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The acoustic scattering properties of live individual zooplankton from several gross anatomical
groups have been investigated. The groups invélyesuphausiid§Meganyctiphanes norvegica
whose bodies behave acoustically as a fluid mate@algastropodgLimacina retroversawhose

bodies include a hard elastic shell, af®l siphonophoresAgalma okenir elegansand Nanomia

cara) whose bodies contain a gas inclusi(pgneumatophone The animals were collected from
ocean waters off New Englari®lope Water, Georges Bank, and the Gulf of Mairfédhe scattering
properties were measured over parts or all of the frequency range 50 kHz to 1 MHz in a
laboratory-style pulse-echo setup in a large tank at sea using live fresh specimens. Individual echoes
as well as averages and ping-to-ping fluctuations of repeated echoes were studied. The material type
of each group is shown to strongly affect both the overall echo level and pattern of the target
strength versus frequency plots. In this first article of a two-part series, the dominant scattering
mechanisms of the three animal types are determined principally by examining the structure of both
the frequency spectra of individual broadband echoes and the compresse(ip@serieg output.

Other information is also used involving the effect on overall levels dudt@animal orientation

and(2) tissue in animals having a gas inclusi@iphonophoreés The results of this first paper show

that (1) the euphausiids behave as weakly scattering fluid bodies and there are major contributions
from at least two parts of the body to the edliee number of contributions depends upon angle of
orientation and shapg(2) the gastropods produce echoes from the front interface and possibly from

a slow-traveling circumferentialLamb) wave, and(3) the gas inclusion of the siphonophore
dominates the echoes, but the tissue plays a role in the scattering and is especially important when
analyzing echoes from individual animals on a ping-by-ping basis. The results of this paper serve as
the basis for the development of acoustic scattering models in the companior] pegweconet al,,
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CP compressed pulse output put
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scattering amplitude
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Me distance between transducers during calibration
dparts of this work were first presented at the 1995 ICES International measurement

Symposium on Fisheries and Plankton Acoustics in Aberdeen, Scotland
and the Fall 1995 meeting of the Acoustical Society of America in St.
Louis, Missouri, USA. Certain results were summarized in the symposiunt g

(g reference distance fgs;

proceedings paper: Stanton, T. K., Chu, D., and Wiebe, P(1896. and animal during scattering measurement
“Acoustic Scattering Characteristics of Several Zooplankton Groups,” ; ; e : :
ICES J. Mar. Sci53 289-296. Torcal a_utocorrelatlon function of the modified calibration
bEditor's note: Parts | and Il of this group of papers were held by the S|_gnal _ _ _

authors until Part Ill was available for publication. Ops differential backscattering cross section
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o backscattering cross sectios 4moy, v§°) transmitter voltage in calibration measurement

t time ® angular frequency

TS target strength (oo average over ensemble of statistically independent
v receiver voltage in scattering measurement samples

v{®  receiver voltage in calibration measurement * convolution

vES) transmitter voltage in scattering measurement ® correlation

INTRODUCTION (siphonophorg(Fig. 1). The fluidlike group is named as such

Because of the great distances sound can travel in theecause the boundary of the animal behaves acoustically as a
water, echosounders have long been used in the remote déuid—fluid interface and does not support a shear wave
tection and classification of marine organisms. Schools ofinimal actually has a thin exoskeleton surrounding the body
fish quite often involve animals of similar size and the samewhich is being considered acoustically transparent for these
species which makes the conversion of echo levels to abur@pplications. In this first paper, broadband measurements of
dance of animals a relatively reliable proced(feote and acoustic backscatter by the animals are presented. The fre-
Stefmsson, 1993; MacLennan, 1990; Simmondsal, duency spectra, compressed pulse output, and ping-to-ping
1992. However, characterizing assemblages of zooplanktonariability of the echoes are analyzed. The dominant acoustic
using sound generally poses a greater challenge as the Scattering properties of the animals are identified and the
semblages quite often contain a diverse collection of anjacoustic boundary conditions are inferred in the analysis. In
mals. As the morphological properties of the zooplanktorthe second paper, mathematical scattering models are devel-
may vary from species to speci@nd sometimes even from oped based on the boundary conditions and compared with
animal to animal within the same spegieso do the acoustic data(Stantonet al, 1998. Scattering models such as these
scattering properties. For example, recent laboratory studiegan be used to infer animal size and possibly group, as dis-
quantitatively illustrate how the relative backscattered acouscussed in various previous studies involving inversions. See,
tic energy per unit animal biomass varies dramatically befor example, reviews on inversions of single frequency echo
tween the gastropodghard elastic shel] decapod shrimp envelope data in Stanton and CI&y986 and inversions of
(fluidlike), siphonophoreggas bearing and salpgfluidlike) ~ multifrequency data in Holliday and Piep€r999, as well
(Stantoret al., 1994a. Knowledge of this variability in scat- as recent papers on spectral classification of broadband data
tering properties across the groups was necessary in inteit Martin et al. (1996 and temporal classification through
preting volume reverberation levels recently observed in ocepulse-compression of broadband data in Chu and Stanton
anic regions containing a mixture of speci@¥iebe et al, (submitted.

1996.

While the study by Stantoat al. (19943 confirms pre- |. BASIC EQUATIONS
dictions that the overall echo levels from the zooplankters
will depend strongly upon the material properties of the ani-
mals, it did not address details of the scattering signature
the animals. Much progress has been made toward describ-
ing the scattering of sound by decapod shrit@hu et al,
1992; Stantoret al,, 1993a, 1993band euphausiid¢éFoote
et al, 1990; Chuet al, 1993; Stantoret al,, 1993h. How-
ever, until now, little data have existed regarding other ani-
mal types, such as gastropods and siphonophores, to permit
adequate acoustic characterization of those animals.

