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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
approximationlDWBA) and that makes use of high-resolution three-dimensional measurements of
the animal’'s outer boundary shape. High-resolution computerized tomogt@hywas 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 assess@2 ©
Acoustical Society of America[DOI: 10.1121/1.1433813

PACS numbers: 43.30.Ft, 43.30.Sf, 43.20[Bh.B]

I. INTRODUCTION cluded in the formalism. It is also assumed that there are no
gas inclusions. Although the shape of the animals investi-

Acoustic surveys are commonly used as a tool for asgated in this paper is elongated, the model is not restricted to
sessing the distribution of zooplankton and other marine orelongated scatterers, but is generally applicable to any fluid-
ganisms that inhabit the water column. The primary advantike body, of any complex shape and size. Elongated fluid-
tage of this technique over other more conventional methodsike zooplankton are a possible application of this general
such as net tows, is the possibility of performing synopticmodel and are of particular interest due to the ecological
surveys while also obtaining high-resolution data over relsignificance and naturally high abundances found in many
evant temporal and spatial scaldédedwin and Clay, 1998; regions(Greeneet al, 1991; Hewitt and Demer, 1991Spe-
Foote and Stanton, 20R0To accurately measure zooplank- cifically, in this study we will present data and modeling
ton biomass using this technique, it is necessary to first unresults obtained for common shore shrinffalaeomonetes
derstand the process by which zooplankton scatter soungulgaris This crustacean has fluid-like material properties
Understanding the scattering of sound from zooplankton is and a similar shape and size to many elongated fluid-like
challenge for a number of reasons. First, many different spezooplankton, and has the added advantage of being conve-
cies of zooplankton are typically present in the water colummiently obtainable from local waters. In addition, previous
at any given time and location. Second, the scattering propmodels based on this local species have been adapted with
erties of these different species can vary enormously witikome success to oceanic species. There have been a number
organism size, shape, orientation, material properties, angf laboratory and field studies aimed at understanding acous-
acoustic frequency. Under many circumstances, successftit scattering from fluid-like scatterers, concentrating pre-
interpretation of acoustic field data is limited in part by the dominantly on decapod shrimp and euphausii@seenlaw,
availability of acoustic scattering models that take into ac-1977; Everson, 1982: Eversoet al, 1990; Footeet al,
count these diverse scattering properties. Though it is nat990; Chuet al, 1992, 1993; Martin Traykovskit al, 1998;
feasible to develop a scattering model for each individuaMcGeheeet al, 1998; Stantoret al, 1993a, 1993b, 1996,
animal, it is possible to establish a categorization schem&998b, 1998¢, 2000
based on general scattering properties and boundary condi- |n a recent paper, Stanton and C{000 presented a
tions. One such scheme was developed by Staetoml. comprehensive review of the scattering models currently
(1994, 1998a, 1998kn which three categories were identi- available for predicting the scattering of sound from elon-
fied; zooplankton with fluid-like acoustic characteristics gated fluid-like zooplankton. Briefly synthesizing this work,
(e.g., euphausiids, copepodgooplankton with gas inclu- the Andersor(1950 homogeneous fluid-sphere model is the
sions (e.g., siphonophorgsand zooplankton with elastic simplest possible representation for animal shape used to de-
shells(e.g., pteropods scribe scattering from this class of zooplanki@reenlaw,

The investigation focuses on organisms with fluid-like 1977; Hollidayet al, 1989; Holliday and Pieper, 1989n a
material properties, meaning that shear waves are not irseries of studies, cited in Stanton and QB000, Stanton
and others have developed a number of models that make
dCurrently at BAE Systems, Analysis & Applied Research Division, San use of ﬁnite'length deformed Cy”nders to describe animal
Diego, CA 92123, shape, resulting in a more accurate description of the ob-

J. Acoust. Soc. Am. 111 (3), March 2002 0001-4966/2002/111(3)/1197/14/$19.00 © 2002 Acoustical Society of America 1197



served angular scattering characteristics. To date, the mosthich has units of length, is a measure of the efficiency with
sophisticated model available for this class of zooplanktonwhich a target scatters sound, and is a function of the target's
with the largest range of applicability, is a deformed-cylindershape, size, orientation, material propertiegss densityp,
model based on the distorted wave Born approximatiorand sound speed) and the acoustic wave numbér,of the
(DWBA) (Chu et al, 1993; Stantoret al, 1993b, 1998a, incident wave k=2#/\, where \ is the acoustic wave-
1998b; McGeheeet al, 1998; Chu and Ye, 1999; Stanton length. The scattering amplitude for sound scattering from
and Chu, 2000 With this model it is possible to incorporate any weak scatterer with a finite body of volurke(such as
a relatively realistic animal shape, in addition to variations inthe animals under investigation here, which have material
the material properties, though a fundamental restriction oproperties that are similar to those of the surrounding me-
this model is the assumption of cylindrical symmetry. A re-dium) can be modeled in the far field using the Born approxi-
sult of this limitation is that the animal cross section is cir- mation (Morse and Ingard, 1968In fact, all formulations
cular at every point along the lengthwise axis of the animaland measurements presented in this paper are for back-
and the material properties can only vary along the lengthscattering, in which case the backscattering amplitdde,
wise axis. is given by

In this study, we develop a DWBA-based scattering

model that incorporates high-resolution, fully three- k? i
be:EJ' f f (‘)/K_'yp)el 2I'rvdV, (1)
\Y

dimensional (3D) digitizations of animal shape obtained
through the use of computerized tomograpt@T). This

model by-passes the limitations imposed by the assumptiofjhere k, is the wave number of the incident souri
of cylindrical symmetry made in the finite-length deformed- =|kqi|), ky; is the wave vector of the incident sound evalu-

cylinder model. We also compare the model predictions tyted in the interior of the volume, is the position vector of
acoustic backscattering laboratory measurements of both iRmy volume elementy, = (k,— k1)/ k1= (1—gh?)/gh?, Y,

dividual and aggregations of live decapod shrimp. The dat&(pz—pl)/pf(l—g)/g, and g(=p,/p;)) and h
presented in this paper were obtained during two separaie-c, /c,) are the density and sound-speed contrasts, respec-
experiments. The most recent data set, described in detau{,e|y_ k1(=(p1€2) ™Y and kp(=(p,c3) 1) are the com-
and for the first time in this paper, was obtained for live pressibilities in the surrounding medium and body interior. It
individuals under well-characterized and controlled condi-should be noted that the wave number in the exponent has
tions, using both single-frequency and broadband signalgeen evaluated within the body interigr,; instead ofky; in
with the animal orientation carefully controlled and with an pe exponent This modification to the Born approximation
angular resolution of 1° in two scattering planes. The seconfias heen referred to as the distorted wave Born approxima-
data set used in this paper to compare with the model pr&jon (DWBA). Throughout this work, the subscript “1” indi-
dictions was previously published by Stantenal. (19930 cates that the quantity referred to is evaluated in the sur-
and mvolvgs aggregations of live dec_apod Sh“”}p- Thoughounding medium, while the subscript “2” indicates that the
the acoustics and CT data were obtained on animals of thgantity referred to is evaluated in the body interior. If the
same species and of generally the same shape and size, fagterial properties are constant throughout the volumg (
practical reasons the acoustics and CT data involved differ- y,) can be factored out of the integral, and, at very low
ent specimens. _ frequencies, it is straightforward to show tHgt is propor-
This paper is organized as follows. In Sec. I, two tjgnal tov(fbsz(k%/4ﬂ.)(,yk_,y V).
DWBA-based scattering models are described. One of these Eqr gn elongated body witph a circular cross section at

