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Acoustic scattering experiments involving simultaneous acquisition of broadband echoes and video
footage from several Antarctic krill were carried out to determine the effect of animal orientation on
echo spectral structure. A novel video analysis technique, applied to extract krill angle of orientation
corresponding to each insonification, revealed that echo spectra from krill near broadside incidence
relative to the incident acoustic wave exhibited widely spaced, deep nulls, whereas off-broadside
echo spectra had a more erratic structure, with several closely spaced nulls of variable depth. The
pattern of changes in echo spectra with orientation for the experimentally measured acoustic returns
was very similar to theoretically predicted patterns based on a distorted wave Born approximation
(DWBA) model. Information contained in the broadband echo spectra of the krill was exploited to
invert the acoustic returns for angle of orientation by applying a newly developed Covariance Mean
Variance ClassificatiofCMVC) approach, using generic and animal-specific theoretical and
empirical model spaces. The animal-specific empirical model space was best able to invert for angle
of orientation. The CMVC inversion technique can be implemented using a generic empirical model
space to determine angle of orientation based on broadband echoes from individual zooplankton in
the field. © 1998 Acoustical Society of Amerid&0001-4968)05109-]

PACS numbers: 43.30.Sf, 43.30.H2LB]

INTRODUCTION order to characterize the trophic interactions in the Southern
Ocean food web, as well as to successfully manage krill
Antarctic krill provide a direct trophic link between the stocks as a resource.
primary producers and the top predatgssabirds, whales, Conventional methods for estimating zooplankton biom-
seal$ of the Southern OceariEverson, 1977; El-Sayed, ass include measurement of displacement volume, wet
1988; Nemotoet al, 1988; Permitin, 1970 In addition, a  Weight, dry weight, or carbofsee Wiebeet al, 1975 from
commercially important krill fishery became establishednet (€.9., MOCNESS-Wiebet al, 1983 or pump (Miller
about 20 years ago, peaking in the early 1980s with landing@"d Judkins, 1981samples. As a result of the spatial patchi-
of over 500 000 metric tonéNicol and de la Mare, 1993  Ness of zooplankton populations in the ocean and extreme
BecauseEuphausia superbalays such a central ecological temporal variability in their abundance, it is estl_mated that_
role in the Antarctic marine food web, affecting the breedingthere can be as much as seven orders of magnitude of vari-

success of the top predators that rely on it as a food sourcaebIIIty in biomass on the spatial and temporal scales impor-

: ) . . tant for populations of macrozooplanktdéHuntley and Lo-
(Croxall et al, 1989, it has befzome mcreasmgly |mportant. ez, 1992 For example, Antarctic krill are distributed over
to assess and manage the impact of the fishery on kn@l

- vast area of ocean, aggregating in patches, shoals, schools,
stocks. Consequently, accurate knowledge of krill d'smb“'swarms, and superswarms, which can cover many square km

tion, abundancebiomass, and production is necessary in gnq extend to 200-m depth, displaying complex, small-scale,
horizontal, and vertical structur&icol and de la Mare,
dAddress all correspondence and reprint requests to L. V. Martin Tray-1993. Conventional techniques for biomass estimatioets,
kovski, Woods Hole Oceanographic Institution, MS 32, Woods Hole, MA pumps, trawlp are not suited for simultaneous sampling of

02543, Electronic mail: Imartin@whoi.edu, Tel508 289-2750, Fax: the entire water column over the relevant scales. nor to re-
(508) 457-2134. . : . ' .
bpresent address: Tracor Applied Sciences, 4669 Murphy Canyon Roa§0IVing ecologically important small-scale patterns of krill

Suite 102, San Diego, CA 92123, distribution. To make more accurate biomass estimates,
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high-resolution (~1 m) instruments capable of mapping The theoretical models were further developed and refined
variation in zooplankton biomass on large verti€B0—100 (Stantonet al, 1993a,b, 1994a,b, 1986and this orienta-
m), horizontal (100-1000 knp and temporal(days to tional dependence was incorporated by describing scattering
monthg scales are required. The use of high-frequencyfrom these elongated zooplankton at normal incidence and at
acoustics to make volume backscatter measurements of tleedistribution of orientations near broadside incidence using
water column has made it possible to do rapid, high-an approximate ray summation modethich takes advan-
resolution, broad-scale synoptic surveys of krill abundancdage of the fact that many crustacean zooplankton behave
over the time and space scales of interest. acoustically as weakly scattering bent fluid cylindera
Traditional acoustic biomass estimation methods havénore precise alternative to these ray models was developed
employed single-frequency acoustic measures in conjunctiofor weakly scattering elongated zooplankton of arbitrary
with either theoretical modele.g., Greenlaw, 199%r em-  shape at all angles of orientation using a formulation based
pirical regression relationships between acoustic backscatt@n the distorted wave Born approximatidDWBA) volume
and biomass collected in simultaneous net sampéeg., integral(Chuet al, 1993; Stantoret al, 1993b, 1998a)In
Flagg and Smith, 1989Attempts to use volume backscatter fact, Chuet al. (1993 were able to predict observed echo
measurements of the ocean as indicators of zooplanktolgvels for Antarctic krill at two discrete frequenci€38 and
type, size, and biomass rely on the accurate acoustic charat20 kH2 using the DWBA model implemented with certain
terization of the zooplankton species of interest. Biomasgheoretical orientation distributions, but due to the absence of
estimates based on simple regression curves or on singl@hotographic measurements, were unable to verify actual
frequency echo energy measurements may be subject to larkgll orientation.
errors, particularly if important factors such as species- This paper summarizes an analysis of the effect of ani-
specific material properties, morphology, and animal orien/nal orientation on acoustic scattering by Antarctic krill. Both
tation are overlooked. Much effort has been put toward charsingle-frequency and broadband acoustic scattering measure-
acterizing the acoustic target strength of krill for the ments were made of individual krill, and each animal was
purposes of species identification, animal size classificatiorfilmed during insonification with a high-magnification under-
abundance estimation, and acoustic signal separation. Singléater video system. A separate pajihbtcGeheeet al., in
frequency target strength measurements have been made R§€s$ is devoted to investigating the orientation-dependence
krill and other elongated crustacean zooplanktother eu-  Of the single-frequency120 kH2 target strength measure-
phausiids, shrimp both experimentally constrainédy teth- ~ ments. The work summarized herein is focused on interpre-
ering or encagement, e.g., Greenlaw, 1977; Kristensen arf@tion of the broadbanb00-kHz center frequengyscatter-
Dalen, 1986: Eversoat al., 1990: Foote, 1990: Foot al, ing measurements in light of orientational information
1990; Wiebeet al, 1990; Demer and Martin, 199%nd in extracted using a novel video analysis technique. By cou-
situ (e.g., Hewitt and Demer, 1991, 199670 obtain target pling the collected broadband echo spectra with orientation
strength information over a wide range of frequencies simuldata from the video footage, the effect_ of animal orientation
taneously, as well as to elucidate the frequency dependen@® the frequency-dependent scattering characteristics of
of the scattering from elongated crustacean zooplanktor?longated’ fluid-like zooplankton such as krill may be eluci-
broadband insonifications have been made of tethered decg@ted- The echo spectra collected from krill in different ori-
pod shrimp(Palaemonetes vulgajisis well as a species of entations are presented. These echoes are comp_ared to the
euphausiidMeganyctiphanes norvegiggound in the North- the_oret|cal _model results of the DWBA volume _mtegr_al,
west Atlantic(Chu et al, 1992; Stantoret al, 1994a, 1996 which predicts echo sp_ectr_a fqr all gngles_of orientation.
using a broadband chirp sonar. These single-frequency angubsequently, a classification inversion using the model-

