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Effect of Animal Orientation on Acoustic Estimates
of Zooplankton Properties

Joseph D. Warren, Timothy K. Stanton, Duncan E. McGehee, and Dezhang Chu

Abstract—t is well known that the behavior of zooplankton and, more realistic models of the scattering physics for several types
in particular, their orientation distribution dramatically affectsthe  of zooplankton (see reviews in [7], [12]).
level of backscattered acoustic energy. As a result, interpretation Although significant progress has been made on the devel-

of acoustic survey data in the ocean is subject to error. In order to . .
quantify these effects, laboratory data from two important classes opment of scattering models, much still needs to be done. For

of animals were collected. The data involved broad-band (350-650 €xample, a crucial element in understanding the scattering is its
kHz) acoustic signals insonifying individual animals whose orien- dependence upon the angle of orientation of the animal. The av-
tation was varied over the range 0-36C in 1° increments. The erage level of scattering for some orientations can be predicted
animals were from two major anatomical groups: fluid-like (de-  ysing available theory [13]. For other orientations, the models

capod shrimp; Palaemonetes vulgansand elastic-shelled (periwin- o+ he advanced in order to make reliable predictions. Given
kles; Littorina littorea). The data were analyzed both in the time . .

domain (with pulse compression processing) and the frequency do- e fact that the models may be valid only for a certain range of
main. Averages of the laboratory data over different orientation ~Orientations, a scattering analysis may involve supplementary
distributions illustrate the variability in average target strength  laboratory data for animal orientations which the models do not
that can be expected in the ocean environment. The average targetaccurately describe.

sengih of e shvinp vared by $ & when averaged ver off - This paper describes a study where laboratorydata involing
cidence. In addition, size estimates from pulse compression pro- t""‘? types of zooplankton were cpllected at high angular reso-

cessing of the broad-band echoes were made for various orienta- lution and over an octave bandwidth. The data are processed in
tion distributions for both the shrimp and periwinkles. These re- order to predict the effects of animal orientation on the scattering

sults show the necessity of animal orientation information for the levels and on acoustic estimates of animal size. All laboratory

proper interpretation of acoustic backscatter data. data involve scattering by individual animals. For acoustic es-
Index Terms—Acoustic scattering, animal orientation, zoo- timates of size in the ocean application, the animals must also
plankton. be resolved acoustically. However, the study involving the ef-

fects of orientation on scattering levels applies to either case of
resolved animals or echoes from an aggregation since the anal-
ysis involves echo energy and first-order scattering (higher order
EASUREMENTS of acoustic scattering in the ocean asattering is negligible for objects of such small target strength).
used by biologists to determine the abundance of zoo-
plankton in the water column [1]—[4]. However, there generally [I. THEORY
Iter:a?jt ;\nsdlThp;en:]erlnagfrnzg(ljptbemefen fche f‘mg“_”t. of”sourr:d fTC."JltAcoustic backscatter from a zooplankter is determined by the
. ype of animals. Originally, the u'cﬂfferences in density and sound speed between the animal and
sphere scattering model by Anderson [5] was used to model z

lankton. Thi herical model w db ientists t e surrounding fluid, the animal’s shape, and the animal’s size
plankton. This spherical model was used by SCIeNUStS 10 €3y e 1o the acoustic wavelength. By using simple geometric
mate animal biomass in the ocean and also to obtain informati

. L ) apes to represent the animal, mathematical scattering models
about the size distribution of the animals [1], 6], [7]. Resear r several different types of zooplankton have been developed

has shown that the simple model of a sphere is inadequate 1]. This paper discusses two types of zooplankton that have

. ) |
modeling some types of zooplankton and that the 0r|entat|ongfry different physical attributes and are thus modeled sepa-

fhe animal can have a profound effect on the scattering (8} {1 hel: those withflice bocies and eastic-shelled animals
N an attempt to solve this problem, SCIentists have developeds i, of these animals have been successfully modeled with

ray-based methods [13], [14]. These methods are an approxi-

mation to the scattering and are valid only in the geometrical
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e, P the animal is assumed to be constant. The ratio of sound speed
"'"""‘Jpn-'. o aAv — of a fluid-like animal relative to that of the surrounding medium
( [ rey h— (h = (Canimal/Cseawater) = 1.0279) measured by Foote [17]
J p.w for a euphausiid (a morphologically similar animal) is used. The