A major practical issue in modeling the scattering of
sound by zooplankton is that there are thousands of species
of zooplankton and a continuum of sizes present within each
species. Furthermore, the scattering by the various animals
depends upon the acoustic frequency and animal size, shape
orientation, and material properties. Rather than developing a
different model for each size of each spedias effort that is
impractica), models are being developed for animals sys-
tematically grouped according to their gross anatomical fea-
tures. Such scattering models can then be developed to de-
scribe the scattering over a wide range of sizes of aniaals o
equivalently, a wide range of acoustic frequenitat fit (efllll)‘ll‘lillllski? D
into each particular group.

In this two-pa.pe'r series, the scatter!ng propertles O,f afmlleG. 1. Sketches of zooplankton from several major anatomical groups. The
mals from three distinct groups are studied in depth: fluidlikesrrows indicate parts of bodies over which various dimensions were mea-
(euphausiigi hard elastic shellgastropog, and gas bearing sured.

The scattered pressupg.,;:is expressed in terms of the
ressureP;,. of the incident sound field as

eikr
Psca™ Pinc T f, (U]

Gas-bearing
(siphonophore)

Elastic-shelled
(gastropod)
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wheref is the scattering amplitude of the scattered field andbf 50 to 500 m. They were carefully transferred to mainte-
r is the distance between the object and the receiver. Thisance vessels and kept alive throughout the experimental
guantityf indicates the efficiency to which an object scattersperiod. After acoustic data were collected, individuals were
sound and depends upon the acoustic frequency and objefebzen for later measurements of length, wet weight, and dry
size, shape, orientation, and material properties. The targeteight. Other planktonic groups were also collected and
strength TS is a logarithmic measure of the backscatteredsed in the acoustic measuremef&s., salps, ctenophores,
field (i.e., the part of the field scattered back toward theand fish, but additional data are needed to accurately de-
sound sourceand can be expressed in terms of the scatteringelop scattering models for them.
amplitude as Great care was taken with the animals so that they were
TS=10 log|fpd?=10 log os. (2 not exposed to air throughout the entire process of catching,
Using the definitiono,<=|fpd2, the target strength was sorting, examining through a microscope, tying, and deploy-
also expressed above in terms of thiflerential backscatter- ing in and removing from the tank. This precaution was
ing cross sectionr, (this differential cross section should taken to prevent the possibility of bubbles attaching them-
not be confused with the commonly used backscatteringelves to the animals and contaminating the measurements.
cross sectiono where o=4mo). The dimensions in the Even the glue that was used in one of the tethering arrange-
above cross sections have been suppressed. The units of taients was applied and cured underwater. As an additional
get strength are in decibels relative to £ m precaution the animals were gently shaken underwater to
The above equations pertain to single echoes. Quite ofhelp release any bubbles that may have become attached to
ten, many pings from one animal or the pings from manythe animals in the process. The animals also were kept un-
animals are recorded and averaged. The echoes from the iflerwater in the experiment tank for a period prior to the
dividual animals at the high frequencies used to detect thermeasurements so that in case there was trapped air, it would
tend to have random phases. As a result, the energy of tHee released from the animal or absorbed into the seawater.
echoes from an aggregation of moving animals averaged Physical dimensions and weights of the animals were
over a number of pings is equal to the sum of the averageeasured before the experiments and also sometimes after,
energies of the echoes from the individual animals. Hence, itvhen appropriate. Measurements of the euphausiids were
is convenient to describe the “average” target strength instraightforward. Because of the light weight of the gastro-
terms of the average value of the backscattering cross sectiggods and possible inaccuracy of direct measurement of the
since the cross section is proportional to echo energy: small millimeter-sized animals, the weights were estimated
(TS)=10 log| o). (3) by use of the direct measurements of length and width and a
%\I/Jblished size—weight regression equati¢Bavis and

scale before the logarithm was taken. The brackets de- iebe, 1983 The weight was sometimes used to calculate

note the average over an ensemble of independent realizg1e equivalent spherical radius of the animals as a guide for

tions. The average is typically over a range of animal size§Cattering predictions. .
and/or orientatior?s ypicaly ¢ The morphology of the siphonophores presented the

greatest challenge in characterizing and that information pre-
Il. EXPERIMENTAL SETUP, PROCEDURES, AND sented should be considered at best approximate. When the
DESCRIPTIONS OF ANIMALS animals were first brought onto the deck and then examined

We conducted a series of acoustic backscatter measurénder the microscopébefore the acoustic measurements
ments at sea in a laboratory-style acoustic measurement taf®ok place, in several cases there were mahgtween two
filled with filtered seawater. The work involved catching ani- and ning gas inclusions within the inner longitudinal tract of
mals from the Slope Water, Georges Bank, and the Gulf ofach animal. This is considered to be atypical and not repre-
Maine areas offshore of Cape Cod, Massachusetts, USA, arigntative of the actual morphology of the animals. These
performing the scattering measurements in our 2.4-m-diarfiphonophores contain only a single bubble in their natural
by 1.5-m-tall tank on the deck of the RVaBANUS (1993 environment(Mackie et al, 1987 and the act of bringing
and RV ENDEAVOR (1994. The acoustic measurements for them to the sea surface apparently caused the bubble to ex
each animal involved a portion or all of the frequency rangePand and fragment.

50 kHz to 1 MHz. Simultaneous with the acoustic measure-  Once the animal was tethered in the acoustic tank, the
ments in 1994, high magnification video footage of the ani-back-and-forth sloshing of the water tendedsbghtly) jerk
mals was recorded. All animals were live and fresh duringthe animal once the tether became tight at the end of each
the measurements and were tethered so they would remain valf cycle of water motion. By the end of the experiment,
the main beam of the transducers. In the experiments desach animal had undergone hundreds of jerks. Upon remov-
scribed below, data from a single euphausiid spe@i=ga- ing each animal from the tank, it was discovered through
nyctiphanes norvegigand gastropod speci¢simacina ret-  inspection under the microscope that the gas inclusions
roversa and two siphonophore speci¢dgalma okenior ~ within the animals containing multiple inclusions had not
elegansand Nanomia cara were analyzed. only changed position, but also quite often coalesced form-
ing fewer or a single larger inclusis).