broadband measurements have been used to develop and dpsed Covariance Mean Variance Classificati@MVC)
roborate empirical and theoretical scattering models. technique(Martin Traykovskiet al, 1998 is carried out.

Empirical modelge.g., Greenet al, 1991 have relied Both theoretical and empirical models are employed to invert
on relating a single parametée.g., zooplankton size or wet thg ech'o spectra backscatter.ed frqm the kqll for angle of
weight to acoustic target strength through a simple regresprlenta'uon; that'ls, the CMVC inversion tec.hnlque uses thgse
sion relationship. Initial theoretical scattering models forMOdels to predict angle of orientation during each insonifi-

zooplankton (including elongated crustacean zooplankton cation based on the received echo spectrum.
were based on the Anders¢i950 fluid sphere modele.qg.,

Greenlaw, 1977, 1979; Johnson, 1977; Penrose and Kayg,METHODS

1979, which accounted for animal size and material proper- . .
ties. The first scattering model to consider the elongate ané' Scattering experiment

deformable morphology of some of the crustacean zooplank-  Acoustic and video data were collected during a week-
ton was developed by Stant¢t988a,b, 1989a)kio describe long experiment{17 August—21 August 1995t the Long

the scattering of sound by arbitrarily deformed cylinders ofMarine Laboratory of the University of California at Santa
finite length. It became widely recognized that in addition toCruz (UCSQ. Antarctic krill (Euphausia superbahad been
animal size and shape, animal orientation could have signifieaptured in the Southern Ocean near Palmer Station, Antarc-
cant effects on the scattering from these elongated planktotica in February 1995, and placed in individual containers
(Greenlaw, 1977; Sameoto, 1980; Samovol’kin, 1980; Everwithout food for long-term storage under refrigeration at the
son, 1982; Kristensen and Dalen, 1986; Gitwal, 1993. University of California at Santa Barbara, until transport to
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FIG. 1. Scattering experiments were carried out in a
camera portion of a modified fiberglass dolphin transporter. To
permit freedom of movement during insonification, the
animals were tethered to a vertical section of monofila-
ment line with an acoustically transparent fine strand
around the abdomen. The tethered animal was lowered
to the focal point of a side-looking transducer pair. A
high-magnification underwater video camera was
mounted above the transducer array, looking slightly
receiving array downward at the animal. Each insonification was
marked with an acoustic pulse on the audio track of the
video tape, so that animal orientation at the time of
insonification could be determined.

transmitting array

monofilament line

UCSC in August. Acoustic experiments included insonifica-dom sources of acoustic measurement error, including trans-
tion of each live animal with a 20@s duration broadband ducer misalignment and animal positional variability. To
chirp of center frequency 500 kHz-350-750 kHz allow investigation of the relationship between the acoustic
Insonifications of the krill were made with a pulse—echoscattering of an organism and its orientation, each animal
acoustic data acquisition system. The transmit/receive transvas filmed during insonification with a high-magnification
ducer pair was mounted in a side-looking transducer bankynderwater video system. The video camera was mounted
and the animal was positioned at the focal point of the transedirectly above and slightly behind the transducer bank, look-
ducer pair at a range of 51 ctfig. 1). This bistatic experi- ing across and slightly downward at the animal. Each insoni-
mental setup is similar to that described by Stantt®0, fication was marked with an acoustic pulse recorded on one
and has been used extensivédyg., Chuet al, 1992; Stan- audio track of the Hi-8 video tape, while a time code was
tonet al, 1993b, 1994a,b, 19960 make scattering measure- continuously recorded on the other audio track. This allowed
ments of zooplankton. During insonification, individual krill direct correlation between each acoustic return and the ori-
were suspended one at a time in a 2-m long by 0.8-m widentation of the animal at the time of insonificati@io within
by 0.75-m deep tanKadapted from a fiberglass dolphin 1/30 9. The freedom of movement permitted by the tether
transporter filled with filtered, chilled seawatgimaintained allowed the animal to assume a wide range of positions rela-
between 2 and 5 °C Each animal was tethered to a verti- tive to the transducer, including lateral, dorsal, ventral, and
cally suspended 0.12-mm monofilament line with a f{f8  end-on aspects.
um), acoustically transparent synthetic strand tied around the  After insonification, several measurements were made of
first or second abdominal segment. This short tether allowedach animal, including animal length, carapace height, cara-
freedom of movement during insonification, while constrain-pace width, telson(central lobe of tajl length, and wet
ing the animal to remain within 1 cm of the focal point of the weight (Table ). If the telson was broken, total length2)
transducer pair. Target strengfhiS) measurements made of for that animal was estimated by scaling the lengdth) to
these moving krill using the 500-kHz broadband transducethe end of the uropoddateral lobes of tajlaccording to the
in this bistatic configuration are estimated to be within 0.5ratio (L2/L1) observed in other individuals of similar size;
dB (at 350 kHz and 0.6 dB(at 750 kHz of the actual val- telson length was also estimated by comparison to other ani-
ues. Error estimates were based on both systematic and ramals of similar dimensions. Excess water was removed and

TABLE I. Summary of measurements made of Antarctic krill. Total length measured from center of eye to tip of telson; carapace height measured at
maximum dorso-ventral width; carapace width measured at maximum lateral width. The asterisk indicates broken telson: for these animals, (a2l length
was estimated by scaling length to end of urop@dds according to the ratigL2/L1) observed in other individuals of similar size; telson length also estimated

by comparison to other animals of similar dimensions. Video analysis not possible for animals 12—-14 due to blurring of the video images caused by
condensation on the inside of the camera housing. Dimensions in mm, weights in g.