animal’s orientation relative to the acoustic wave will also af-
fect the time delay. If the animal is at broadside incidence to
the acoustic wave then the time delay can be converted directly
to an estimate of the diameter of the animal. At obliqgue an-
gles, the conversion of time-delay information to diameter es-
timates requires knowledge of the orientation and the use of
simple trigonometry. This method is not applicable at all angles
LA il due to limitations of the scattering model near end-on incidence
47 and is further complicated by the presence sometimes of more
(b} .
than two echoes [14]. These echoes are likely to occur from re-
Fig. 1. Schematic drawing of certain scattering mechanisms for the (a) shriffgCtions from parts of the animal other than the front and back

and (b) snail pronts Prems andpraa. are the pressure fields from the frontinterface (such as the rostrum or telson).
interface reflection, the Lamb wave, and reflection off the back interface of the

animal, respectively. B. Elastic-Shelled Animals

Periwinkles (ittorina littorea) are bottom-dwelling snails

Common to both types of animals is the fact that an echo dig. are commonly found in intertidal zones. They are similar

to a single insonification of an individual animal will have muly, morphology to certain planktonic pteropods (elgmacina

tiple returns that can overlap in the time domain. The differep{y.,versg which can be important acoustic scatterers in the

returns are due to the various features of each animal that scaffsfer column [18]-[20]. The pteropods are very difficult to

sound. The overlap is due to the small size of the animals relyqy individually in the laboratory due to their small size

ative to the long pulse length of the acoustic wave that strikg§iameters are generally less than 1 mm). Since there is strong
the animal. With sufficiently high bandwidth in the insonifyinge\jgence that periwinkles and planktonic snails have similar

signal and matched filter signal processing, some of the indizattering characteristics [21], periwinkles were used in this
vidual echoes by the features can be resolved. Otherwise, %’ﬂ?dy.

would be measuring the constructive or destructive inten‘erenc:eSCattering from elastic-shelled animals is characterized by a

pattern from the overlapping echoes, which makes the analy§i3y strong echo specularly reflected by their hard shell. A pre-

more of a challenge. vious study [21] has found that strong secondary echoes are also
o ] present. The secondary echoes have been determined to be from
A. Fluid-Like Animals two different mechanisms: 1) a Lamb wave that travels along the
Zooplankton whose body composition are fluid-like occuanimal’s shell, partially circumnavigating the animal, and then
throughout the oceans. Common types of fluid-like animals imeturning in the backscatter direction [Fig. 1(b)] and 2) echoes
clude krill, amphipods, and decapod shrimp. These animals faim within the opercular opening. When the opening faces
have a morphology roughly similar to the speciBal@emon- the transducer, the acoustic wave can travel inside the opening,
etes vulgariy studied herein. scatter off the back wall, and return to the transducer. Scattering
The class of fluid-like animals th&®alaemonetes vulgaris from the animal tissue itself is very weak relative to that from
belongs to has a very thin outer shell or exoskeleton (whithe shell since the animal tissue has a density and, presumably,
is assumed not to support a detectable shear wave) enclosirgpund speed close to that of sea water. Therefore, the effect
the body of the animal which has physical characteristics the animal will be ignored and only scattering from the shell
that are similar, but not necessarily the same, as thosewill be considered.
the surrounding medium. There is strong evidence that theThe scattered energy from the periwinkle has been shown to
scattering from the above-mentioned animals occurs primarilgry greatly with the orientation of the shell [21], due to the
from reflections from the outer boundary of the animal. Fawomplexity of the shape of the animal’s shell. Although some-
example, previous studies involving krill and shrimp [15], [16jvhat cone-shaped, the shell is actually a tube that is coiled upon
have found that near broadside incidence there are generabglf. Therefore, the thickness and surface roughness of the
two main echoes from the animal: one from the front interfachell is variable. In fact, depending on the orientation of the an-
of the body, and a second echo from a wave that propagaitesl, the number of echoes that are reflected differ due to the
through the animal’s body, reflects off the interface at the fahange in scattering characteristics. For example, when the op-
side of the animal, propagates back through the animal’s bodycular opening of the animal is facing away from the acoustic
and finally is detected by the receiver [Fig. 1(a)]. transmitter, there is no Lamb wave detected. This may be the
For the simple case of broadside incidence, the time delagsult of all Lamb waves at that orientation being severely at-
between the arrivals of the two echoes provides useful infdenuated due to interaction with the opening.
mation. The time delay will be directly proportional to the dis- It is possible to infer information on the properties of the
tance the wave travels inside the animal. Thus, the animal’s dlastic-shelled animal from the arrival times of the different
ameter can be estimated if the speed of sound in the interionvedves that scatter from the animals. If the secondary arrival
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corresponds to a Lamb wave, then the time delay between the
echo from the front interface and the Lamb wave echo corre-
sponds to the circumference of the animal (and thus its diam- jgg° #77
eter) [Fig. 1(b)]. It should be noted that the second arriving ray
in our two-ray model is referred to as the Lamb wave ray. This
is somewhat misleading since a Lamb wave can only propagate
along an elastic surface, not in the water. The Lamb wave ray
rgferred to,m .thIS pa}per corrgsponds to the process of the p%’. 2. Orientation of incident acoustic wave relative to the: (a) shrimp and
tion of the incident field that initially travels through the wate{p) snail. ¢ incidence is approximately “head-on” and “apex-on” incidence for
at a speed, strikes the elastic shell and is coupled into a Lamtbe two animals, respectively.