Naturally, the phenomenon of coalescing most likely

The animals were collected with a 1-m-diam planktonhad a strong effect on the measured scattering properties and
net(335-.um mesh hauled slowly and vertically from depths definitely affected the predicted scattering properties. The

Here, the averaging process was performed on a line

A. Animals

227  J. Acoust. Soc. Am., Vol. 103, No. 1, January 1998 Stanton et al.: Several zooplankton scattering. | 227



degree to which the sloshing affected the animal morphologyor target strength measurements is very straightforward, as
varied from animal to animal. In some cases, the differencediscussed later, and does not require additional hardware or a
seemed minimal, while in several cases in 1993 only a singleeflecting surfacegthis system can be calibrated at sea

large gas inclusion remained. One of these latter cases, asmputer-based pulse-echo system was used to generate
well as animals that had a single inclusion from the initialbursts of soundtone bursts for the single frequency trans-
time of capture, are studied here in detail because a singlducers and chirp signals for the broadband transduces

gas bubble is considered to be more typical of the animal irto digitize and store each individual echo onto the computer
its natural environment. The acoustic scattering properties dbr display and further processing.

a siphonophore with multiple inclusions are illustrated in A high-magnification underwater video camera system
Appendix A of Stantoret al. (1998 to illustrate the possible was also deployed in 1994 to facilitate viewing of the animal
effects of these artifacts on the properties. while the acoustic measurements were made. The camera
was located at 50 cm above the transducers and aimed hori-
zontally so that it was “looking” in a direction perpendicu-

1. Setup lar to the direction of transmitted/backscattered acoustic

aves. The directions needed to be perpendicular to enable

The experimental apparatus and certain critical aspec ; itor f th le of orientati f the el
of the data acquisition have been discussed in detail in Sta/fiocurate monitoring ot the angie ot orientation ot the €fon-

ton (1990 and Chuet al. (1992, and summarized in Stanton gated animals relative to the direction of propagation of the
et al. (19943, and will o.nly be briefly summarized here. The acoustic signal for near broadside incidence angles where the
system invoI,ved a set of high-power single-frequency transScattered signals tend to be strongest. The video data were

ducers: 50, 75, 120, 165, 200, 305, and 470 kHz, and 1 MH ,Iso stored onto tap_e so that the_ animal orient_ation c_ould
ter be correlated with the acoustic data. The trigger signal

and a set of broadband transducers with less sensitivity, b th {ic oi ded onto th dio ch | of
an octave band of usable frequencies centered about the frt r the acoustic ping was recorded onto the audio channel o

guencies 250 kHz, 500 kHz, and 1 MHz. The transmit sig- 1€ tape SO that the correlation could be made on a ping-by-
nals for all data in these experiments were 280long. The ping basis. A computer-based frame grabber, activated by

transducers were mounted on the bottom of a 2.4—m—dianqq'3 trigger signal, was used to automatically digitize video

x1.5-m-high tank, looking up at the animals that were teth_frames corresponding to acoustic pings. The digitizing was

ered approximately 50 cm above the transducers. A pair O(fltor:je dt;J]rlng pllay fba(_:k ?ft.the ffree runlnmg tta(;ae. _Forl this
closely spaced identical transducers was used for each frgtday, L edar;g €0 orlhen ation % one elonga eh anlmal Wk;is
guency or band of frequencies in the backscatter measur«g—'“:’termIne rom each image by measuring the angle be-

ments. One transducer was the transmitter while the othe}'Se" .the axis of the body and the main tethe_r. With the
was the receiver. exception of camera angle and automatic grabbing process,

The animals were typically tethered with a combinationth's method is similar to an arbitrary camera angle method

of thin monofilament lines: a “main” ling59- or 158um described in detail in McGeheat al. (acceptest

diameter, depending on the experimemtd a secondary 59- The tank was filled with seawater to within 10—-20 cm

um-diam line. The tethers needed to be thin so that the ecl{foThtr;e top of the ;a?k. T?ﬁ at-sea m??hsurements usedtw_zf[l-
oes from them would be negligibly small. The euphausiids er that was pumped Irom the€ ocean at the measurement site

and siphonophores were tied to the main line with the secrough the fire hose system of the ship and filtered with a

ondary line, while the gastropods were glued directly to ei-64"“m mesh net.
ther the main or secondary line as they were too small to be
tied.
The main tether was strung vertically between the mid-2- System response, calibration, and scattering

point of each transducer pa@ven with the transducer fages amplitude

and a point out of water directly over the transducer pair.  The voltage due to the received echo in the backscatter-
Since the tether was strung essentia”y parallel to the direqng experiment can be expressed in terms of the Vo|tage ap-
tion of acoustic transmission and baCksca.ttering, baCkscatteb'”ed to the transmit transducer, V0|tage-t0-pressure conver-
ing from this tether was minimized. A small loop was sjon factor of the transmit transducg(w), pressure-to-
formed from this tether at 50-cm range from the tranSdUCEF§vo|tage conversion factor of the receive transduﬁﬁ(rw)’

so the Secondary tether could attach the animal to this maiﬂaference distanceref, distance to target, phase shifts, ab-

tether. The top and bottom points of the main tether wergorption in the water, and scattering amplitude of the target
allowed to move where desiréd sliding monofilament sys- gg

B. Pulse-echo system

tem for the base and a moveable clip at the) & that the o gli2alo)r,
animal could be easily moved horizontally over the desired v 0)=0'(0)B,(0)B,(w) —'e—fr2—e‘2“(‘")’:
transducer pair. — s