Total Carapace Carapace Telson Wet Dry No. of echoes No. of video images
Animal No. length height width length weight weight collected analyzed
01 37.6 5.5 e 7.4 0.38 0.0872 1000 1000
02 42.2 5.9 8.6 0.51 0.1111 1000 400
03 41.4 5.4 4.4 8.4 0.55 0.1153 1000 400
04 38.9 4.8 4.35 7.7 0.38 0.0932 1000 400
05 41.4 5.3 4.4 7.1 0.56 0.1181 1000 1000
06 40.15 4.9 4.2 6.25 0.44 0.0916 1000 200
or* 33.3 4.4 3.65 6.2 0.24 0.0532 1000 1000
08 29.75 3.95 3.2 6.0 0.16 0.0363 1000 200
09 37.6 5.25 4.45 6.35 0.36 0.0702 1000 200
10 37.3 4.95 4.0 7.1 0.36 0.0689 1000 200
11 40.6 5.4 4.15 7.85 0.44 0.1016 1000 200
12 39.6 5.4 4.0 7.35 0.44 0.0884 1000 none
13 429 6.0 49 8.1 0.55 0.1285 1000 none
14 42.45 6.15 4.6 7.7 0.58 0.1265 1000 none
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each organism was frozen; dry weight was measured after A
oven-drying at a later date. During the experiment, 14 indi-
viduals were insonified and the return echoes from 1000
acoustic transmissions were collected from each animal.

B. Acoustic data processing \—axv (f,;c;je;,‘io; of 3 6;‘:,'xjy Biang)
To obtain the echo spectrum representing the actual

acoustic return from the animal, the raw signals received

from the krill were combined with the results of calibration

measurements, taken at the beginnih§ August 1995and ‘

again at the end24 August 1995 of the scattering experi- %[fi

ments. During calibration, the transmit and receive transduc- ~.

ers were aimed at each other with no target in the beam, and

a calibration signal was transmitted. The transmitted and re-

ceived voltage time series were collected for these calibra-

tion measuremen{subscriptC in Eqg. (1)]. During the scat-

tering experiments, the transducers were aimed forward, (D)}

focused at a range of about half a meter, and the animal was acoustic

placed in this focal region. The transmitted and received et

voltage time series were collected for the scattering measure-

ments[subscriptSin Eq. (1)], and for each received acoustic FIG. 2. Geometry for determination of angle of orientatipfrom the video

X

return the calibrated echo spectrum was computed as: ~ images.(A) Image gives the projection of the animal vectoonto thex-y
plane of a three-dimensionés-D) coordinate system with origin situated at
Vregs| ([ Vxmite ré the base of the krill's telsora, anda, computed directly from measure-
|fb5] =\ogo— '\ — - (1) ments made of the imagéB) 3-D sketch:a, determined from geometry;
Vrece Vxmitg e computed using Ed2); incident acoustic wave vectdris in they-z plane,

In Eq. (1), fusis the acoustic backscattering amplitude of the® 3" angle ok=257 relative to the camera line of sight.

animal, and is a measure of the efficiency with which an
object scatters sound back toward the sound sopirgeis

related toos, the differential backscattering cross section, To determmg the orientation of the animal correspond-
(Clay and Medwin, 1977 by ope=|fed?]. Vrec and ing to each received echo spectrum, it was necessary to ex-
1 S .

Vxmitc were computed by taking the absolute value of thelract fro”? the \_/i_deo_ tape on_ly t_he frames captured at the time
FFT of the received and transmitted voltage time series fon ea(tj:h dlnsonrl]flcatlc()jr_l, as |lr<1d|_|<_:ated by tTehai]QUStE pulze_zs
calibration. Vxmitg was computed as the absolute value Ofre(aor _g onht N alu I?; tLaC - 10 alcc%mp Ish this, the :u ||_o
the FFT of the transmitted voltage time series for scattering?n video channels of the original video tapes were dupli-
measured at the end of each ri@very 200 pings To com- ated, and a screen-burn of the time code was made on the

pute Vrecs, a fixed rectangular window was applied to the ;juphcatefs_ to aIIov_\I/_heaS|er |dent|f|c§1t|on a;? Iocatt|)onf of
received voltage time series for each retta capture only rames of interest. The tapes were advanced frame-by-frame

the echo from the animalbefore applying the FFT. The using a video editing deck which permitted frame-by-frame
scattering and calibration distances weee=50.9 cm and advancement with an audible audio track, and the time code

ro=57.8cm, respectively. The echo spectrum (TSOf each frame in which an acoustic pulse occurred was noted.