wave which propagates at....;,, Circumnavigates the shell, and

“launches” back into the water where the wave is then detect‘ge processing is identical to a matched filter and its output is

by the receiver. o . . a single main lobe with small sidelobes. Deviations from this
There are complicating factors in using the Lamb wavep?

. . i . . aftern provide information on the scattering characteristics of
infer properties of the target: the dispersive nature of the spgg target. For example, the presence of two large lobes may

of the Lamb wave, the varla_ble distance the Lamb wave traV‘i‘t'&rrespond to two major scattering features on the target.
along the shell, and the arrival of other Lamb waves that have

circumnavigated the shell more than once. Lamb wave speeds
for these frequencies and shell dimensi¢hs ~ 4-8) have Ill. EXPERIMENTAL METHODS

been observed and calculated to be subsonic, however, therghe experimental procedures used in this study have been de-
have not been any direct measurements of their speed in calcikiifibed previously [16], [21], [25], [26]); therefore, only a brief
carbonate shells. Previous work [21] has estimated their averaggnmary will be presented. An array of 16 pairs of transducers
velocity as approximately one third of the speed of sound in sganfigured in a bistatic arrangement and aimed in the horizontal
water. While there is a dispersive relationship in Lamb wav@irection was placed in a large fiberglass tank filled with sea
velocities [23], [14], an average value will be used in this anajvater. For the data presented herein, a “chirp” signal, centered
ysis while the statistical variability of the echo is explored for gt 500 kHz, was generated with a bandwidth of approximately
single-sized animal and narrow range of frequencies. 300 kHz. The pulse length was 208. After the acoustic wave
The Lamb waves of interest do not travel a completgattered off the animal, the echo in the backscatter direction
circumnavigation around the shell. There is a specific anglgas detected by a receiving transducer, identical and adjacent
(fLamb) relative to the axis of the shell where the wave startg the transmitting one. After amplification, the received signal
or “lands” on the shell, as well as leaves or “launches” frofyas digitized and displayed on a digital oscilloscope, and then
the shell and returns to the water. Therefore, the arc tl’aVEb@Qnsferred to a computer for ana|ysis_ For each experiment, an
by the Lamb wave on a spherical shell2is (180° — 6rau).  individual animal was suspended with a thin monofilament line
For subsonic wavediL.m, = 90° [23]. Lamb waves that (59-,m diameter) that was acoustically transparent. A single
have circumnavigated the shell multiple times will be delaygghe was used for the periwinkle shell, while a two-line config-
in time by approximately(277)/(cLam,) for each circum- yration was used with the live shrimp. The two-line “harness”
navigation, where- is the radius of the shell (0.003 m) andestricted the shrimp’s movement and permitted better control
cLamp = 500 m/s. Therefore, the expected time delay betweei its orientation. The top of each tether was attached to the axis
multiple-circumnavigating Lamb waves 838 us, which is  of a stepper motor which was used to rotate the animal.
less than our pulse length of 2Q6s. Returns from multiple  The decapod shrimp was tied such that the animal was to
circumnavigations of the Lamb wave should be detected undgihin about 20 of lying flat on its side in the horizontal plane.
the conditions discussed above, however, our analysis Wthe shrimp was rotated in this plane so that scattering informa-
only use the first two waves that are detected (the specufgh in the dorsal/ventral aspect was obtained (Fig. 2). The peri-
reflection and the first Lamb wave). Finally, it should be note@inkle was tied such that it could be rotated for apex/opercular
that although subsonic Lamb waves for idealized sphericghening scattering. The planes of rotation were selected so as to
shells have been calculated under certain conditions to havgrgvide animal orientations that may be found in the field. The
low-quality factor which should pose a challenge in resolvingecapod shrimp remained alive during the experiment, and the
such waves [23]; they are, indeed, resolvable in these studirgiwinkle experiment involved scattering from the shell only
involving the irregularly shelled objects. since the periwinkle tissue has acoustical properties very close
to that of the surrounding water. The tissue was removed before-
hand being replaced with water for convenience, as the scat-
Pulse compression (PC) processing is a signal processiagng characteristics with tissue or water are not expected to
technique that has recently been used to analyze backscattetethge significantly. Great care was taken to prevent accumula-
echoes from biological targets [15], [16]. It is similar to aion of bubbles onto the tether and bodies of the animals.
matched filter which has been used in radar and sonar analysi®ostprocessing of the data involved the use of a digital band-
for quite some time [24]. PC processing involves the crogmss filter (to remove noise) and then PC processing. The com-
correlation of the received scattered signal with the calibratigmessed echoes were then processed through use of an automatic
signal. When the scatterer has a uniform frequency respongeak detection algorithm to determine the time of arrival and