models makes use of 3D measurements of the animal shaggery point along its lengthwise axis, Ed) can be further

and results in a volume-integral solution; the other modelgjmpiified to a one-dimensional line integr@tantonet al,
the deformed-cylinder model, uses 2D measurements of anigggp, given by

mal shape and results in a line-integral solution. In Sec. Ill,

the laboratory setup, methods used for data collection and ky J1(2k,a cospBiy) Jik
analysis, and the methods used to obtain 2D and 3D medss=7 | (7.~ 7,)a—— oz ——¢ Hateldryl, (2
surements of animal shape are outlined. Intermodel compari- o it

sons are performed in Sec. IV. Scattering predictions are herer

compared to thg d&.lta in Sec-. V, and the physic§ of the ScaFé\dius, andBy;; the local tilt angle of the body cross section
tering process is discussed in Sec. VI. Finally, in Sec. VII, lative toky; at each point on the axis. In this casey (

the results are summarized, and recommendations are ma_eyp), a, andgy, can vary along the length of the body, but

regarding conditions under which the various approachegre restricted to a constant value in any given cross section.
should be used. For a small number of cases it is possible, by making
very restrictive, but simplifying, assumptions about the shape
1. THEORY and material propertie®.g., fluid-filled sphere or ellipsojd
to obtain a closed-form mathematical expression for the
backscattering amplitude. In general, however, particularly
For a single insonification of a target of any complexwhen the conditions are as complex as those of the decapod
shape and size, the incident and scattered sound wave asbrimp we are attempting to model here, it is necessary to
related by the scattering amplitude. The scattering amplitudesolve for the backscattering amplitude numerically.

p Is the position vector of the body centerlirzeis the

A. DWBA-based scattering model
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The far-field backscattered energy is often expressed in / ROTATOR
terms of the target strengifTS) with units of decibel(dB)
relative to 1 nd (Urick, 1983, and is given by

TS=10logops=10log fbs|21 3

whereo,=|f,¢? is the differential backscattering cross sec-
tion, and differs from the often-used backscattering cross
sectiono by a factor of 4r (c=4m0y,s). In order to compare
scattering from objects of different sizes but similar propor-
tions, TS is often normalized according to the square of some
typical dimension, giving rise to the reduced target strength
(RTS. For elongated zooplankton, of length the RTS is

(o
RTS=10 |og_bS =10 |0q fbs|2_ 10 |og_2_ (4) FIG. 1. Schematic of the exp_erimental system useq for acquiring acoustic
L backscattering data as a function of angle of orientation and frequency: tank,

transducer array, stepper motor, a@adoustically transparenharness sys-
tem with horizontal aluminum rods used to tether the decapod shrimp.
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B. Modeling considerations

The most rigorous method of modeling the acousticgood condition throughout the data acquisition process are
scattering from a complex body is to digitize the body shapggnsidered here, namely the four animals numbered 6, 8, 9,
and material properties within the body in increments signifi-3nd 10. The experimental setup was very similar to that de-
cantly smaller than the wavelength. These high-resolutiorcried in Stantoet al. (2000, and only a brief overview of
digitizations can then be used as input to a general 3D scajne relevant equipment and methods will be described here
tering model, such as that given by E@). Under most cir-  ogether with a description of the difference between the two
cumstances, measurements at a resolution of approximatedtyps. The data presented in this study were collected in
M10 toN/20 are required to accurately represent the animal'g 996 in the acoustics laboratory at the Woods Hole Oceano-
body, although the exact value may vary with the modelinggn—iphiC Institution.
approachStanton and Chu, 2000This digitization criterion The experiments were performed in a 1.5-m-deep by
for the outer boundary shape is met for the range of frequens 7_m-jong and 2.4-m-wide tank filled with filtered seawater
cies used in these experiments when the animal shape {gig. 1). An array of transducer pairs was mounted in the
obtained from CT scans. However, if high-resolution CTank facing horizontally. A combination of single-frequency
scans are not available, it is possible to perform lower resoyng broadband transducers was employed to collect the
lution 2D measurements of outer boundary shape, and Usgoustic backscattering data. The transducers within each
these digitizations as input to a simplified scattering modelpajr were placed in a bistatic configuration, as close as pos-
such as that given by E(2). As will be seen later, there are sijpje to each other so as to approximate a monostatic con-
circumstances under which caution must be used when affrguration. Six pairs of powerful narrow-bariB) transduc-
plying the line-integral model, although there are conditionsgrg emitting 20Qus-long gated sine waves, were employed
when the results of the line-integral and volume-integralgt the following frequencies: 50, 75, 120, 165, 200, and 258
models are very similar. Comparison of the results obtaineg, |n addition, two octave-bandwidth broadbarf@B)
using these two approaches is one of the goals of this workyansducers were also employed, emitting 2608long

High resolution digitizations of the material properties “chirp” (linear frequency modulatedignals with center fre-
are also necessary to accurately evaldigie However, there  quencies at 250 and 500 kHz. The transmitted voltage time
are only a few studies in which the material properties ofggrjes, vpt), and the received voltage time series, or
fluid-like zooplankton have been investigat¢Greenlaw,  equivalently, the backscattered return echo from the animal,
1977; Foote, 1990; Chet al, 2000 and in these cases, only R (1) were stored on a personal computer for later analysis.
the average quantities were studied. There is little informagpe of the main advantages of using broadband transducers
tion available as to the spatial variability of these propertiesg that large amounts of information can be gathered over a
throughout the body interiofYayanoset al, 1978; Foote, \yide frequency range, allowing both temporal and spectral
1998. For most of the work presented hegeandh are held gt analysis techniques to be exploited, maximizing the in-

constant throughout the body interior, with values offormation that can be extracted about the sound scattering
9=1.0357 anch=1.0279 taken from Footel990, as mea- process. However, a considerable drawback of employing

sured forEuphausia superba broadband signals is that less energy can be applied per fre-
quency bin.
IIl. EXPERIMENTAL METHODS The animals were tethered in a two-point acoustically

transparent harness made of @8+diameter monofilament
line (Fig. 1). This involved a loop around the thorax, and
The acoustic backscattering measurements involving inanother line running through the midpoint of the abdomen
dividual decapod shrimp were made on ten specimens, biiFig. 2(a)]. The loop was loose enough to permit normal
only data collected from animals that remained alive and irrespiration and blood flow, but tight enough to prevent sub-

A. Acoustic data acquisition
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TABLE |. Range of orientations and frequencies used to obtain acoustic
backscattering measurements.