=20 logf,d) for each return was then sampled at 203 pointSThe video frames of interest were then identified upon play-

between 348.33 and 685 kHdue to undesirable transducer back by the screen-burned time code, captured, digitized, and

frequency response characteristics in the upper end of iétored in TIFF format using the public domain image pro-

frequency range, the full bandwidth-350—750 kHz of the cessing and analysis program Niagefor the Ma(;intosh. .
collected data was not usedt is this sampled echo spec- | For each image, the origin .Of a three-dimensional rect|-_
trum that was used in analyzing the effects of orientation OAlnear coordinate system was situated at the base of the ani-

the frequency-dependent scattering characteristics of AntaréT—‘al’S telsor{Fig. 2A)]. In t_h|s'coord|nate system, the video
tic krill. image represents the projection of the animal ontoxhe

plane, as the camera looks in the negativéirection. The
animal itself is then represented by a veadrom the origin
to the point midway between the center of the eyes. Mea-
Video images for 11 of the 14 animals were analyzed tosurements were made to determinexttandy coordinates of
extract the angle of orientation of the krill corresponding toa (a, anday) for each image. Using a custom-built Matfab
each echo spectruffable |). For some animals, orientation measurement program, the location of the midpoint between
was extracted from only a subset of the 1000 images, sincthe center of the eyes as well as the anterior edge of the
the video analysis procedure was extremely time-consuming:onspicuous dark patch which marks the base of the telson
Condensation inside the video camera housing obscured thweere determined by clicking these points with a mouse; the
images for Animals 12-14, so that video analysis was notolormap was adjusted to facilitate discrimination of these
possible for these individuals. points on the images. The projected length of the anapal

C. Video data processing
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(in the x-y plang was computed aa,,= \/axz+ ayz directly ky (K)o

from these measurements. Theoordinatea, of a was de- TS=20 IO%Z Jr (V= v,) €22 Tpos

termined using the fact thaa,=\|a?—aZ, [Fig. 2B)], Pos

where|a is the length ofa, as measured from an image in Ji(2kpa cos By) | -

which the animal was estimated to be broadside to the cam- a cos B |dFpod . @

era(i.e., perpendicular to the camera line of sighj=0). ) )
The sign ofa, was determined by noting whether the animal!n Ed. (4), TS=20lodfnd, k=2m/\ is the acoustic wave
was head towardsag, positive, broadside to4, 0), or head Number d=c/f wherec is the sound speed in m/s afits
away from @, negative the camera, as reflected by changesthe acoustic frequency in bz (kj),=k,=k;/h, J; is a
in the projected length of the animay, for a succession of Bessel function of the first kind of order ly,=(p,
single imagesd,, attained its maximurfe] when the animal ~ —p1)/p2, and 7K=2(K2— 1)/ kq with compressibilityx de-
was broadside to the cameralhis was corroborated by fined ask;=1/(p;cy); subscript 1 refers to the surrounding
watching the video in real time to estimate when broadsidénedium (seawate); subscript 2 refers to the fluid-like me-
crossings occurred, and noting the head orientation befordium of the zooplankton body, so thay(— y,)=(1/gh?)
and after each crossing. +(1/g9) — 2, whereg=p,/p, is the density contrast of the
The angle of orientation of the animal was then deter-Organism relative to water, arfft=c,/c; is its sound speed
mined for each image by computing the angleetween the contrast. This model predicts the scattering from a deformed
animal vector and the incident acoustic wave vectofFig.  fluid-like cylindrical body of arbitrary shapé.e., the cross-

2(B)]: sectional radius of the cylindexr can vary along the length-
wise axig for any angle of orientation relative to the incident
k-a acoustic wave by integrating the scattering contributions of
@ZafCCO{ m) (2 each infinitesimally thin cross sectigtocated afr, pos @long

the lengthwise axis, at an angy; relative to the incident
acoustic waveover of the entire animal body.

The line-integral DWBA formulation in Eq(4) can be
implemented in a numerical integration scheme to model the
rientational dependence of the scattering from an animal of
nown size, shape, and material properties. The animal body
may be discretized into several cylindrical cross sections,
each defined by a positioﬁ,os along the lengthwise axis of
the animal body, a radius, a density contrasy, and a
sound-speed contrakt This discretization was achieved by
Sigitizing the outline of the animal from a video imaga
aIateral aspect if possiblecapturing several points along the

3orsal and ventral surfacéeefer to Figs. 4 and 5, part®\)
and(B)]. This outline was then scaled to size using the mea-
surements made of the animal after insonificatidable |),
anda andeoswere computed for each discrete segment from
D. Theoretical modeling each dorso-ventral pair of points. The density contrast and

Acoustic backscattering from a finite-length, arbitrarily sound-speed contrast were held constant over the animal
shaped, weakly scatterin@.e., having density and sound body: vallues 0fg=1.0357 anch=1.0279(as measured _for
speed similar to those of the surrounding mediwhiject in Euphausia S“Pefbby Foote, 199}0""ere used. For a particu-
the far field can be described by the general volume integre{f"r angle of orientation of the animal, the backscatter at each

formulation (Morse and Ingard, 196&f the distorted wave of 203 acoustic frequenciddetween 348'33 and 6.85 i.(HZ
Born approximatio{DWBA): was computed as the sum of the scattering contributions of

each of the cylindrical cross sections due to an incident
K2 fff o acoustic wave vectok; = (|k;|cosBi,|Kq|sinBg). Since
(‘)/K_ ’)/p)e Ve OdVO'

wherek-a is the inner productdot product of the two vec-
tors; Eq.(2) follows directly from the definition of the inner
product: k-a=|k||alcose, with O<¢=<m. For an animal lo-
cated in the far field of the transducers, the incident acoustig
wave is locally planar over the body of the krill, akds in

the y-z plane(perpendicular to the axis) of the coordinate
system, so thatk,=0, and k=|k|(ky,ky k,)=(27/
N)(0,sina,—cosa), wherel is the acoustic wavelength and
a is the angle between the incident acoustic wave and th
camera line of sight. With the animal positioned at the focal
point of the transducer pair, this angle was measured
a=25°[Fig. 2B)].

fbszﬂ (3)  the orientational dependence of the scattering predicted by
the DWBA model is symmetrical about 180° for an arbitrary

Recently, Chiet al. (1993 and Stantoret al. (19931 devel-  Shape with circular cross section, the model was imple-
oped a DWBA model to describe the frequency-dependenrpented byovarylng th(oa angle of_orlentatlon in 1° |ncrements
scattering characteristics of elongated, fluid-like zooplanktorP€fween 0° and 180°. Appendix A of McGeheeal. (in

at all angles of orientation. If the body has a circular crosgreS$ contains MatlaB code to implement this numerical
section at every point along its lengthwise axis, the DwBAINtegration scheme.

volume integralEq. (3)] may be reduced to a line integral
along this axis(Stantonet al., 19980, yielding an accurate
expression for the scattering from an elongated, weakly sca
tering fluid-like finite cylinder as a function of size, shape, If the acoustic backscattered energy from elongated,
material properties, and angle of orientation: fluid-like zooplankton exhibits a strong orientational depen-