(b)

C. Pulse Compression Processing
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TABLE | ! (a) raw echo
DIMENSIONS OF THEANIMALS USED IN THE EXPERIMENT. LENGTH OF THE R
SHRIMP MEASURED BETWEEN ANTERIOR OF THEEYE AND END OF THE
TELSON. DIAMETER OF THE SHRIMP IS THE AVERAGE OF THEMEASUREMENT
FOR EACH OF THE FIRST TWO THORACIC SEGMENTS LENGTH OF THE
PERIWINKLE IS THE MAXIMUM TIP-TO-TIP DISTANCE. DIAMETER OF THE
PERIWINKLE WAS MEASURED BETWEEN THE PLANE CONTAINING THE
FACE OF THE OPERCULAR OPENING AND THE OUTER POINT OF THE
SHELL ON THE OPPOSITESIDE OF THE SHELL

00 90 180 270 360 450 540 630 720
(b) PC pnmary

Normalized Magnitude

?0 920 180 270 360 450 540 630 720

(c )PC secondary.‘

Common Name Species Length Diameter

Grass Shrimp (#06) | Palaemonetes vulgaris | 19.37 mm | 4.15 mm

73 > i -a-' ﬂ«;‘r/’/"‘m Tap ‘f""".
Periwinkle (#01) Littorina littorea 6.2 mm 3.9 mm 00 90 180 270 360 450 540 630 720
Angle relative to Acoustic Wavefront (deg)

Fig. 4. Normalized magnitude of: (a) raw echo voltage, (b) primary, and

1 (c) secondary peaks of PC output for shrimp #6. Odd multiples of 90
> (a) correspond to broadside incidence, while even multiples 6f@0respond to
2 y h ’ end-on incidence. Magnitudes of the secondary peaks are normalized to the
Ot WHV M ' M e largest overall value of the primary return.
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Fig. 3. Example echo from decapod shrimp: (a) raw echo voltage (b) envelope
of pulse compression output showing the primé¢y), secondary ) and
tertiary (o) returns. | 1
20 30 40

Estimated Size (mm)