The two-transducer arrangement eliminated the need for Vovse  uohage system response
a network used to isolate the transmitter signal from the re- )
ceiver preampsa circuit required in single transducer sys- X fos(@)  (backscattering), (4)
tems and also eliminated the problem where the ringing of Tveerer

response

the transmitting transducer would interfere with the received
echo at these short ranges. Furthermore, system calibration
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where the expression is given in the frequency domain. Alwhere now the receiver voltage in the scattering experiment
though this equation is used in the context of scattering bys expressed in terms of voltage spectra from both the scat-
targets that lie on the center aXimaximum response axis tering and calibration measurements. For convenience, the
of the transmit and receive transducegs,and 8, can be  term yy(w)=v{?(w)/v{?(w) is defined as the ratio of the
used to account for beampattern diffraction effects if the tartransmitter voltage spectra in the two types of measurements.
get is not on one or either of the center axes. Equa®n In the cases where the reduction in transmitter voltage for the
can also be written in the time domain in terms of the con-calibration experiment is uniform across the frequency band,
volution of the inverse Fourier transforms of the varioustheny, is a constant.

terms on the right-hand side: As with Eqg. (5) the convolution operator can be used to
v =v{F () *H(t)* foqt), (5)  write the above equation in the time domain:
whereH(t) is the systemimpulseresponse which is the in- v =s(t)*v ! (t)* foqt), (10)

verse Fourier transform of the systefrequencyresponse ) i i

H(w) (Oppenheim and Willsky, 1983Note that the con- wheres(t) is the inverse Fourier transform of

ventional notation in the signal processing literature involves re L B

upper case variables in the frequency domain and lower case S(®)=7g(®) 2 gll/e@rsmrelgmale)(2rsmre), 11

variables in the time domain. Given the number of lower s

case termge.qg.,f,) in the scattering literature that are in the In Eq. (10) the receiver voltage time series in the scattering

frequency domain, the domain here is indicated strictly byexperiment is expressed in terms of the convolution of the

the argumentstj and(w). For examplevﬁs)(t) isthe inverse System terms(t), with the received voltage time series in

Fourier transform oi;ﬁs)(w)a etc. the calibration experiment and inverse Fourier transform of
In order to determine transducer efficiencies in the systhe scattering amplitude. Rearranging E9). and using the

tem response ter, the system is calibrated by separating definition of s(w) results in the following expression for the

the transducers, aiming them toward each other, and measticattering amplitude of the target in terms of the various

ing signals as a result of the acoustic pulse traveling alonéerms from the scattering and calibration experiments:

the direct path between the two. With the target removed U§s>(w)

from the scattering region, the measurement is performed in = fy(w)= ——a—

a manner similar to that of the scattering experiment, but S(w)v; (o)

with the transmitter voltage greatly reduced to prevent satuAside from the system ters( ), the scattering amplitude is

ration of the receiver preamps. During calibration, it wasshown to be related to the receiver voltage from the scatter-

obvious that the response of the broadband transducers wagy experiment normalized by the receiver voltage from the

not uniform across the band. The normalization process ialibration measurement. It is the above expression that is

the calibration procedure removed any nonuniformity. Theused to calculate target strength versus frequency according

system was calibrated at the beginning and end of eactv Eq.(2). While Eq.(12) is written in general form, it sim-

cruise. The spectrum of the receiver voltage in this calibraplifies in the following cases1) When y,(w) is constant in

(12

tion setup is the band of interestsee above discussipand the frequen-
0O (0) =0 () B ) B, () I ref cies are low enough orr2=r., then|s(w)| is independent
r t t r re of frequency.(2) For narrowband transducers, the various
x gliooreg=a(@)rc  (calibration), 6) terms are quite often evaluated in terms of the envelope lev-

where the superscript] denotes calibration voltages els of their signals.
P P ges. For both cases, it is advantageous to set up the experi-

Equation(4) shows that only the product of the transmit ment so that B.—r,. With 2r.—r.=0 in the exponent of

and receive transducer factors is required to relate the “?he attenuation term is(w), it is not required to know the
ceiver voltage to the scattering amplitude rather than those : - w0l q

. . ; attenuation coefficient of the water and
guantities separately. Rearranging the terms in (&g. the

product can be written as s= ygrclrg, (13
v\(w) To

UEC)(‘*’) M ref

where now the frequency dependencegf has been re-
moved. Herer andr are still both given explicitly to ac-
count for cases in which.# 2r 4 and effects due to attenua-

Inserting this expression for the product directly into E).  tion and phase shifts are not important.
gives the following equation for the spectrum of the receiver

Bi(w)Bi(w)= e (100 cga(o)re, @

voltage: 3. Pulse compression processing
(s) Pulse compression techniques are applied to the time
(s) VD) Mo ) 2re—ro)amalo)(2re-re) ; : : : : :
vy ()= g 2€ s~fde sle series of the receiver voltage in the scattering experiment in
vi (@) Iy order to both enhance the signal-to-noise ratio as well as to
XUl(,C)(w)be( ) (8) help determine some of the underlying physical mechanisms

of the scattering processes. Pulse compression processing,
which involves cross-correlating the received voltage with
the transmit signal waveform, is generally very useful for
xv{ (o) fpd o), (9 detection of a broadband signal in the presence of noise as it