E. Inversion for angle of orientation
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dence, biomass estimates for krill and other euphausiids which the maximum value in row of C occurs, for ex-
based on the interpretation of acoustic survey data would bample, for the first observations=1 and the best-matain is
much improved byn situ determination of angle of orienta- the realization for whiclC,,,=max(C,;) over allj. The in-
tion. Classification inversion schemes have been developeckrsion result for observationis then the angle of orienta-
which can categorize individual zooplankton into distincttion associated with the model realizationthat best pre-
scatterer typese.g., fluid-like, elastic-shelled, gas-beaning dicts that observation.
as well as invert for specific parametdisg., animal size, The ability of the classifier to invert echo spectra for
animal orientatiojy based on the signature information con- angle of orientation depends to a large extent upon the rep-
tained in the return spectra of broadband insonifications ofesentativity of the model space, that is, whether it accurately
the animals(Martin et al, 1996; Martin Traykovskiet al, predicts the scattering over the entire observed range of the
1998. Such a classification inversion approach was appliegharameter values with sufficient resolution. In this inversion
to the echo spectra collected from these krill to investigateof krill echo spectra for angle of orientation, two types of
the feasibility of inverting broadband acoustic returns fortheoretical model spaces and two types of empirical model
angle of orientation for these fluid-like zooplankton. spaces were employed. The theoretical model spaces, con-
The Covariance Mean Variance Classifi€l@MVC)  sisting of model realizations generated from predictions of
(Martin Traykovski et al, 1998 are a set of advanced the DWBA model [Eq. (4)], include a single, size-
model-based techniques which classify observed echo specenstrained generic model space for all animals, and 11
tra based on the correspondence between the observatiomsimal-specific model spaces, one for each animal. The ge-
and model predictions. Theoretical or empirical scatteringneric theoretical model space was based on several distinct
models are used to construct a model space, which consistiéscretizations of a euphausiid body, digitized from selected
of model realizations representing predictions of the modelsmages to represent different animal shapes. Model predic-
for particular parameter values spanning the entire paramet¢ions were made as described in the previous section, using
space. For th&. superbadata, the objective of this classifi- each shapéscaled to approximately the size of the animal
cation is to invert observed echo spectra for a specific paas input into the DWBA. An animal-specific theoretical
rameter value: angle of orientation. The CMVC techniquesanodel space was generated for each of the 11 animals; the
can be implemented in several alternative configurations, ondiscretized shape used as input into the DWBA model was
of which may be employed to search the entire physicatligitized from an image of the particular animal, so that it
model parameter space for the best-match model realizatiom®rresponded with the exact size and shape of that krill. The
for a set of observations, and report the parameter values @mpirical model spaces included both a single generic em-
interest. Determination of the best match is based on theirical model space, constructed by interpolating the echo
CMV metric (C), which quantifies the correspondence be-spectra received from Animal 01 over angle of orientation
tween an ensemble of observed echo spdflyjeand all the (with 1° resolution, and animal-specific empirical model
model realizationgM). The best-match model realization is spaces for Animals 01, 03, 05, and 09, generated by interpo-
determined by maximizing the CMV metric; to achieve alating the empirical data in the same manner, but based on
good match between an observation and a model realizatiothe observed echo spectra for that particular animal. Only
not only must the spectral structufe.g., the location of these four animals exhibited a sufficiently wide range of ori-
peaks and nullsbe similar(as measured by the covariance entations to generate a model with nearly complete angular
K), but both the mean echo levels and the spectral variabilitgoverage(see orientation distribution histograms in Fig. 3
(e.g., null depthmust also be comparablgquantified by the For all 11 animals, inversions based on the generic theoreti-
mean similarity X and the variance similarityJ; Martin  cal model space, the appropriate animal-specific theoretical
Traykovskiet al, 1998. The CMV metric(C) is computed model space, and the generic empirical model space were
as carried out. Inversions based on the appropriate animal-

_ _ specific empirical model space were performed for Animals
C=CMV(M,D)=K-X-U. ) 01, 03, 05, and 09 only.

Note that in Eq.(5), C;;j=(Z,?,DiM;)-X;;-Ujj, since

K=D'M is the covariance (&K;;=<1, see Papoulis, 1991 || RESULTS AND DISCUSSION

between the observed data matfixand the model space o _

matrix M. Each column ofD contains a mean-subtracted, ~: Variability in echo spectra with angle of

energy-normalized observed echo spectrum, whereas eagﬁentatlon

column ofM contains a mean-subtracted, energy-normalized  Acoustic returns from the krill varied considerably with
model realizationX andU are the mean and variance simi- angle of orientatiorfFig. 3). Echo spectra from animals near
larity matrices (G<Xj;,U;jj<1, whereX;;=1 indicates that broadside incidence relative to the incident acoustic wave
the ith observation and thgh model realization have the (¢=90° were characterized by widely spaced deep naifs
same mean echo levels, ahf,=1 indicates that théth  ten 20 dB or great¢yusually separated by 200 kHz, whereas
observation and thgh model realization have identical vari- the frequency response of off-broadside echoes exhibited a
ance, n, is the number of points in each echo spectrum, andnore erratic structure, with several closely spadeth0

the centered daf-) indicates element-wise multiplication of kHz) nulls of variable depth. The scattering from elongated,
matrices. The best-match model realization for itheob-  fluidlike zooplankton at broadside incidence is thought to be
served echo spectrum is found by determining the colomn dominated by the constructive and destructive interference
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FIG. 3. Examples of echo spectra received from 11 k#itiimals 01-11, rowsat five angles of orientation, with acoustic wave incidenp=ad0°, 45°, 90°,
135°, 180°(x15°) (first five columng; empty plots indicate that the animal did not assume that orientation during the experiment. A histogram of the
orientation distribution for each animal during insonification is shown at right.