FrequencykHz)  Animal no. Range of orientations in 1° increments

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°

guantify it and it also changed slightly as the animals were
rotated.

The transducers were calibrated prior to the backscatter-
ing measurements following the procedure outlined in Stan-
ton et al. (1998a. During the calibration, the receiver and
transmitter were aimed at each other at a range- 0.69 m.

For each transducer pair, ten 208-long chirp signals were
collected and averaged. The time series of the transmitted,
vla(t), and received, % (t), calibration voltages were stored

for the purpose of postprocessing calibration of the scattering
data. The background reverberation of the tank, without the
animals present, was also measured for each transducer pair
o _ _ _ in the bistatic scattering configuration. This measurement in-
FIG. 2. (a) Schematic diagram of a decapod shrimp, showing the two-point, o ved averaging the background reverberation signals, for
tether. The animals were tethered with a loop about the thorax and were also ’
pierced through the abdomen. The animal lengthswere measured from each set of tranSdgcersv over a large number of eChoes_- _T_he
the photographic imagesb) The animal shape was digitized in 2D by average reverberation echo was stored on the data acquisition
obtaining measurements in the dorsal—ventral plane. The measurements ascilloscope and subtracted in real time from the echoes ob-
shown as black points along the outside contour of the animal. The calcufained once the animals were placed in the tank. This proce-
lated centerline is also showirom which the length, L, was calculated . ’
together with a selection of radii. For the scattering predictions made usin§lure was repeated for e.alc_h animal. Great care was taken
the line-integral model, based on the 2D digitizations of animal shape, théhroughout the data acquisition process to minimize the pres-
animals were digitally straightened so that the shape of the animal morgnce of bubbles on the tethers, since the acoustic signals

accurately reproduced the observed shape during the acoustic backscatteri

measurements. However, it was not necessary to digitally straighten the Cl_tli%m bubbles can greatly contaminate the acoustic returns of

data since the animals were naturally straighter during the CT scannin§terest. For each acoustic return from each transducer pair
process. R T .2
_ Vbs Vcal Mps

bsT\/R \/T ,

Vcal Vbs I'cal

stantial movement. For the data reported here, the anima R T R
p {Shere VR, VI, Vv

. i _ o hrouahout th R, andV_ are the absolute values of
remained alive and in good condition throughout the datdne Fourier transforms ofoR(t), vi(t), vR(t), and

acquisition process. Tension was maintained in the harne%gcal(t)’ respectively. Prior to evaluating the Fourier trans-

by two horizontal aluminum rods. This kept the position andigrms of the voltage time series, a bandpass filter was ap-
orientation of each animal stable. The animals were centere&ied to the data. to reduce out-of-band noise.

in the acoustic beam in the far field of the transducers at a
range of 0.51 m. A computer-controlled stepper motor ro- )
tated the animals in 1° increments, in most cases through tw%' 2D measurements of animal shape
full rotations (720°9. The animals were insonofied with a For application of the line-integral model it was neces-
single ping at each angle of orientation. Table | summarizesary to estimate the cylindrical radius of each animal at a
the frequencies and angles of orientations for which backaumber of points along the lengthwise axis. These measure-
scattering measurements were performed. Measurements wients were performed by first taking 2D photographic im-
the animal lengths, radii, aspect ratiok/§), and wet ages of the preserved animals in the dorsal—ventral plane. As
weights are summarized in Table II. mentioned earlier, one of the underlying assumptions of this
Animals 6 and 8 were tethered such that the dorsal-model is that the animal cross section is circular. Conse-
ventral aspect was approximately in the vertical plane, withquently, it is sufficient to obtain 2D measurements of the
an out-of-plane tilt of 25°—45°. In contrast, animals 9 and 10animal radius in one plane at a number of points along the
were tethered such that the dorsal—ventral aspect of the argenterline axis. The animal shapes were digitized by collect-
mals was approximately in the horizontal plane, with an outing the coordinates of a number of points along their outer
of-plane tilt of 25°—45°. There is some uncertainty in the tilt contours. Animal centerlines and radii were then calculated
angle of the animals since there was no way to accuratelfrom these measurements. To obtain the coordinates and radii

©)
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TABLE II. Animal lengths(defined in Fig. 2 average torso radii, wet weights, aspect ratio, number of data
points along the lengthwise axigmcluding end pointstaken from the 2D photographic images, and availability

of acoustic and CT data. The average torso radii were calculated from the 2D photographic images by averaging
over all the radii, excluding the ten points at each end of each animal.

Length(L) Radius(a) Wet weight Aspect ratio

Animal no. (mm) (mm) (9) (L/a) N Acoustic: CT
6 30 15 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

of N points along the centerline axis, including two end mined bydz and the resolution within any given slice, de-
points, it is necessary to collect K22) points along the termined by the focus and zoom of the scanner, differ. How-
outer contour of the animdilrable Il). The result of this 2D ever, for the CT data acquired during this study, both
digitization process is shown in Fig.(l® for animal 11. measures of resolution adequately meet the resolution crite-
Since these measurements were performed in the dorsakion stated earlier, over the full range of acoustic wave-
ventral plane of the animals, the results more closely reprelengths used for the data acquisition. For instance, at 500
sent a side view of the actual animal than a top view. FinallykHz, 200 um corresponds to approximatelyl15.
since the digitization of animal shape was performed after  For each animal, the original CT slices contained 512
the animals had been preserved, it was necessary to digitally512 pixels. For ease of manipulation and numerical effi-
straighten the animals so that they more closely representeziency, it was possible to crop each CT sliceferenced to a
the actual live animal shape. common pixel to maintain overall alignmertb containN,

XN pixels. Each CT slice was then converted to a binary
C. 3D measurements of animal shape: CT scans

High-resolution computerized tomograpl¢T) scans
were performed for three decapod shritgmimals 11, 13,
and 14 at the Massachusetts Eye and Ear Hospital using
spiral CT scanner. Scans of animals 13 and 14 were pe
formed with the animals livébut not in wate), while animal
11 was scanned after recent preservation. The CT scans we
used to evaluate the 3D volume integral with the integratior
performed withinATLAB (version 5.3. Details of this pro-
cedure are described below.