magnitude of the individual scattered rays. The largest and g€y 5. Histogram of uncorrected estimated diameter of shrimp #6 for pings
erally earliest occurring echo is referred to as the primary pedRm all angles of orientation (0-72 Mode of distribution is 4.2 mm.
Méasured diameter was 4.15 mm.
and the remaining peaks are ordered by their arrival time (sec-
ondary, tertiary).
which agrees very well with the measured animal diameter of
V. RESULTS 4.15 mm at the widest section. However, there are estimates of
L , the animal’s size that are smaller than the animal’s dimensions.
A. Fluid-Like Animal It is possible that they are associated with reflections from the
A total of ten decapod shrimp were used in the experimenarrower or tapered part of the animal’'s cephalothorax and
with echoes collected at°lincrements over two complete ro-telson. There are several outlying estimates of the animal’s
tations (720) of the shrimp’s body. Results were similar fordimension that are larger than the physical length of the animal
all animals, so only results from one animal (#6) are presenté®.37 mm). These may be due to noise or artifacts of the PC
herein (Table I). The raw echo (before PC processing) is dgrocessing. However, the main “body” of the histogram ends
ficult to interpret since it is composed of overlapping echoeg approximately 15 mm which is a reasonable estimate of
from at least two reflections from the animal [Fig. 3(a)], howthe length of the animal if the telson (which is quite thin) is
ever, the PC output clearly distinguishes several distinct ecbrcluded. These results suggest that a single animal insonified
arrivals from the animal [Fig. 3(b)]. The magnitude of the priby multiple pings can be sized using information from multiple
mary and secondary arrivals (as well as the raw echo level) véeatures of the compressed echo from the animal.
regularly with angle of orientation (Fig. 4). The peaks of the An important aspect of this analysis is to use the laboratory
echo levels correspond to when the shrimp is at broadside ing&ta to estimate the variability that one might expect in measure-
dence(f = 90°,270°,450°,630°) to the insonifying wave. ments in the ocean. One source of variability is the dependence
Information about the animal can be extracted from thaf the scattering upon orientation coupled with the variability
timing of the PC echo arrivals. Estimates of the animalis orientation of the animals. Since the laboratory data involved
dimension were made from the time delay between the primangasurements of scattering for all angles of orientation (in one
and secondary echo arrivals for all angles of orientation (Fig. lane) and in small increments, the data can be used, along with
These estimates assume a uniform sound speed for the ingndermation on distributions of animal orientation, to estimate
of the animal’s body. The mode of this distribution is 4.2 mnthe variability. The pulse compression analysis involves using
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TABLE I
ACOUSTICESTIMATES OF ANIMAL DIAMETER FOR DIFFERENTASSUMEDANIMAL ORIENTATION DISTRIBUTIONS. THE CALCULATIONS INVOLVE USE OF THE
LABORATORY DATA. ALL SIZES ARE IN MILLIMETERS. UNCORRECTEDDIAMETERS ARE CALCULATED FROM TIME DELAYS BETWEEN PRIMARY AND SECONDARY
ARRIVALS. FOR THE SHRIMP, A CORRECTEDDIAMETER WAS DETERMINED BY TAKING INTO ACCOUNT THEKNOWN ORIENTATION IN THE ESTIMATION OF THE
DIAMETER. ANIMAL SIZE FOR THE SHRIMP |S THE MEASURED DIAMETER AND FOR THE PERIWINKLE IT IS THE AVERAGE OF THEMEASURED LENGTH AND
DIAMETER OF THE SHELL. THERE IS NO DIAMETER ESTIMATE FOR THEPERIWINKLE IN THE BACK-OFSHELL CASE DUE TO THEABSENCE OF ADETECTABLE LAMB
WAVE. THERE IS NO CORRECTEDDIAMETER FOR THE SHRIMP AT END-ON INCIDENCE SINCE THE TRIGONOMETRICMODEL IS NOTAPPLICABLE AT THOSEANGLES

Animal Orientation Distribution | Estimated Diam. | Estimated Diam. | Anim.
6 (no correction) (with correction) | Size
Mean  Mode Mean Mode