between the echo from the front interface and the echo from-70 dB at orientations near broadside verstig5 dB off-
the back interface of the animétee Fig. 8, CASE )1 At broadside, whereas for the smaller animalg., Animals 01,
off-broadside angles, contributions from other scattering fea08, 09, 10, the average TS near-broadside incidence was
tures of the animal body are believed to become more sigabout—75 dB, versus off-broadside spectrally averaged tar-
nificant, resulting in a more complicated/erratic interferenceget strengths of approximately80 dB. These observations
pattern with many nullg§Stantonet al, 1994b, 1998 are consistent with what is expected based on the physics of
The effect of orientation on average echo levels wasscattering from elongated objediStanton, 1988a,b, 1989a,
investigated by computing the mean target strength over all993a,b since at broadside incidence, an elongated krill pre-
frequencies TS=10 Iogicrbsl) of the echo spectrum received sents a much larger backscattering cross section to the inci-
at each angle of orientatian These spectrally averaged TSs dent acoustic wave than at any other angle of orientation.
(not shown were found to be about 5 dB higher near broad-  There is a maximum of-15° uncertainty in the calcu-
side incidence versus off-broadside for most animals. For thiation of ¢ using the video analysis method described to
larger animals(e.g., Animals 02, 03, 05, 06, llaverage extract angle of orientation from two-dimensional images of
target strengths over the frequency band were approximatelpe animal. Some of this uncertainty arises from possible
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FIG. 4. Experimentally measured echo spectra versus DWBA model predictions for Animg&hD¥ideo image used to digitize animal shap8)
discretization of animal body(C) orientation reference for DWBA modelin¢) time series ofp during insonification{E) orientation distribution histogram
(n=1000); (F) measured echo spectpaxis, TS in coloy versus angle of orientatiop (x axis, interpolation over more than 1.5° is blacked)p(6) echo
spectra predicted by DWBA model.

error during measurement of the video frames, as a result déngth is maximum result in greater changes in computed
the limited pixel resolution of the image and the curvature ofangle relative to measurement errors made when the animal
the animal body, both of which can affect the measured prois off-broadside relative to the camera. An additional source
jected length of the animal. Measurement error is greatesif error in the calculation ob arises from small changes in
when the animal is broadside to the camera and decreast#® value ofa [the angle between the camera line of sight
non-linearly at angles off-broadside, since very smalland the transducer line of sight, see Fi¢BY due to uncer-
changederrorg in the measured length when the projectedtainty in the exact fore—aft camera position relative to the
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FIG. 5. Experimentally measured echo spectra versus DWBA model predictions for Anim&hD¥ideo image used to digitize animal shap8)
discretization of animal body(C) orientation reference for DWBA modelin¢p) time series ofp during insonification{E) orientation distribution histogram
(n=400); (F) measured echo spectfaaxis, TS in coloy versus angle of orientatioq (x axis, interpolation over more than 1.5° is blacked)p(®) echo
spectra predicted by the DWBA model.

transducer bank. The maximum uncertainty ©15° is a tem. In the experiment, not all animals assumed all orienta-
conservative estimate based on a sensitivity analysis of thiions during insonification, as is evident from the histograms
effect of these sources of error on the calculated values of of the orientation distribution measured for each aniffa.

The single-camera video system used to record animal or8); Animals 01, 03, 05, and 09 were insonified at the widest
entation cannot provide the same accuracy as that obtainablenge of anglesp. As a result of the extreme sensitivity of
by measuring animal orientation with a two-camera or athe measurement technique to very small changes in pro-
stereo-camera system. Future measurements would bengétted length near broadside, many of the histograms exhibit
from the implementation of a more sophisticated camera sydoew echo counts at or near=90°.
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B. Comparison to DWBA model theoretical and bin-averaged Animal 03 inversion results for both theo-
predictions retical and empirical model spageJhe raw inversion re-

Experimentally measured echo spectra versus angle (_§fults tended to be quite variable, particul_arly for the theoret-
orientatione were compared to theoretical model predictions/c8l  model spaces, whereas the bin-averaged results
based on a DWBA model for each animal. Two examples aréobtained by averaging over five nearest neighbaese less
presented: Animal OfFig. 4) and Animal 03(Fig. 5); results sensitive to outliers, and_ more c_IearIy delineated _how (_each
for these animals are shown because they assumed the wid83pdel space performed in inverting for angle of orientation.
range of orientations during insonification, providing the besSUrPrisingly, inversions obtained using the animal-specific
angular coverage over which to visualize the comparison bé?WBA model space were no more accurate overall than
tween observations and theory. The pattern of changes ifPuld be achieved with the size-constrained generic DWBA
echo spectra withp is very similar for the experimentally Model space(Table I). This indicates that the frequency
measured data and the DWBA model predicted spectra fdiesponse of the acoustic return, although sensitive to animal
all 11 krill, with only one or two nulls apparent in the fre- Size, is relatively insensitive to animal shape; the animal-
quency responses near broadside incidence, whereas tRReCific model space was generated using the digitized shape
spectra become much more oscillatofiyore peaks and ©Of each animal scaled to the exact measured size, whereas
nulls) off-broadside. Although the patterns agree qualita-the generic DWBA model space, although constrained to be
tively, the DWBA model predicts a much greater drop in TS@pproximately the same size as the animal, was generated
(about 20 dB as orientation changes from broadside inci-Using several arbitrary shapes digitized from different eu-
dence to off-broadsidé.e., 20°~60° and 120°-16pthan  Phausiid zooplankton. Although the generic DWBA theoret-
was actually observed for these animals as they changed oifal model space was not able to accurately invert for angle
entation[about a 5-dB drop going from broadside incidenceOf orientation for many of these animals, this generic theo-
to off-broadside; all values were well above the noise floorretical model space has been shown to be quite powerful in
(—100 to —110 dB]. Another feature of the theoretical discriminating between different types of scatterers; the ge-
model predictions not observed in the data is an increase if€ric DWBA model has been employed in conjunction with
echo-levels closer to end-aiead-on and tail-on In fact, two other theoretical model spaces to classify several differ-
the DWBA model consistently under-predicted off-broadsideent species of zooplankton into three scattering cla§ses
echo levels for all 11 animals, but model predictions of TSelastic-shelled, fluid-like, gas-bearingased on broadband
values near end-on were more consistent with the observ&cho spectraMartin Traykovski et al, 1998. While the
tions. resolution of the generic DWBA theoretical model space is

