, J. L., Bone, D. G., and Foote, K. G.~1990!. ‘‘Impli-
cations of new acoustic target strengths for abundance estimates of
arctic krill,’’ Nature ~London! 345, 338–340.

Foote, K. G., Everson, I., Watkins, J. L., and Bone, D. G.~1990!. ‘‘Target
strengths of Antarctic krill~Euphausia superba! at 38 kHz and 120 kHz,’’
J. Acoust. Soc. Am.87, 16–24.

Foote, K. G., and Stanton, T. K.~2000!. ‘‘Acoustical Methods,’’ in ICES
Zooplankton Methodology Manual, edited by R. Harris, P. Wiebe, J. Lenz
H. Skjoldal, and M. Huntley~Academic, London!, Chap. 6, pp. 223–258

Foote, K. G.~1990!. ‘‘Speed of sound inEuphausia superba,’’ J. Acoust.
Soc. Am.87, 1405–1408.

Foote, K. G.~1998!. ‘‘Measurement of morphology and physical properti
of zooplankton,’’ inDigest of Colloquium on ‘Recent advances in son
applied to biological oceanography’~IEEE, Savoy Place, UK!.

Greene, C. H., Stanton, T. K., Wiebe, P. H., and McClatchie, S.~1991!.
‘‘Acoustic estimates of Antarctic krill,’’ Nature~London! 349, 110.

Greenlaw, C. F.~1977!. ‘‘Backscattering spectra of preserved zooplankton
J. Acoust. Soc. Am.62, 44–52.

Hewitt, R. P. and Demer, D. A.~1991!. ‘‘Krill abundance,’’ Nature~London!
353, 310.

Holliday, D. V., Pieper, R. E., and Kleppel, G. S.~1989!. ‘‘Determination of
zooplankton size and distribution with multi-frequency acoustic techn
ogy,’’ J. Cons., Cons. Int. Explor. Mer46, 52–61.

Holliday, D. V., and Pieper, R. E.~1995!. ‘‘Bioacoustical oceanography a
high frequencies,’’ ICES J. Mar. Sci.52, 279–296.

Kils, U. ~1981! ‘‘The swimming behavior, swimming performance and e
ergy balance of Antarctic krill,Euphausia superba,’’ BIOMASS Scientific
Series No. 3, 122.

Martin Traykovski, L. V., O’Driscoll, R. L., and McGehee, D. M.~1998!.
‘‘Effect of orientation on broadband acoustic scattering of Antarctic k
Euphausia superba: Implications for inverting zooplankton spectral acou
tic signatures for angle of orientation,’’ J. Acoust. Soc. Am.104, 2121–
2135.
1210 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
-
-

g

S

nt-

l-

McGehee, D. M., O’Driscoll, R. L., and Martin Traykovski, L. V.~1998!.
‘‘Effect of orientation on acoustic scattering from Antarctic krill at 12
kHz,’’ Deep-Sea Res., Part II45, 1273–1294.

Medwin H., and Clay, S. C.~1998!. Fundamentals of Acoustical Oceanog
raphy ~Academic, Boston!.

Miyashita, K., Aoki, I., and Inagaki, T.~1996!. ‘‘Swimming behavior and
target strength of isada krill~Euphausia pacifica!,’’ ICES J. Mar. Sci.53,
303–308.

Morse, P. M., and Ingard, K. U.~1968!. Theoretical Acoustics~Princeton
University, Princeton!.

Sameoto, D. D.~1980!. ‘‘Quantitative measurement of euphausiids usi
120-kHz sounder and theirin situ orientation,’’ Can. J. Fish. Aquat. Sci
37, 693–702.

Stanton, T. K., Clay, C. S., and Chu, D.~1993a!. ‘‘Ray representation of
sound scattering by weakly scattering deformed fluid cylinders: Sim
physics and application to zooplankton,’’ J. Acoust. Soc. Am.94, 3454–
3462.

Stanton, T. K., Chu, D., Wiebe, P. H., and Clay, C. S.~1993b!. ‘‘Average
echoes from randomly oriented random-length finite cylinders: Zoopla
ton models,’’ J. Acoust. Soc. Am.94, 3463–3472.

Stanton, T. K., Wiebe, P. H., Chu, D., Benfield, M. C., Scalon, L., Mart
L. V., and Eastwood, R. L.~1994!. ‘‘On acoustic estimates of zooplankto
biomass,’’ ICES J. Mar. Sci.51, 505–512.

Stanton, T. K., Chu, D., and Wiebe, P H.~1996!. ‘‘Sound scattering charac-
teristics of several zooplankton groups,’’ ICES J. Mar. Sci.53, 289–295.

Stanton, T. K., Chu, D., Wiebe, P. H., Martin, L. V., and Eastwood, R.
~1998a!. ‘‘Sound scattering by several zooplankton groups. I. Experim
tal determination of dominant scattering mechanisms,’’ J. Acoust. S
Am. 103, 225–235.

Stanton, T. K., Chu, D., and Wiebe, P. H.~1998b!. ‘‘Sound scattering by
several zooplankton groups. II. Scattering models,’’ J. Acoust. Soc. A
103, 236–253.

Stanton, T. K., Wiebe, P. H., and Chu, D.,~1998c!. ‘‘Differences between
sound scattering by weakly scattering spheres and finite-length cylin
with applications to sound scattering by zooplankton,’’ J. Acoust. Soc. A
103, 254–264.

Stanton, T. K., and Chu, D.~2000!. ‘‘Review and recommendations fo
modeling of acoustic scattering by fluid-like elongated zooplankton: E
phausiids and copepods,’’ ICES J. Mar. Sci.57, 793–807.

Stanton, T. K., Chu, D., Wiebe, P. H., Eastwood, R. L., and Warren, J
~2000!. ‘‘Acoustic scattering by benthic and planktonic shelled animal
J. Acoust. Soc. Am.108, 535–550.

Urick, R. J. ~1983!. Principles of Underwater Sound~McGraw-Hill, New
York!.

Yayanos, A. A., Benson, A. A., and Nevenzal, J. C.~1978!. ‘‘The pressure–
volume–temperature~PVT! properties of a lipid mixture from a marine
copepod,Calanus plumchrus; Implications for buoyancy and sound sca
tering,’’ Deep-Sea Res.25, 257–268.
Lavery et al.: 3D modeling of acoustic backscattering