Shrimp Down-Looking Sonar 49 3.7 4.3 3.0 4.15
290° £ 20°

Shrimp Uniform 6.0 4.2 4.2 3.0 4.15
1 —360°

Shrimp Broadside Incidence 4.2 4.3 4.1 4.3 4.15
90° + 20°, 270° £ 20°

Shrimp End-On Incidence 6.2 5.1 NA NA 4.15
0° £ 20° , 180° £ 20°

Periwinkle | Down-Looking Sonar 5.2 6.0 NA NA 5.1
250° + 40°

Periwinkle | Uniform 5.6 4.1 NA NA 5.1
1—360°

Periwinkle | Apex Incident 4.6 4.4 NA NA 5.1
20° £ 10°

Periwinkle | Opercular Incident 5.0 5.9 NA NA 5.1
270° £ 10°

Periwinkle | Back of Shell Inc. NA NA NA NA 5.1
180° £ 10° |

data from resolved animals in the laboratory to estimate the vasehavior of the animal (vertical migration and feeding for
ability from resolved animals in the ocean. The target strengtlxample), other ranges of orientations are studied. Multiple
analysis, which involves a form of echo energy, could involve escattering effects are ignored in this case since zooplankton are
ther single targets in the ocean or averaged echoes from multiyveak scatterers. Size estimates (Table Il) and target strength
targets. An assumption in the latter case is that the orientatiadues (Table 1ll) were calculated for the various synthetic
distribution of each animal is the same. The majority of sonatisita sets (“synthetic” in that the laboratory data were used for
used in zooplankton surveys are downward looking. The echdhe calculations in combination with the various orientations
from these sonars would insonify shrimp from the dorsal/veexpected in the ocean environment).
tral plane rather than the left-/right-side plane that a side-lookingThe calculations involving different orientation distributions
sonar would encounter. show that there are changes in the mean value and variance of
There is no definitive work on the orientation of decapodhat would be the ocean-measured target strength of the an-
shrimp or euphausiids in the ocean. Sameoto [27] studigdal (Table Ill). Although the variances in the target strength
the orientation of euphausiids in the water column from phder a given orientation distribution are substantial (due to the
tographs taken from a net system. There was generally a bre@de frequency range used and the frequency dependence of the
range of orientations for the animals, however, at certain timssattering), there are also changes in the mean target strength
(1500 h and 2400 h), his results show a preferred orientationttween the various orientation distributions. The differences
the animal being slightly head-up in the water column, relatiare largest{3 dB) between the distributions centered around
to an otherwise horizontal orientation. Also, several othe@nd-on and broadside incidence. While these differences are
studies [28], [29] show that krill exhibit this head-up positiorsmaller than those observed at lower frequencies [11], they are
for certain behaviors. We use this orientation distributiolarge enough to cause substantial changes in biomass estimates.
as a basis for our modeling of what a downward-lookinGiven the importance of biomass estimates, these calculations
sonar would detect. Since it is likely that animal orientatiomdicate the need for more information amsitu animal orien-
distributions change throughout the day depending upon ttagion.
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TABLE ”I 15 ‘\ Corrected Diam. Estimate
TARGET STRENGTH STATISTICS FORDIFFERENT ASSUMED ORIENTATION — nconected Diam. Estimate
DISTRIBUTIONS. THE CALCULATIONS INVOLVED USE OF THE g o Tredced theomeaea e,
LABORATORY DATA g
510
Animal Orientation Distribution (f) TS+ 02 g
350-650 kHz S
[0
Shrimp Down-Looking (290° £ 20°) -91.1 £ 238 *é 5
Shrimp Uniform (1 — 360°) -90.5 + 6.4 E
Shrimp Broadside (90° &+ 20°, 270° £ 20°) | -88.5 = 9.8 o
Shrimp End-On (0° £ 20° , 180° & 20°) -91.7 £ 4.7 0 )
Periwinkle | Down-Looking (250° £ 40°) -57.8 £ 1.3 . . .
Fig. 6. Uncorrected(x) and corrected(d) diameter estimates of the
Periwinkle | Uniform (1 — 360°) -537.7 £ 8.6 shrimp from the time delay between primary and secondary PC peaks. For
- ho . each 2 increment, four data points from two complete revolutions of the
Periwinkle | Apex (20° £ 10°) -63.8 £ 2.6 animal (0-720) were averaged to provide a data set covering®186m
Periwinkle | Opercular (270° = 10°) 57.0+ 0.8 head-on to end-on incidence. For example, the data point‘ats3he mean
o B of the values collected at 30330°, 39C°, and 690. The dashed line is a
Periwinkle | Back of Shell (180° + 10°) -53.8 £4.3 theoretical prediction of the uncorrected diameter estimate using the measured

animal diameter of 4.15 mm. The corrected and uncorrected scattering model
appear to produce reasonable estimates within the rang®©®f and+35°,

. . espectively, from broadside incidence.
The calculations using the laboratory data were also used 10’ y

determine how changes in animal behavior in the ocean may

change estimates (using data from ocean measurements) othigemeasured value of the animal’s diameter, a theoretical pre-
animal’s size from time-delay measurements from the PC pmiction for the uncorrected diameter is made with the formula
cessing (Table I1). An “uncorrected” diameter estimatg was similar to (1):

found by converting the time delay between the primary and d

secondary peaks in the pulse compressed échto a length ' = m:%‘ged (3)

- ] ) - . . theoretical —
without using any orientation information
Obviously this equation is not valid for orientations near end- or