The CT scans were performed along the lengthwise axi
of the animals, with a full set of slices obtained in a 1-2 s
time interval. The separatiodz, between the slices was 100
pm for animals 13 and 14, corresponding to the resolutior
limit of the CT scanner, while for animal 11 the separation
between the slices was 2@@n. This resulted ilN, slices per
animal, which varied according to the animal lengiiable
[II'). A 3D image of animal 11 is shown in Fig(a, together
with a number of representative CT slices. The resolution o
the CT data along the lengthwise axis of the animal, deter

TABLE lIl. Animal number, number of CT slicesN,), number of pixels
per CT slice NyXN,), separation between CT slicédz), and pixel area
within each slice. Note that the length of animal 13 as measured from the
photographic image€Table 1) is smaller than that of animal 11. However,
there are more CT slices of animal 13 since more of the antennae wer
captured during this set of scans. These animal parts are not expected __
contribute significantly to the scattering; the lengths used to calculate the

RTS values are based on Table II. FIG. 3. (8 3D image of animal 11, together with three representative CT
slices.(b) Scattering geometry used in the scattering models.ZThgis is
Animal no. N, N XN, dz (um) Pixel area fzm)>2 aligned along the lengthwise axis of the animal. Broadside incidence corre-
sponds to, approximatelyy=0° and #=180°. Head-on incidence corre-
11 156 128128 200 10100 sponds tod=—90°, or equivalentlyg=270°. End-on incidence corresponds
13 399 10100 100 104104 to, approximately,#=90°. The ¢=0° and 180° planes correspond to the
14 301 10100 100 104104 dorsal and ventral sides of the animals, while the +=90° planes corre-

sponds to the left and right sides of the animal.
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matrix, M', of size NpXN,, wherel runs from 1 toN,.
Matrix elements corresponding to pixels with an intensity
above a certain threshold value contain ones and all others

-50F

elements are zero. The matridels were relatively insensi- & _s} 250 kHz BB Data 500 kHz BB Data
tive to the value chosen for the threshold once it was set highf o
. . . . =4
enough to eliminate background diffraction effects. Thus, for 2 -7oF R e e
. . . . N - e g .
ef';\ch incident Wave.vector, the backscattering amplitigle, o ol ok e, OV s nrheneT
given as a volume-integral by E¢L), becomes g & g% 8
<T
fro.=—- - M:. <
bs 477_(7K yﬁ)|=1j=1i=l ij g—wo-
X eZikz(cosb‘ cosd)x!j +cosé sin ¢>Y:j +sin f)Z!j)dV!_ . (6) “110} ('3 ﬁzﬁi: §§ SS 822 E
1 O Animal 9: NB Data
. . * Animal 10: NB Data
Xi;, Yij, andZ} are the position vectors of each pixdV;; _120 e
corresponds to the volume associated to each pixel, and the FREQUENGY (kH2)

material properties have been assumed constant throughout

. . . . L FIG. 4. TS averaged over orientation vs frequency for animals 6, 8, 9, and
the body interior. The d'reCtlon of the incide(@tnd backscat- 10. The four solid lines represent data obtained using the 250-kHz broad-

tered wave vector is kjj=(c0Sfcos¢gx+cosdsinpy band(BB) transducer. The four dashed lines represent data obtained using
+sin 62), where the coordinate system is aligned with the CTthe 500-kHz broadband transducer. The symbols represent the average TS
scanner coordinate syste[rﬁig 3(b)] Thus. thez direction values obtained from the single-frequency, or narrow-b@isl), data. The

. . ’ . . . averages are taken for all angles uniformly in one plane.

is, approximately, along the lengthwise axis of the animals.

Broadside incidence corresponds fe-0° or 6=180°, in ) ) _ _ . _
some ¢ plane, while 6==90° corresponds to end-on and SIZ€S and angles of orientation. It is possible to predict aver-
head-on incidénce in ang plane age scattering levels more accurately since the complex and
Simple variati(;ns in the material properties along thestochastic structure of the scattering is smoothed during the
lengthwise axis of the animals can be incorporated into quveragl.ng Process. In this paper, the focus IS On averages
(6) by allowing the quantity ¢.— y,) to vary between CT over orientation since the number of animals for which there
slices. Thus, Eq(6) becomes oo are scattering data, and their size range, is relatively small.

At sufficiently high frequencies, acoustic returns from

ki Nz Np Np o aggregations of zooplankton tend to add incoherently. Thus,
be:E “ le ;1 (M7)jj average TS £ 10 logo,o values were obtained by averaging
the differential backscattering cross sectien,s, over all
x @2ika(cosd COS¢X!,-+0050 sin ¢Y!j+5i“ HZ!QdV:j , (7) angles of orientation. Since there is little information avail-

N ol | ) able as to the natural orientation distributions of decapod
where M)j;=(y.—7,) Mjj, and (n—7v,)" has a single  gpimy or any other elongated fluid-like animals, average TS
value within any given CT slice. This is only an approximate 5| ,es were calculated by assuming a uniform distribution of

method of incorporating lengthwise variations in the materia'orientations from 0—360°.

properties of the animals since it does not take into account The average TS values as a function of frequency were
the degree of animal bend. _ _ calculated for all four animals, for both single-frequency and
FFull 3D variation in the material properties can also beyoaghand data, and these results are shown in Fig. 4. Once
easily |nco|rp01ated in a similar manner. Inthis casé,X;  ayerages are taken, much of the fine structure observed in the
= (7= 7,)ijMij, where (y,—v,);; has a distinct value for - 445 on a ping-by-ping basis is smoothed out. The TS values
each pixel. Finally, it is worth noting that it may be possible ¢, animal 6 obtained from the 500-kHz broadband trans-
f[o extract density contra_lst values_ from the CT data, althoughy,,cer were approximately 6 dB higher than those obtained
it would be necessary first to calibrate the CT data. for the other animals. Although no errors were noted during
the data acquisition process for this animal, it is hypoth-
D. Averages esized that this anomaly could be due to an error in an os-

In general, the scattering process is highly complex andilloscope setting.
can depend on many parameters simultaneously. Given the
uncertainty in each parameter, predictions of a single scattery. MODEL PREDICTIONS
ing realization are often difficult to make. As a result, com- . -

. - . ... A Comparison of TS predictions versus angle
parisons between predictions and data for single realizations
are generally qualitative. Quantitative comparisons can be Though the TS values predicted by both models spanned
made for both the statistics of scattering and for averaged similar range for the frequencies and angles investigated, it
levels, where the averages can be over some distribution afas found that the differences between the predicted scatter-
parameters, such as a distribution of sizes or angles of oriefirg levels were generally larger at angles close to end-on
tation. There is also a more direct relationship between thisncidence than at angles close to broadgfeig. 5), with the
approach and volume scattering data, such as that collectdide-integral model predicting considerably higher values at
from aggregations involving a varied distribution of animal angles close to end-on incidence. These differences were
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FIG. 5. Comparison of TS predictions for animal 11, in the0° plane
(dorsal—ventral based on the line-integratgdiashed ling and volume-
integral (solid lines models.(a) 200 kHz and(b) 600 kHz. The largest
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FIG. 6. Comparison of TS averaged over orientation vs frequency predicted
by the line-integraldashed lingsand the volume-integrdkolid lineg mod-
els for animal 11 in thepp=0° plane (dorsal-ventral (a) Averages per-

differences observed between the two models occur at angles close formed over all angles of orientation uniformlth) Averages performed

head-on and end-on inciden¢é==+90° where the line-integral predicts
higher backscattering levels, particularly at higher frequencies.

accentuated at the higher frequendiEsgy. 5b)]. For ease of

uniformly over all angles of orientation excluding the range of angl@s®
centered on end-on incidence.