— ,yg(w) ::_g e(iw/C)(erfrC)efa(w)(erfrC)
S
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will tend to compress the signal to a short, higher level signathe complex conjugatécorresponding to time-revergabf
with a duration comparable to the inverse bandwidth of thehe spectrum of the other sign@kudrzyk, 1971
signal (Skudrzyk, 1971; Turin, 1960; Winder and Loda, The normalization coefficient is equal to the inverse of
1981). Uncorrelated noise in this case is not enhanced fronthe autocorrelation function of the modified calibration re-
the process and the signal-to-noise ratio is subsequently irceiver voltage evaluated at the maximum point Q):
creased as a result of the filtering. In fact, it has been proven kep=R.L(0) (16)
that when the signal component of the received voltage is CP Pveal B
identical(or proportional to the transmitted wave form, then \yhere the autocorrelation function ofc)'(t) is defined as
the pulse compression process maximizes the signal-to-noise ) ,
ratio (this special case is referred to asatchedilter). For Ruca(D) =0 () @0v{® (1). (17)
traditional detection of a signal in the presence of noise, the
noisy signal is cross correlated with the origifiabiseless
signal, which produces a signal resembling the autocorrel
tion function of the original signalin the absence of noise,
the result is exactly equal to the autocorrelation fungtion Rycalt)
In the scattering experiment, th@oiseless “signal” CRY=TuV)® Rycal(0)
(or “replicate”) ideally would be the convolution of the ap- . .
plied s?gnal with the yknown response of the system andpth%see’ for exa’.“p"?' Appendix B of Chu a_nd St_gn(spbmn—_
scattering amplitude of the target which is typically un- ed for a derivation of the latter above identities involving
known. With an unknown scattering amplitude, it is not pos—sl’ szk,].andss]. : h h 4 oul
sible then to form the true signal or replicate. Hence, thebe This expression shows the compressed pulse output to

filter cannot truly match the signal. In order to perform pulse Ia?qctjjavlv;[tcr)w ttf;]e Srfa::ﬁgl?zg grr;p!{ltudfr ﬂ;:?it?rge; cnrosfs t(;or-
compression processing of the signals in this scattering exs ate the normalized autocorrelation function of the
odified calibration signal. This output is very useful in ana-

periment, the replicate is constructed from the case reserm-

bling ideal scattering—that is, the scattering amplitude use%/;';'.gn atzf;(:tt;?.rr']ngff; t?ég;i'c';(;: ?et;rgst WI';Z gnlty otn de e
in the convolution in Eq(10) is uniform over all frequencies ' Ing ure, P b utput au

(e.g., such as with a perfectly reflecting walln practice to an incident chirp signal will resemble a sinc function time

this replicate is the received voltage in the bistatic calibratior? "€ For a target Wlth.multlple. scattermg featyres,_the out-
ut will resemble a series of sinc functions with different

when the transducers are facing each other. Applying thi e del nd amolitud rding to the relative location
replicate when processing echoes from a real target will re- € delays and amplitudes according fo the refative focatio

sult in deviations from the matched filter output from the and scattering amplitudes of the individual features, respec-

idealized “expected” case, due to deviations of the scattere;\lely' The above equation will be used to extract fundamen-

from the idealized target. These deviations contain usefu ‘?(I);Cat;eggi%qglor??T:'S:hfﬁgéheex:'erggvs:;'risat(:;é?}f;Chjzz
information on the boundary conditions of the animals ascom ression tec.hn' es and application to the 700 Ia?lkton
will be shown in later sections. P : 'qu pphicat Z0op

The expression for the compressed pulse output is dete;_cattenng problem is presented in Chu and Stasobmit-

mined by using all components of EQLO) except for the
scattering amplitude for the replicate:

Substituting expressions fokcp from Eg. (16) and
v9(t) from Eq.(10) into Eq.(14) and using Eq(15) and the
q’elationssl* S,=5,%S; and (51* S,) ®S3=5,® (S, ®S3) gives

(18

IIl. RESULTS
CRt) =kepv¥ (D@0 (1), (14 A Data quality

wherev¥)(t) is the measured noisy signal and the replicate A great challenge in the experiments involved the con-
v’ (t) is a filtered and scaled version of the receiver volt-taminants in the data. With most target strengths below about

age in the calibration experiment: —70dB, there were several sources of contamination in the
data with comparable equivalent target strength levels. As
vEC)I(t)=S(t)*v(,C)(t) (15)  with any system, self nois@lectrical in this cagewas one

) ] S ) limiting factor. The(self-) noise floor of the broadband trans-
(see above discussions for simplificationspfEquation(14)  gycers was roughly- 90 to — 85 dB in a given spectral bin.

is a true matched filter only for the case of an ideal reflectofrne floor of the narrowband transducers was usually well
wheref(w)=1[i.e., f(t)= 5(t) wheres(t) is the delta func-  pejow —90 dB. In addition to electrical self-noise, there
tion]. In that ideal case, beginning with EGL0): v{(t)  \ere several sources of unwanted echogsEdhoes from
=s()*0 (1) * fodt) =s(t)*v (O (t)* 8(t) =s(t)*v {7 (1) the surrounding walls of the tank and mounts. These echoes
=0'(t), hence making(®'(t) a true replicate. When real were stable in time and were generally not a problem as they
scatterers are involved, deviations in the compressed pulsgere digitally removed in real-time with the oscilloscopg. 2
output from the idealize@matched filter case provide infor- Echoes from the tether of the animal. The target strength of
mation on the target scattering amplituid¢). Note also that too large of a tether can sometimes be comparable to or
the cross correlation process in Ef4) is equivalent ta(1) greater than the target strength of the animal. Great effort
the convolution between one of the time series and the timewas made to ensure that the tether had a target strength much
reversed time series of the other af@l the inverse Fourier lower than that of the animal. Since the thinnest tetkidis-
transform of the product of the spectrum of one signal ancher than human haimwere so difficult to handle, they were
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usually used only with the animals with the lowest target -40
strength. Thicker tethers were used with animals that had
higher target strengths.) Echoes from the glue that was

sometimes used to attach the tether to the animal. When thig
animal was so small that a tether could not be tied around it, £ -100

W EUPHAUSIID
the tether needed to be glued to the animal. Sometimes this
echoes from the glue dominated the overall echoes and thos 2

data were discarded. Great effort was made to minimize the & W wAMMA | GasTROPOD
i