The DWBA theoretical model, which predicts scattering sufficient for identifying krill and other euphausiids as elon-
based on a highly simplified outline of the animal body bygated, fluid-like scatterers, it is possible that modeling these
approximating it as a deformed cylinder, does not accounanimals as simple deformed cylinders is not adequate if the
for contributions of other scattering features of the complexgoal is to invert single broadband echoes for a particular
animal body(e.qg., rapidly moving legs These unaccounted parametere.qg., angle of orientation
for scattering features appear to make significant contribu- Comparison of the inversion results achieved using the
tions to the observed echo levels at off-broadside angles dfifferent model spaces reveals that a generic empirical model
incidence for these krill. Examination of the time series ofspace based on acoustic returns collected from an arbitrarily
angle of orientation throughout the experiment revealed thathosen krill(in this case, Animal Olmay be better able to
for some animals orientation was rapidly varyirgg., Ani-  invert for angle of orientation than an animal-specific theo-
mal 01 (see Fig. 4D)), 02, and 0% whereas other krill retical model space, which predicts the scattering with the
changed orientation slowlje.g., Animal 03(see Fig. D)),  DWBA model based on the actual size and shape of that
09, and 10, and still othergespecially Animal OYremained particular animalTable 1l). For 8 of the 11 krill, the animal-
close to the same orientation throughout the experimenspecific DWBA model space did not perform as well as the
Constraining the krill by tethering around the midsectiongeneric empirical model spaganimal-specific DWBA: 36%
likely affects their activity level by eliciting an escape re- correct inversiongs.d. 8.0; generic empirical: 68% correct
sponse. The impact of animal activity on echo levels is un{s.d. 8.2, based on an overall average=8); correct inver-
known, although some correlation between rapid swimmingsions are those withinc15° of observed valugsAlthough
and elevated echo levels has been observed by these auth¢iie generic empirical model space was based on data col-
and others. lected from an animal of different size and shape, it did
account for contributions of other scattering features of the
complex animal body not included in the simplifying theo-
retical model. Orientations predicted using the animal-

The information contained in the broadband echo specspecific empirical model space were the most accurate over-
tra collected from the krill was used to invert the acousticall for Animals 01, 03, 05, and 09, providing a more robust
returns for animal angle of orientation. To accomplish this, anversion than that achieved with the generic empirical
classification inversion using the Covariance Mean Variancenodel spacéTable Il, Fig. 7.

Classification approach was performed on the krill echo  For these inversionévhich are based on choosing the
spectra. This model-based inversion was applied using botglobal maximum best-match echo spegtsymmetry about
theoretical and empirical model spacgsg. 6 shows raw broadside incidence was assumed since both the observations

C. Inversion for angle of orientation
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FIG. 6. Inversion of echo spectra from Animal 03 for angle of orientation using the CMVC inversion technique, assuming symmetry about broadside
incidence(90°). Observed angle of orientatian(solid line) shown together with inversion resulgsointy achieved using four different model spaces: generic
DWBA model space constrained to approximate size of Animalto@); animal-specific DWBA model space for Animal @2nd row); generic empirical

model spacdbased on data from Animal 01, 3rd rigvanimal-specific empirical model spa@eased on data from Animal 03, bottpniRaw results shown

at left, bin-average@over five echoesresults shown at right, including scatter plot of inverted versus observed angle of oriefdasstied 45° line indicates

perfect correspondence between inversion results and obseryations

and the theoretical model predictions for all animals exhib-pirical model based on a different-sized animal will exhibit
ited considerable symmetry around 9@e Figs. 4 and 5, different mean echo levels. In these cases, the inversion was
parts (F) and (G)], so that a good match to a 45° model based only on correlation in spectral structure between the
realization will likely also be a good match to the similar observed echo spectra and the model realizations in the
135° model realization. In applying the CMVC inversion al- model space, as well as the variance similarity of the obser-
gorithm, the mean similaritjas represented b¥ in Eq.(5)]  vations and the model realizations.

was included only for inversions using the animal-specific ~ For elongated, fluid-like zooplankton such as krill, the
empirical model space. This mean comparison was supstructure of the frequency response depends on both size and
pressed when classifying with the other three model spacesyientation, so that it is not possible to invert broadband echo
since the theoretical models had been shown to under-predispectra for angle of orientation without soraepriori infor-
mean echo levels at many angles of orientation, and an enmation regarding animal size. In fact, animal size and angle

TABLE Il. Performance(percent correct, to within measurement uncertainty-@6°) based on bin-averagddver five echoégsinversion result§assuming
symmetry about broadside incidender all 11 krill with the generic DWBA model spaceonstrained to approximate size of aniiahe appropriate
animal-specific DWBA model space, the generic empirical model sfim==d on data from Animal DAnd the appropriate animal-specific empirical model
space(Animal 01, 03, 05, and 09 only

Animal number

Model space 01 02 03 04 05 06 07 08 09 10 11
Generic DWBA 40% 61% 63% 78% 48% 62% 70% 60% 35% 60% 36%
Animal-specific DWBA 30% 52% 69% 33% 35% 48% 57% 54% 34% 43% 34%
Generic empirical 78% 65% 57% 74% 61% 70% 38% 47% 51% 66% 66%
Animal-specific empirical 78% 99% 90% 97%
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FIG. 7. Bin-averagedover five echoégsinversion results for Animal 01, 03, 05, and (®p to bottom using the CMVC inversion techniqu@assuming
symmetry about 90°with the generic empirical model spa@eased on data from Animal 01, lgfand the animal-specific empirical model spddght).
Observed orientatiop (solid line) shown together with inversion resulioints; 45° dashed line in scatter plot indicates perfect agreement between inversion
results and observations.