C. Comparison of average RTS predictions for

intermodel comparison, most scattering predictions were pefifferent animals

formed in the=0° plane. However, predictions were also
made in the¢p=45° and $=90° planes, with trends in the
results similar to those found for the=0° plane.

B. Comparison of average TS predictions

The differences in the average RTS values obtained us-
ing the volume-integral model, for the three animals for
which CT scans were available, are illustrated in Fig. 7. The
average RTS values are plotted as a function of the dimen-
sionless produdta so as to account for the different radii of
the animals(The values ofa used to evaluat&a are those
presented in Table ).t can be seen that the structure of the

The average TS was initially calculated for averages

taken over all angles of orientation uniformly distributed in
the ¢=0° plane[Fig. 6(@)]. The average TS values predicted

—40 T T T T T T

by both models agree closely at the lower frequencies, bug
the agreement deteriorates with increasing frequency. At 70
kHz, the line-integral prediction lies almost 10 dB higher
than the volume-integral prediction. At high frequencies, the
volume-integral model predicts that the average TS attains &
relatively constant value, whereas the line-integral model&
predicts that the average target strength slowly increases witl§
increasing frequency, over the frequency range investigated@
Average TS values were then calculated with th25° cen-
tered about end-on incidence excludgdg. 6b)]. In this
case, both models predict very similar average TS levels. It -1
can be seen that the differences between the model predic
tions are generally within several dB at most frequencies
investigated. It is apparent from Figs. 5 and 6 that at higher

ET STREN

-100

AVERAGE

-120

=~ = Animal 11 [
w— Animal 13
— Animal 14

0

ka

4 5 6 7

frequencies the line-integral model is predicting significantlyFIG. 7. Comparison of RTS averaged over orientatiokasredicted by the
higher average TS levels when the averages include angl&&ume-integral model for animals Itlashed ling 13 (thick solid ling,

.. . and 14(thin solid line, in the $=0° plane(dorsal-ventral The average
close to end-on incidence. This trend was observed fopall 150 radii, calculated from the 2D animal measureméRable 1)), were
planes investigated. used to evaluatka.
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FIG. 8. Comparison of TS averaged over orientation vs frequency predicte
by the volume-integral model for animal 13 in three differgnplanes. The
¢=0° plane corresponds to the dorsal side of the animal, wi#90°
corresponds to the left side of the animal.

similar ka values.

D. Comparison of average TS predictions for different
¢ planes

seen that the average TS values in the different planes differ

by no more than a few dB. There is a shift in the location of
the first peak and null which is probably related to the fact
that the average width of the animal is different in different
planes.

E. Variations in material properties

The effect on backscattering due to changes in materié:j
properties was also briefly investigated. Two approache

were taken. The first approach involved studying the effect:
of changes in the values of the material properties, assumin
homogeneous values throughout the body interior. The
change in TS due to changes in the overall average levels «
g andh is given by

(Y= ¥,)"?
%n*nww

where T$Y and T$?) are the target strength values obtained
for (otherwise identicalanimals with average material prop-
erties given by ¢,—v,)™") and (y,— v,)?, respectively.

In the second approach, following the work by Stanton
and Chu(2000, two different material property profiles were
investigated, chosen to vary along the lengthwise axis of th

ATS=TS?-TSVY=20lo (8)

lengthwise axis, we limit this investigation to this particular
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EIG. 9. Material property profiles. Three different uniform valueg oiere
investigated(dashed lines g=1.0564, g=1.0357,g=1.015. The thick
solid line represents the profile with seven segments with a mean value of
g=1.0357. The thin solid line represents the smoothly varying profile, with
the mean value also kept g&=1.0357. The material profiles only varied
average RTS is very similar for all three animals, and thealong the lengthwise axis of the animal.

transition from Rayleigh to geometric scattering occurs at
changes in the material properties can cause large changes
in the scattering, this study is limited to variations in the
density contrast,g, keeping h constant at all timesh
=1.0279. When dealing with inhomogeneous material prop-

To illustrate that the conclusions drawn above are no€'ties, Eq(8) is no longer applicable and the full solution for
dependent on thep plane chosen, average TS values forfbs Must be calculated before averages can be taken. Cer-
animal 13, calculated using the volume-integral model withtainly, due to the lack of information available, this work can
$=0°, $p=45°, and$=90°, are shown in Fig. 8. It can be ©Only be viewed as exploratory in nature.

The two material property profiles investigated involved
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FIG. 10. Effects on TS due to changes in material property profiles. The
redictions shown here are for a single realization based on the volume-
tegral model for animal 11(a) TS vs frequency for=—6° and $=0°

animal only. Although it is possible that the actual material(~broadside (b) TS vs frequency for9=90° and $=0° (~end-on. The

properties will vary in all directions, not just along the thick dashed lines correspond to a uniform valuegefl.0357, the thick
solid lines correspond to the segmented profile, and the thin solid line cor-

. . . respond to the smoothly varying profilalmost indistinguishable from the

scenario due to the Iarge degree of speculatlon involved. Iﬂ]ick solid line in panel@]. The sound-speed contrast was held constant

addition, since we are only illustrating the point that smallwith a value ofh=1.0279 for all curves.

Lavery et al.: 3D modeling of acoustic backscattering



AVERAGE TARGET STRENGTH (dB)
)
0
5

-100

-105

-110

= = g=1.0357
— Profile with seven segments
—— Smoothly varying profile

0 100

FIG. 11. Effects on TS, averaged over orientation due to changes in th
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(1) a profile with seven segments af®] a smoothly varying
profile. These profiles are illustrated in Fig. 9. Each of these
profiles contained\, points, equal to the number of CT
slices. This approach was chosen since incorporation of these
profiles into the DWBA-based volume-integral model was
then straightforward, using E¢7), as outlined in Sec. Il C.
The segmented profile was chosen to have seven equal
length segments, each with a constant valug.dfhe value
assigned ta@ in each segment was chosen randomly within
the limits of 1.015g=<1.0564, subject to the constraint that
the average value of remained at 1.0357. The smoothly
varying profile was chosen such that it was varied, approxi-
mately, between the same constraints, with the same average
value forg.