-80

use of glue as well as to minimize the amount of glue applied ¥ 0
. =

when it was used. }Echoes from other parts of the water i -1%

volume. Reverberation from the water from near the animal z 0

degraded many sets of data. This reverberation was assocF -e

ated with the turbulent motion of the water due to ship mo- Ww SIPHONOPHORE

tion. It was present when the water was sloshing back anc

forth and tended to disappear when the tank was @t 19700 500 600 700 800 400 500 600 700 800

example, on calm nights when the ship was moving slowly

downwind. The reverberation tended to be stronger at the FREQUENCY (kHz)

lower frequencies. . S
FIG. 2. Target strength versus frequency for two individual pifheft/right
Tethe_r target s_trengths as low @5 dB at 200 kHz pane), each from single zooplankters. Since the euphausiid and siphono-

were achieved during calm sea conditions. Tether plus glughore were allowed to change orientation throughout the ping sequence, two
target strengths lower than abouB5 dB with the 500-kHz  (nonconsecutivepings from the same animal were selected in each case to
broadband transducers could be achieved with the right Corﬁllustrate ping-to-ping variability. The gastropods remained nearly fixed at a

. . L. random orientation and one ping each from two same-size animals were
blnatl_on of teth?r and S.ma” appllca_tlon of glue. The FeVeI-selected to illustrate variability. Species and lengths of the animals are,
beration associated with the motion of the tank easilyeuphausiidMeganyctiphanes norvegic84 mm; gastropod.imacina ret-
reached levels of about 70 dB for certain sea conditions. roversa 2 mm; siphonophoreAgalma okenbr elegans 48 mm(gas inclu-

Because of the above sources of contamination, the dafi" s 1-3 mm long by 0.5 mm wide

were examined with great scrutiny both during the time of _ ) _ )
experimentation as well as afterward. Generally, the singl&ourier component of the noise that is at or near the null will
ping analysis was affected the most by the contamination a€nd to shift the position of the null. The target strength
any source of unwanted signal would tend to alter the strucPattern, even when regular and with a high signal-to-noise
ture of the target strength versus frequency curigee the ratio, tended to shift randomly from ping-to-ping—a phe-
Appendi®. Hence, only a minority of data is usable for the Nomenon also observed with broadband echoes from deca-
single ping analysis where the precise structure of the T$0d shrimp(Chuet al, 1992. The euphausiid was tethered
curves is examined. However, for examination of echoes avil! Such a way(around its mid-sectionthat it was free to
eraged over many pings, the criteria for selection were not aghange orientation over the entire range of angfég. 3)
strict and far more data are usable. As long as the target ecrd significant variability in the type of pattern is expected.
was at least about 6 dB greater than the level of the unwanted
echo, averages could be calculated with reasonable accuracy

G

B. Single ping echoes

Because of the relatively high quality of datacombi-
nation of signal-to-noise ratio and bandwidttoming from
the broadband 500-kHz transducers, the spectral nature of
the scattering as measured from those transducers is analyze

on an individual ping basis. The scattering measurements direction direction
over the~400 to 650-kHz band showed significant structure of ol f’fc et
. 1ncident 1ncident
in most target strength versus frequency plots for the eu- soiiid soud

phausiids and a significant fraction of the pings for the gas-
tropods and siphonophoréBig. 2). In the case of the gas-
tropods and siphonophores, there are also many pings wher%
the variability in the spectra was small and random. A small =
fraction of data from the euphausiids also exhibited low vari- 3
ability in the spectra. Each of the echoes recorded from the =
500-kHz broadband transducers from the euphausiid typi-
cally showed a series of peaks and dios nulls, some TIME TIME

mostly regularly spaced and others mostly irregularly _ o _
IG. 3. lllustration of orientation effects of the backscattering by a 36-mm-

spaced. Since some of the nulls dip below the noise " : . g

. o ng euphausiidMeganyctiphanes norvegigaThe video image was cap-
unwanted reverberation level of the system, it 'S_EXpeCteQﬁred to within one frame 433 ms) of the time the 500-kHz broadband
that the lowest part of the nulls are affected accordingly. Theignal was transmitted.

»WHWMMM

VOLTAGE
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Averaged over 3 orientations q -85+ 1
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-65| i
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-65F 4
WITH GAS
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“75F 4

AVERAGED TARGET STRENGTH (dB)
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-80F ]
L ~ broadside, opening toward transducers i
851 _endon -85
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FIG. 4. Target strength versus frequency from averages over hundreds $iG. 5. Target strength versus frequency from averages over hundreds of
pings for a single gastropod in each of three different orientations. The thiclpings for a siphonophore with and without its pneumatophore. Average
line corresponds to an unweighted average of the average levels from eagerformed on a linear scale before logarithm was taken. Same animal as in
orientation. All averages performed on a linear scale before the logarithm iig. 2.

taken. The gastropog.imacina retroversawas 1.5 mm long.

the transducers resulted in the highest values of target
Similarly, the siphonophore was tethered in such a (mear  strength.
its pneumatophodewhich allowed much freedom of move-
ment and, in turn, much ping-to-ping variability in the pat-
tern. Because of the small size of the gastropods and the fabt Removal of gas inclusion from siphonophore
that they were not trying to swim during the experiments, | order to further investigate the dominant scattering
they did not move much, if at all, and demonstrated relamechanisms of the siphonophores, the target strength was
tively consistent patterns from ping to ping for a given ani-measured for one animal for a series of pings first as a whole
mal. (undissectedanimal, and then with the pneumatophore re-
moved (the animal remained alive after the pneumatophore
was removed (Fig. 5. The target strengths, averaged over
C. Orientation effects the various 200-ping series, showed a significant drop in
level of roughly 5 dB once the pneumatophore was removed.
magnification video footageon the scattering by the eu- The statistics of the echo envelopes of 'the animal with and
without the gas also showed a change in shape and average

phausiids were quite noticeab{€ig. 3. While the animal : :
was near broadside incidence, the echo levels were, on tﬂ%vel (Fig. 6. The shape of the PDfat 560 kH2 associated

average, relatively high, although there was significant vari-
ability in the level from ping to ping. Off broadside inci- ‘

The effects of orientation(as determined by high-

WITH GAS

<
dence, the echo levels were generally much lower. The scat- 9:-_*
tering by the siphonophores tended to remain relatively high © 0.1} 1
. . . . . =
regardless of orientation and there tended to be variability in i
the level from ping to ping. The gastropod data also demon- g 0.05} ;
strated an orientation dependence. Since the orientation o o H Hl_”—lﬂ
the animals tended to be relatively fixed throughout a ping * ¢ ,_ﬂ—li [l . L A rwsl_lﬂﬁr;m =l

. o}
sequence, a large number of pings could be collected anc 1o
. . . X
averaged for a given orientation angle.