of orientation are confounded, so that the frequency response an aquarium indicated that they assumed a wide range of
of an echo received from a large animal may have a structurerientations(corresponding top varying between 40° and
similar to that received from a much smaller animal at al80°, but spent most of the time swimming upward at a
different orientation relative to the incident acoustic wave.steep angle, so that they would most often be oriented within
To illustrate this, consider a simple scattering model which60° of end-on incidence relative to a downward-looking
includes a summation of only two ray&tanton et al, echosounde(Kils, 1981). It is probable that the animals in
1993a,h, accounting for the constructive and destructive in-Kils’ aquarium (as well as the tethered krill insonified in
terference between the rays reflected from the front and badkese scattering experimengssumed a much wider range of
interfaces of a weakly scattering target such as a krill. Therientations than would be observed in the field by a
null spacing of the frequency response predicted by this twodownward-looking sonar system. In fact, qualitatinesitu
ray model depends on thepparentsize of the animal, that observations oE. superbaby Hamneret al. (1983 revealed
is, the distance the acoustic wave travels between the frorthat all individuals in a school assumed the same orientation,
and back interfaces of the animal. Apparent size is a functiomnd that krill in an aggregation usually swam horizontally;
of both animal radius and angle of orientation, so that thedescending at angles of less than approximately 10° relative
echo spectrum of a large krill at broadside incidence caro the horizontal.
exhibit the same structure as that of a smaller animal ori-  Application of the CMVC inversion technique in the
ented off-broadside relative to the direction of insonificationfield could potentially allow prediction of the orientation of
(Fig. 8. individual elongated, fluid-like zooplanktote.g., krill) in
Knowledge of animal orientation during insonification situ. Information from broadband acoustic systems, com-
could significantly improve acoustic biomass estimates obined with ground-truthing of animal sizee.g., from net
zooplankton, particularly for aggregations of similarly sizedsampleg could be inverted for angle of orientation with the
individuals of a single species, for example, swarms of Ant-CMVC inversion technique using a generic empirical model
arctic krill in the Southern Ocean. Tha situ orientation  space(e.g., the one constructed based on data collected from
distribution of Euphausia superbdas not been measured Animal 01, or alternatively, one based on data collected from
guantitatively. Observations of freely swimmilg superba  krill at known orientationsin situ). Certain technological
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_CASE 1: FIG. 8. Comparison of echo spectra predicted by a sim-
krill of radius a, Py lified two-ray theoretical scattering model.g., Stan-
(broadside) P Yy . 9 o 'g': )
ton et al. (1993a,b] received from krill insonified at

TS high frequency X <4a) for a small animalradiusa,)
at broadside incidencéCASE 1 and off-broadside
(CASE 3, and a large animdfadiusa,>a,) at broad-

lat— side incidencgCASE 2. Nulls in the echo spectra re-
frequency sult from destructive interference between the echo

krm%’??ii:s . " _"C'?S'Z_a: from the front interface pand the echo from the back
, rill of radius a, : : .
{broadside) (oft-broadside) p, | p, interface g of the animal, which occurs when the phase

difference between thengy, is nw radians; for the
three cases  shown: ¢y,=nw=(2mwAf,/c)d;

T8 =(2wAf,/c)d,=(2wAfy/c)d;, where d is the dis-
tance the ray travels inside the body in each casecand
is the speed of sound in the body. When an animal is at

kAt broadside incidencéCASE 1 and CASE R d;=4a
frequency and ¢=4&, but off-broadsiddCASE 3, the apparent
i size (to the acoustic wayeof the small krill is greater
p; = normally incident ray than a; i.e., d#d,. Here d~d, so that the null spac-
p, = ray scattered from front interface (in receiver direction) ing is the same for CASE 3 as for CASE (e.,
P, = ray scattered from back interface (in receiver direction) Afg~Af,).

challenges must be overcome to permit successful fielthroadside incidence compared to off-broadside. The acoustic
implementation of a classification inversion for animal ori- returns collected from the krill were compared to theoretical
entation based on broadband echo spectra. These inclugeedictions for all angles of orientation based on a distorted
variable beam width and variable signal-to-noise ré8blR) wave Born approximatiofDWBA) model for each animal.
over the bandwidth of current broadband sources suitable foFhe pattern of changes in echo spectra with orientation is
field use. Development of constant beam width broadbangery similar for the experimentally measured data and the
transducers is underway by others. Orientational informatiodWBA model predicted spectra for all 11 krill. However, the
obtained through inversion of the frequency response ofheoretical model predicts a much greatey about 15 dB
broadband echoes may then be used in conjunction witdrop in echo levels as orientation changes from broadside
single-frequency acoustic survey data to make more accuratecidence to off-broadside than was actually observed for
biomass estimates of Antarctic krill stocks in the Southerrthese animals as they changed orientation. Information con-

Ocean. tained in the broadband echo spectra of the krill was ex-
ploited to invert the acoustic returns for angle of orientation
1. SUMMARY by applying a newly developed Covariance Mean Variance

) ) _ ) ) Classification(CMVC) approach, using generic and animal-

Biomass estimates of Antarctic krilEuphausia su-  gpecific theoretical and empirical model spaces. The animal-
perba stocks in the Southern Ocean are often based 0gpecific empirical model spa¢based on data collected from
acoustic survey data. To make accurate estimates of zoogye appropriate animalvas best able to invert for angle of
lankton biomass from acoustic backscatter measurementgyientation. Employing a generic empirical model space
the acoustic characteristics of the species of interest must t{ﬁased on data collected from an arbitrarily chosen )k
well-understood. In particular, it has long been recognizedjied in more accurate inversions overall than could be
that the acoustic target strendfiS) of elongated, fluid-like  achieved using the appropriate animal-specific theoretical
zooplankton such aE. superbavaries with animal orienta-  pdel spacdéwhich predicts the scattering based on the ac-
tion. Acoustic scattering experiments were performed to eluy,a| size and shape of that particular animalhe CMVC
cidate the effect of animal orientation on the broadband scatyyersion technique can be implemented using a generic em-
tering characteristics of Antarctic krill. During the pirical model space to determine angle of orientation based
experiments, individual, live krill were tethered and sus-gn proadband echoes from individual zooplankton in the
pended in a tank filled with filtered, chilled seawater. Onefig|q. Pending technological development of a broadband so-
thousand echoes were collected from each of 14 animals dufzr for deployment in conjunction with single-frequency
ing insonification with a broadband chirp of center frequencyacoustic surveys of Antarctic krill, extraction of this orienta-
500 kHz (~350-750 kHz, while their behavior was simul-  {jonal information has the potential to significantly improve

taneously captured on video tape. A novel video analysigiomass estimates of krill stocks in the Southern Ocean.
techniqgue was applied to images for 11 of the animals to
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