The effect on TS due to the different material property
profiles was calculated for animal 11 at two specific angles

gf orientations[Figs. 1@a) and (b)]. The two scattering

material property profiles. The predictions shown here are based on th@Ngles investigated wefe) ¢=—6° (close to broadsideand
volume-integratal model for animal 11. The thin dashed lines correspondb) #=90° (close to end-on incidengefd=—6° was chosen

to uniform values ofg=1.0564 (highest TS valugsandg=1.015 (lowest
TS values, respectively. The thick dashed line corresponds to a uniform
value ofg=1.0357, the thick solid line corresponds to the segmented profile

instead of 0° since the peaks and nulls were more pro-
nounced at this angle. Average TS, where the average is over

1

and the thin solid line corresponds to the smoothly varying profile. The@ll values ofé uniformly from 0 to 360° in thep=0° plane,

sound-speed contrast was held constant with a value=df.0279 for all

curves.
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for the two material property profiles is shown in Fig. 11.
The effect on backscattering when using the profile with
seven segments is highly dependent on angle, and can be
very large at angles close to end-on incidence. This is a good

(e) Animal 9: 120 kHz

FIG. 12. TS vsf for animals 8(a)—(d)
and 9(e)—(h) at 120 kHz(a), (e), 165
kHz (b), (f), 200 kHz(c), (g), and 258

100
U]

o200 300 kHz (d), (h). The dashed lines corre-
Animal 9: 165 kHz spond to line-integral predictions, the

thick solid lines correspond to
e volume-integral predictions, and the
thin lines correspond to data. Broad-
side incidence corresponds to, ap-
proximately, =0° and 180°. End-on

scattering corresponds #=90°, and

head-on scattering corresponds to

100

(g) Animal 9: 200 kHz

0#=270°. The volume-integral pre-
dictions are based on the CT scans
for animal 14, scaled to the size of

200 300

animals 8 and 9, respectively. To better
match the observed animal orienta-
tion during the data acquisition, the
line-integral predictions with the 2D
measurements were performed with a
30° out-of-plane tilt. However, the
volume-integral predictions shown

100

200 300 here, based on CT scans for animal 14,

(h) Animal 9: 258 kHz do not include any out-of-plane tilt. It

-100

-120

is possible that the volume-integral
predictions would better match the
data if the dependence on tilt was fur-
ther investigated.

100

200 300
Angle of Orientation, &
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{b) Animal 8: TS from 500 kHz BB data
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FIG. 13. Scatter plots of RTS wfor animals 6, 8, 9, and 10 &) 50 kHz .
and (b) 200 kHz. For all animals, broadside incidence corresponds to, apFIG' 15. TS vs frequency and obtained from the 500-kHz broadband

proximately, #=0° and 180°. End-on and head-on incidence correspond totransducer for@) animal 6;(b) animal 8;(c) animal 9; andd) animal 10.
9=90° and #=270°, respectively. For animals 6 and 8, all data were col- For clarity, only the first 180° of the data are shown here. The data have

lected with the dorsal—ventral aspects verti@a., scattering in the side- been averaged over a small frequency band to reduce the high levels of

aspect plang while for animals 9 and 10 the dorsal—ventral aspect wasva”ab'“ty'
horizontal. There was some degree of out-of-plane tilt for all animals, but

typically <45°. This figure is included to illustrate the variability in the data. It is well known that scattering is highly sensitive to
small changes in the average values of the material proper-

illustration of the heightened sensitivity of the scattering pro-ti€s, in agreement with the modeling predictions presented
cess to small inhomogeneities at angles close to end-on inciiere. Furthermore, it appears that the effects on backscatter-
dence. This dependence, however, almost completely disaf?d (before average TS values are calculatiee to changes
pears when averages over all angles of orientation are takelf the material property profiles have a relatively strong de-
Also included in Fig. 11 is the TS for different constant Pendence on orientation, with the largest effects occurring at
values ofg: g=1.015,g=1.0357, ancy=1.0564. angles of orientation close to end-on incidence. Once aver-
age TS values are calculated, however, the differences in the
scattering between the different material property profiles
were almost completely eliminated. This is further evidence
that reproducing scattering on a ping-by-ping basis is more
difficult than predicting average quantities.

(a) Animal 6: TS from 250 kHz BB data 350

V. MODEL AND DATA COMPARISONS
A. Ping-by-ping

{

For all animals, it was found that the acoustic back-
scattering data were strongly dependent on both frequency
and angle of orientation. To illustrate this, TS as a function of
angle of orientation for animal 8 and 9 are shown in Fig. 12
at a selection of single frequencies. For comparison, predic-
tions made with the line- and volume-integral models are
also included. Since CT scans were not available for animals
8 and 9 as input into the volume-integral model, the CT data
for animal 14 were scaled to the same aspect ratio as that of
animals 8 and 9. It can be seen that the orientation depen-
dence of the backscattering increases with increasing fre-
quency, and the agreement between both the line- and
volume-integral predictions and the data is relatively good at
FIG. OI14. TfS vs frgquelngybané _obt?iged from trg 250-I((jHZ bFOE}dlbgnd angles close to broadside. However, the agreement is not as
e v s o T 2 @00 at oiher angies, vith diferences of up o 20 dB ob-
been averaged over a small frequency band to reduce the high levels served at 120 kHz for animal 9 between both models and the
variability. data. The general agreement between the line- and volume-
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integral predictions is also better close to broadside than ag -z ' :
other angles. These observations indicate that the level oig o OO v » 1
sophistication of the model is less critical at angles close tof -« e e
broadside. As will be discussed later, at these lower frequent -sof
cies the line-integral model is expected to reproduce the daté -sof
to a level of accuracy comparable to the vqume-integraI§ -7
model. It was also found that, for all animals, the data were% -e Stanton et al. {19930) data (x x x) ]

______
- -

-

. . [a) Animals 8 and 10 NB data {0 ¢ 0)
generally reproducible over the two full rotations, though the & -e
. o . . . . B = = Line Integral
variability in the backscattering between the different ani- &-roof : s + " - = 7
mals at any particular frequency was significéifig. 13). _ @
The broadband data were generally highly variable on a§ atoo i " " "
frequency-by-frequency and angle-by-angle basis, exhibiting2 r Animals & and 10; 250 kHz 56 data =]

much fine structure, particularly at the higher frequencies. Tog
illustrate this variability, TS values over a wide range of g
frequencies and angles of orientation are shown in Figs. 14 [
and 15, corresponding to data acquired with the 250- andgc%