In one series of gastropod experiments, three orientation g WITHOUT GAS
angles were studied for a single animal: one in which the 3 ol
opercular opening of the animal was facing away from the =
transducergwith body axis near broadside incidencene in %
which the opening was facing toward the transdudeiish 80'05
body axis about 30° off broadside incideincand one in e 0 Hrﬂﬂl‘l
which the opening was facing perpendicular to the propaga- % 1 2 3 . 5 6 7
tion of the incident sound waves with the apex of the animal ECHO AMPLITUDE x 10"

aimed toward the transducefise., “end-on”). The average o o0 hi ¢ <ohonoohore _ "
target strength values varied over a range of about 5 dB ovépS: 8- Echo envelope histograms of siphonophore from Fig. 5 with and
without its pneumatophore. Echo amplitude|fg] expressed in units of

the_ range Of orientation angl¢sig. 4) The broa_dSide OrieN-  meters. Data from 560-kHz Fourier bin of 500-kHz broadband echo. Here,
tation in which the opercular opening was facing away from200 echoes per plot are used to form the histograms.
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the time series of the individual pings was also studfds.
7 and 8. The compressed pulse output showed typically

EUPHAUSIID more than one main lobe. The level of each “secondary”

(Broadside) . L
main lobe was usually lower than that of the “principal”
main lobe but higher than the sidelobes of the principal main
lobe that would be artifacts of the signal processing. The
statistics of the relative amplitude and time of arrival of the

GASTROPOD . . . .

o secondary main lobes were also studied using the highest
quality echoes(i.e., least contamination due to noise and
reverberatiop for each animalright column of Fig. 7. In
the euphausiid data, there were typically two main peaks

SIPHONOPHORE when the animal was oriented near broaddifligy. 7) and

o quite often more than two peaks once the animal was well

%5 00 % ST away from broadsidd€Fig. 8). The statistical analysis for

TIME (us) ITIME DIFFERENCE (us)l euphausiids in Fig. 7 involved just the near-broadside ech-
oes.

o
5
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FIG. 7. Envelope of compressed pulse output of a single @efgcolumn

and statisticqright column of secondary arrival from each of the three

animal types. The 20@s-long echoes were compressed to aboujud®-

long through cross correlation with the calibration waveform. This procesdV. DISCUSSION

allows certain features of the animals to be resolved acoustically. Examples

of secondary arrivals are indicated by circled peaks in left column. The ratio  Most data indicate that there are scattering returns com-

of the amplitude of the secondary arrival to the amplitude of the principaling in from more than one part of the bodit) Frequency

arrival for various pings is given in the right column. The secondary return L
arrived after the principal arrival for the euphausiid and gastropod and begomam' the pattern of the target strength versus frequency

fore for the siphonophore. The euphausiid was very near broatitsa) curves quite often had a series of peaks and nulls. This type
incidence for the example ping in the left plot. For the entire ping seriesof pattern is similar to that of an optical interferometer in
fgown)"! th_‘é plot on _”;le right, the ‘T“phaUSiﬁd WaST?]e”efa'_'y near bfofadrs]idﬁ/hich light waves experience multiple bounces and interfere
orsa) incidence with occasional exceptions. The main body of the . h -
siphonophore is closer to the transducer Ft)han the gas for the se)I/ected pir%Don exiting the dEVIC(.B. T.he pos'“‘?” of the peaks and nulls
series. Species and lengths of animals are, euphausiid: same animal asd@pends upon a combination of optical wavelength and sepa-
Fig. 3; gastropod, same animal as in Fig. 4; siphonophsegtomia cara  ration between the mirrors. For the animals, a similar argu-
26 mm(gas inclusion was 1.5 mm long by 1 mm wjd@bsolute value of ~ ant may hold as the interference patterns imply that there
time difference given on right side because siphonophore values are all . .
negative for this particular ping sequence. are echoesat least twg coming from different parts of the
body and are interfering according to the acoustic wave-

: . T . length and separation between the scattgj@rsnore gener-
with the whole animal tends to be Gaussian-like while the lly. the total path length experienced by each écl®)

. . al
shape of the PDF of the body-only animal appears R"jlyle'ghi'ime domain: the compressed pulse output shows that the
like. :

echoes from the animals typically possessed more than one
o . highlight, indicating that more than one part of the animal is
E. Statistics of secondary arrivals contributing to the echo. Sometimes the secondary arrivals

In addition to examining the spectral content of indi- Were not large enough to cause an oscillatory pattern in the

vidual pings, the envelope of the compressed pulse output ¢frget strength versus frequency curvet shown. (3) In
addition to the spectral and temporal studies of all animals,

examination of the siphonophore data before and after the
; gas inclusion was removed indicated clearly that, although
the gas contributes significantly to the echo, the tissue cannot
be ignored under some conditions.

The broadest separation between nulls in the target
strength versus frequency curve for the euphausiid was con-
sistent with receiving echoes from the front and back body
walls of the animal at broadside incidence. This observation
is consistent with the data collected involving decapod
shrimp by Chuet al. (1992. The closer separations between
0.4l i the nulls are consistent with distances greater thandie
lindrical) diameter of the animal, which is consistent with the
animal being off broadsidén the extreme case of end-on, it
is possible that echoes could be separated by a distance equal
to the length of the animal The compressed pulse output

870 380 390 400 410 220 430 was not able to resolve individual echoes when the separa-
TIME (us) tion between the nulls was the largdse., a single main
FIG. 8. Envelope of compressed pulse output of a single echo from a edOP€ in the output was observedVhen the separation be-
phausiid near head-on incidence. Same animal as in Fig. 7. tween the nulls was slightly smaller, two main lobes were

EUPHAUSIID (Oblique)

COMPRESSED PULSE ENVELOPE
o
=3
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resolved with temporal spacing consistent with distancegcho from the front interface would remain with no interfer-
slightly larger than the diameter of the animal. ence.