500-kHz broadband transducers, respectively. To eliminateX ™

Animals 8 and 10; 500 kHz BB data

Stanton et al. (1993b) data {x x x) b
Animals 8 and 10 NB data (0 0 0}

some of this variability and allow the prominent features in §
the data to be more easily observed, the data were average* " 1 z 3 z 5 6 7

ka

over a narrow range of frequencies. However, it can be seen

that there is still a strong dependence on the frequency, theG. 16. Comparison of predicted and measured average RK& us both
animal number. and the angle of orientation panels, the thick solid lines correspond to the 250-kHz and 500-kHz broad-

band(BB) data obtained for animals 8 and 10. The open circles correspond
to the data obtained for animal 8 and 10 from the single-frequency, or
B. Averages narrow-band(NB), transducers. Data taken over a broad frequency range

. . . . 50 kHz—1.2 MHz for live tethered decapod shrimp aggregatiphig. 7
Given the challenges associated with comparisons Ofom Stantonet al. (19935] are also includedcrosses This is the same
data and model predictions on a ping-by-ping basis, we alsepecies of animal as used throughout the current study. The dashed line
assess the model performance based on comparisons of ag\th_:es?]ondsl_(tjol_predictions fo(; animaldl_l_basebd ondthe Iir:\e-intlegral_modeli

. s . . while the solid line corresponds to predictions based on the volume-integral
eraggs taken over a uniform dlsmbuﬂon of orientations. Thescattering model. Animals 8, 10, and 11 had similar aspect ratios. Two
predicted average RTS values for animal 11 are compared ferent sets of values fog and h were investigated(a) g=1.0357 and
the acoustic data obtained for animals 8 and 10, which hatl=1.0279. These values are taken from Fo(t890 and are commonly
similar aspect ratios, in Fig. 16. The predictions based Ohlsed in the literaturelb) g=h=1.06. Thes_e \_/alues were used in Fig. 7 of
both the line- and volume-intearal models are included. Als Stantonet al. (1993p to compare the predictions of an averaged ray-based
; 9 . ) Gnodel to the data included here. The agreement between the data and the
included are data taken from Fig. 7 from Stantenal. models is better wheg=h=1.06, particularly at low frequencies and close
(1993h. These data were obtained for backscattering fromio the first null, which occurs at approximateka=2. In addition, the
aggregations of live tethered decapod shriifie same spe- volume-integral model also reproduces the location of a second null appar-

. . . ent in the data at approximateka=3.8. The exact position of the nulls is
cies as t_hat used in the present sfudyer a wide range of very sensitive to the value used for the mean radius. The values for the mean
frequencies from 50 kHz to 1.2 MHz. Stantenhal. (19930 radii for each animal shown in Table Il were calculated from the 2D photo-
also compared these data to a ray_based bent cylinder modghphic images using all the radii except the ten points close to each end of

in which averages over Iength and a uniform distribution 0]cthe animal. However, the difference between the mean radius calculated this
orientations were taken way and the maximum radius can be as large as 30%. In fact, it was found

. ) that the best agreement between the model predictimased on animal 31
The line- and volume-integral models were used toand the Stantoet al. (1993 data, in terms of the location of the first two

make predictions for two different sets gfand h values  nulls, occurred when the calculation of the mean radii included only the 10
[Figs. 16a) and(b)]. Predictions made using=1.0357 and points closest to the center of the animal, which is the dominant source of
. . scatterlng.

h=1.0279 are presented in Fig.(&5 These values afj and

h were determined by Footd 990 for Euphausia superha

and have been used in the literature for common shorgalues the line-integral model predicts significantly higher

shrimp. These values have been used for most of the predigalues for the average RTS than the volume-integral model,

tions presented in this paper. However, Stargbal. (19938  with difference between the two models of almost 10 dB at

found better agreement with the data wiggnh=1.06 were  ka=7. As was observed by Stantenal. (1993h, the agree-

used to make predictions with the ray-based model. The linement with the data is better whay=h=1.06[Fig. 16b)].

and volume-integral predictions usigg=h=1.06 are shown With these values ofj and h, the predicted average RTS

in Fig. 16b). Recent measurements of the material propervalues based on the volume-integral model for animal 11

ties of decapod shrimp have been performed by €hal.  generally agree well with the data over the rang&a¥alues

(2000, resulting in values fog (=1.043 andh (=1.0649 to  investigated here.

1.0736 that are close to the range of values investigated in It should be noted that the positions of the first two dips

this study and by Stantoet al. (1993h. and nulls predicted by the models is highly sensitive to the
It can be seen that, for a particular choicegpndh  value used for the mean radius. The mean radii shown in

both the line- and volume-integral models predict similarTable Il were calculated from the 2D photographic images

average RTS values for loka values. However, at highda  using all the measurements of radii along the lengthwise axis
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of the animals, excluding the ten points at each end of eacfront and back interfaces, explaining the relative lack of sen-
animal(since the animals were strongly tapered thef®ow-  sitivity of scattering at broadside incidence, as well as ex-
ever, these mean radii differed by as much as 30% from thelaining the agreement observed between the different scat-
maximum radius measured for each animal. It was foundering models.

here that the positions of the first two nulls observed in Stan-  In contrast, at angles close to end-on incidence, the scat-
ton et al. (1993 data could be best reproduced by using thetering is not dominated by two large returns from the front
volume-integral model with a mean radius calculated fromand back interfaces, and small-scale variability such as sur-
the 10 points centered around the location of the maximunface roughness and volume inhomogeneities play a more sig-
radius(Chu et al, 1992. That is, the mean radius was cal- nificant role. Thus, to accurately model scattering at angles
culated using the main part of the body oftiye., the thorax close to end-on incidence it is necessary to have a more
section, which is similar to the mean radius used by Stantondetailed knowledge of the small-scale variability. It is now
et al. (1993h. For animal 11 this resulted in a mean thoraxpossible to understand why predictions based on the line-
radius of 2.5 mm instead of 2.2 mfan increase of approxi- integral model do not agree with predictions based on the
mately 14%. With this value of mean radius, it can be seenvolume-integral scattering model at angles close to end-on

that the position of the first two nulls in the Stantehal.  incidence. There are a number of assumptions underlying the
(1993h data, atka=2 andka=3.8, are reproduced very line-integral model. A key aspect of this formulation is that
well by the volume-integral model for animal 11. the animals are assumed to have a circular cross section at

Just as we have observed here for predictions based @svery point along their lengthwise axis. This assumption of
volume-integral model, Stantoet al. (1993 also found cylindrical symmetry artificially introduces elevated rough-
good agreement between their ray-based predictions and thss levels, through the creation faicets which will be
data, in terms of the locations of the first two nullsk&  most highly accentuated at angles close to end-on incidence.
=2 andka=3.8. However, the ray-based model predicted aThis problem has been identified by Stanton and G000,
deeper null aka=2 than was observed in the data, with aand results in increased scattering levels due to scattering
difference between the averaged RTS values at the locatioffom these facets. Clearly, this problem is magnified with
of the first peak and first null of approximately 12 dB. The increasing frequency as it becomes increasingly harder to
difference between the averaged RTS values at the locatioghtisfy theN/10-\/20 resolution criterion mentioned earlier.
of the first peak and first null is approximately 5 dB for the although it may be possible to reduce the effect of facets by
volume-integral model which is in better agreement with thejncreasing the resolution of the 2D measurements, it is an
data. In fact, it can be seen by comparing the predictiongytrinsic problem associated with this model and cannot be
made by Stantort al. (1993h for the ray-based model to gjiminated entirely. Stanton and CI2000 also found that
the volume-integral model predictions shown here, that thgne problem could be reduced by smoothing the surface
oscillations in the average RTS verskesare more accentu- youghness profiles. However, the procedure was necessarily
ated for the ray-based model over the enkieerange inves- g pjective. The more rigorous method to eliminate the prob-

tigated. lem of facets is to obtain 3D digitizations of animal shape
and roughness, as was done in this study using high-
V1. DISCUSSION resolution CT scans. Finally, it should be noted that although

One of the main findings of this modeling study is that predictions based on the volume-integral model are compu-
scattering from elongated fluid-like zooplankton at angledationally more intensive than those based on the line-
close to end-on incidence is significantly more sensitive tdntegral model, the difficulty involved in obtaining 3D mea-
small changes in material properties and roughness, thasurements of animal shape, and incorporating these
scattering at angles close to broadside. Furthermore, this semeasurements into the model, is not significantly greater
sitivity is accentuated with increasing frequency. As a resultthan for the 2D measurements.
it is correspondingly harder to accurately predict scattering at ~ Various conclusions can be drawn from this study re-
angles close to end-on incidence. garding the practical conditions under which it is necessary

At angles close to broadside, much of the structure obto use the DWBA-based volume-integral scattering model
served in the target strength as a function of frequencywith high-resolution 3-D digitizations of animal shape. Be-
e.g., position and number of the peaks and nulls in thdore discussing the range of practical conditions in further
frequency spectra, can be relatively well accounted for bydetail it should be noted that many of these conclusions are
considering a simple two-ray modébtantonet al, 1993a, based on predictions of average quantities. Once averages
1993b; Stanton and Chu, 200@or weak scatterers a large are taken, either over a distribution of angles, lengths,
fraction of the incident energy is transmitted through theshapes, or sizes, much of the structure seen in the individual
front interface. Consequently, constructive and destructivgpings will tend to be washed out. Consequently, the model
interference between the two primary rays that scatter fronpredictions tend to agree better with each other.
the front and back interfaces is principally responsible for the  As was mentioned earlier, little is known about the natu-
observed peaks and nulls. The phase difference betweenl orientation distribution of elongated fluid-like zooplank-
these two primary rays is determined by parameters such dsn in their natural environment. Kil§1982, Sameoto
the frequency and animal radius. Effects due to scatteringl980, and Endo(1993 have described tank measurements
from volume inhomogeneities and surface roughness are apf the body orientations of Antarctic krillEuphausia su-
parently small relative to the large primary returns from theperba), and there have been similar studidéiyashitaet al,,
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1996 performed onEuphausia pacificaln a more recent High resolution CT scans have been used to accurately
study, Benfielcet al. (2000 have found that the natural body incorporate the full three-dimensional animal shape into the
orientation ofCalanus finmarchicysanother member of the DWBA-based volume-integral scattering model. Compari-
elongated fluid-like class of zooplankton, tends to be natusons have been made between the volume-integrated model
rally oriented with the animal body axis vertically up, with a and a DWBA-based line-integral scattering model that uses a
standard deviation of about 30°. Thus, based on the perfo2D representation of animal shape. The model predictions
mance of the volume-integral model as compared to the lineagree reasonably well with each other, and with the ping-by-
integral model, it can be concluded that if the natural distri-ping low-frequency narrow-band laboratory data, at angles
bution of orientations includes angles of incidence close talose to broadsidéFig. 12. However, at angles close to
end-on, more accurate scattering predictions are possibknd-on incidence, neither model successfully predicted TS
with the volume-integral model. Likewise, there is little in- value close to those observed in the ping-by-ping data, even
formation currently available as to the variations in the ma-at the lower frequencie$ig. 12. It should be noted that CT
terial properties throughout the body volurtfeoote, 1998; scans were not available for the same animals from which
Yayanoset al,, 1978. However, it is possible that the mate- the acoustic scattering data were collected; consequently, the
rial properties will vary both along the lengthwise axis of the volume-integral predictions were based on measurements of
animals, as well as radially. Once quantified, it would bea scaled version of a different anin{ataled by aspect rajio
straightforward to include these volume inhomogeneities irt has also been shown here that at higher frequencies the
the volume-integral model. line-integral model predicts higher average scattering levels
It is apparent from this investigation that the DWBA- than those predicted by the volume-integral model or seen in
based volume-integral scattering model, using highthe averaged dai@ig. 16, when averages are taken over all
resolution 3D measurements of shape, reproduces the labangles of orientatiori0—3609 in one plane. The higher av-
ratory data for common shore shrimp under certainerage scattering levels can be understood in terms of the
conditions. However, there are models that make use of sintreation of facets during the 2D digitization process. This
pler representations of animal shg@anton and Chu, 2000 was not the case with the volume-integral approach in which
that are also accurate over a narrow range of condition8D CT scans were used to obtain the digitizations of animal
Whether or not it is necessary to make use of a sophisticategdhape. We conclude that care must be used with the line-
but more complex, scattering model that incorporates highintegral model, particularly at higher frequencies. In contrast,
resolution measurements of animal shape may depend on tilee DWBA-based volume-integral scattering model, which
particular application. In fact, based on the results of thanakes use of the high-resolution 3D measurements of animal
volume-integral model presented earlier, and depending oshape, compared better with the averaged (&ita 16 over
the specific applications, the largest sources of error in prethe full frequency range investigated.
dicting scattering in realistic field situations may be domi- One of the many aims of studies such as this one is to
nated by the uncertainties in the material property and orienimprove estimates of the numerical abundances of zooplank-
tation distributions. Finally, if the animal proportiorise.,  ton as extracted from acoustic data obtained during field sur-
the general shape and aspect rasicale with the animal size, veys, as well as to perform classification of zooplankton ag-
it may be possible to create a database of scattering predigregations. However, accurately extracting this information
tions from 3D measurements of a relatively small number ofrom the acoustic field data remains a challenging problem.
individuals. Investigations such as the one presented here, which com-
bine a general scattering formulation with high-resolution
morphological information and high-quality laboratory data,
VII. SUMMARY AND CONCLUSIONS are key to the quantitative use of acoustics in studying

In summary, an acoustic scattering model for fluid-like zooplankton in the ocean.
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