While some patterns of target strength versus frequency
were regular(implying that there were only two major V. CONCLUSIONS
sources ,Of scattering-pelr euphausiidther pa’Fterns for the In conclusion, through a series of controlled laboratory
same animal were quite irregular. As shown in Starébal. gy gies, key scattering mechanisms of several types of zoop-
(1994h with decapod shrimp, there can be at least six Majofankion have been inferred acoustically. The data indicate
sources of scattering in that case. It is hypothesized that ongg 44 scattering is typically due to more than one part of the
the animal is away from broadside incidence and/or possibljbody_ The euphausiida fluidlike anima) gives rise to at
configured in an irregular shape, then other parts of the bodjsast two echoes. When broadside, the echoes are due to
will also contribute significantly to the scattering. Hence, atgyrivals from the front and back interfacésody wallg of
least two sources of scattering must be modeled for the eynhe animal. The gas inclusion of the siphonophtaegas-
phausiid and possibly more. bearing, fluidlike body dominates the overall levels of the

The data analyzed for the siphonophore indicate that thecattering, but the tissue can play a role, especially when
scattering is due to a combination of the gas and surroundingna|yzing data on a ping-by-ping basis. The gastropod
tissue. The separation between the main lobes of the confelastic-shelled animalgives rise to echoes from the front
pressed pulse output for the siphonophore data is consistejniterface and possibly a slow-traveling circumferential
with distances comparable to the length of the siphonophoréLamb) wave. These scattering mechanisms will be taken
While the gas is shown to dominate the average targehto account in the companion pap&tantonret al., 1998 in
strength levels, the tissue apparently plays a role in the pathe formulation of mathematical scattering models.
tern of target strength versus frequency for single ping data.
If the tissue contributed a negligible amount, then the patterdCKNOWLEDGMENTS

would be flat. For a fraction of the pings, the pattern was flat, The authors are grateful to the following people from the

indicating that the variable echo from the tissue did not CON\oods Hole Oceanographic Institution, Woods Hole, MA,
tribute during those pings. However, when the patterns WETE . their assistance on this project: ShirlBowman) Bark-
irregular, the echo from the tissue in these realizations mayey, Mark Benfield, Paul Boutin, Nancy Copley, Charles
have been large enougie., on the tail of the echo envelope Corwin, Al Gordon, Bill Lange, Duncan McGehee, Steve
PDH to interfere with the echo from the gas. Murphy, Ed Verry, and the Captains and Crews of the RVs
While the various patterns of data for the euphausiidsoceanus and EuDEAVOR. The authors also thank Lori Scan-
and siphonophores are consistent with two-way paths due g of UCLA for her participation in both cruises. Finally,
scattering from different parts of the animal bodies, the patihe authors are indebted to Professor Philip R. Pugh of the
terns for the gastropods are not consistent with separations @{stitute of Oceanographic Sciences, Wormley, Godalming,
any dimension of the body. In fact, the oscillatory pattern ofyk, for his advice on siphonophores. This work was sup-
target strength versus frequency for the gastropod containsgbrted by the National Science Foundation Grant No. OCE-
null separation consistent with a fluidlike animal diameter 0f9201264, the U.S. Office of Naval Research Grant Nos.
approximately 10 mm. Because the gastropods were abow00014-89-J-1729 and N00014-95-1-0287, and the MIT/
1 mmx2 mm in size, it is apparent that another scatteringéWHOI Joint Graduate Education Program. This is contribu-
mechanism must be contributing to the echo: A thin but hardion number 8813 for the Woods Hole Oceanographic Insti-
elastic shell may not allow waves to significantly penetratetution.
into the body and reflect back to interfere with the echo from
the front interface. However, it is possible that the elasticAPPENDIX: CONTAMINATION OF ECHO DATA DUE
shell is supporting a circumferential wave. One strong can7O TURBULENT WATER VOLUME

didate is the zeroth-order antisymmetric Lamb wéwe, ao There was scattering from the water volume associated

or erxur-aI W_ave. It is quite strong-and travels at subsonic b the water motion. The greater the motion, the greater
speeds in this range dfa (near unity. If one were to Use he |evel of scattering. Although no controlled study was
one-half the circumference of the shell as its travel path, theBerformed to determine the source of the reverberation, one
the 75-kHz null spacing would be consistent with the inter-nsssiple source could be salinity and temperature microstruc-
ference between the echo from the front interface of the sheﬁJre (Stantonet al, 1994b; Seimet al, 1995. If that were

and a Lamb wave traveling at abojithat of the speed of the case, the salinity and temperature microstructure would
sound in water. This subsonic speed is within a reasonablgive rise to a sound velocity microstructure which, in turn,
range of expected values for thin shells and near unity valuegould diffusely scatter the incident acoustic field. Regardless
of ka (see, for example, Kargl and Marston, 1989; Kaduchaksf the source of reverberation, it occurred frequently enough
etal, 1995. The hypothesis of the animal shell supporting athat it had to be taken into account in the identification of
Lamb wave is consistent with the appearance and disappearalid data.

ance of the interference pattern in the target strength versus The scattering from the turbulent water volume sur-
frequency curve for single pings. It is possible that the anitounding the animal quite often dramatically affected the
mal can be oriented in such a way that the opercular openingattern of curves of the target strength versus frequency from
can stop the propagation of the Lamb waves, hence only thiadividual pings. As a result of this observation, single pings
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