J — [Conimal (1) head-onincidence since the diameter prediction goes to infinity.
2 A comparison of the two estimates of diameter and the mea-
A “corrected” animal diametefd) was calculated taking into sured value shows that the valid range of orientations for the cor-
account orientation using a simple trigonometric relationship'@cted and uncorrected estimates are approximatély’ and
+35°, respectively, relative to broadside incidence. The uncor-
d=d <inb (2) rectedestimates follow the theoretical trend for uncorrected data
within about+-60° from broadside incidence.

wheref is the angle of the animal relative to the acoustic wave- ) ]
front as shown in Fig. 2. The mean and mode of the correctBd Elastic-Shelled Animal
and uncorrected diameter estimates for the various orientationSix periwinkle shellsi(ittorina littorea) were used in the ex-
were found. For the uncorrected estimates of diameter, the maagiment. Since results were similar for all cases, those corre-
of the distribution had a better agreement with the measured siponding only to animal #1 are shown (Table I). Similar to the
ameter of the shrimp, however when geometric information wdscapod shrimp analysis, individual ray echoes are difficult to
included to correct the estimate, the mean value was closeldentify in the raw echo, but are clearly shown in the PC pro-
the measured diameter. In the case of broadside incidence,dbssed echo (Fig. 7). The interference between the reflection
acoustic estimates of diameter and the measured value agreech the front interface and the other echoes can change the
almost exactly, for the other animal behaviors the acoustic eserall amplitude of the received total echo. The major struc-
timates tended to overestimate the measured value. There was in the polar plots of echo versus orientation for the raw
no calculation of estimated diameter for the end-on incideneeho voltage and the primary peak magnitude are broadly sim-
case since the theoretical model used is not applicable at thitae (Fig. 8). There are differences in the smaller scale struc-
angles. ture between the two plots which indicate the interference effect
To examine the accuracy of the theoretical two-ray model anéithe secondary echo. These secondary echoes are readily ap-
the orientation corrections to the diameter estimates, a compaarent in the PC processed signal and can provide information
ison of uncorrected diameters, corrected diameters, and theoadisut the size of the animal.
ically predicted uncorrected diameters was made (Fig. 6). For a@or certain orientations, the time delay between the primary
range of angles from head-on°jao end-on (180) incidence and secondary peak corresponds to the time difference between
with 1° increments, mean time delays were calculated and thiere echo from the front interface and a circumnavigating Lamb
converted to uncorrected diameter estimates. These values weage that travels subsonically around the shell and then couples,
then corrected using the orientation of the animal and (2). Usinglaunches, from the shell into the water [21]. At these values of
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Fig. 7. Example echo from periwinkle. (a) Raw echo voltage. (b) Envelope pf ; : :
; A ) g. 9. Histogram of time delay between primary and secondary PC peaks
pulse compression output showing the prim@fy) and secondartlJ) returns. of the periwinkle. Mode of distribution is 18.6s, which corresponds to an

estimated diameter of 4.8 mm. The mean of the measured diameter and length of
the shellis 5.1 mm. There is a threshold ofids8in the peak detection algorithm.

As was done for the shrimp, synthetic data sets were created
from the laboratory data to model data that might be collected
using different sonar viewing angles in the ocean. Planktonic
pteropods have been observed to have a preferred orientation in

(a) Raw Voltage (b) PC — primary peak the water column. For both feeding and swimming, these ani-
Fig. 8. Polar plot of scattering by a periwinkle versus angle of orient.stti0|r1T.]aIS position themselves with their opercular opening pointing
(a) Normalized raw echo amplitude. (b) Normalized primary PC peak. mostly vertically upward [30], [31]. Therefore, with a down-
ward-looking sonar, the opercular opening would be generally
aimed toward the transducer and the apex would be aimed down-
ka, the Lamb wave speed that was both calculated and gave {jigq and to the side. In addition to the down-looking sonar data
best fit to the data in [21] involving the strongest subsonic segat, synthetic data sets were created for a uniform distribution,
ondary waves was approximately.,s, = 500 m/s. Although anex-upward, opercular opening-upward and back of shell-up-
Lamb wave speeds are frequency-dependent, this average V@lgy distributions. These different data sets show how the re-
can provide useful information. The term “Lamb wave speedjiing size estimates (Table I1) and target strengths (Table 1)
refers only to the speed that the Lamb wave propagates aleag, change with various animal orientations in the ocean.
the shell; when the “Lamb wave” ray is in the water column it | is apparent given the range in target strength valueis)(
travels at the speed Using this speed, the size of the periwinkIedB) that large errors in estimates of animal populations can
studied can be inferred from the acoustic data. If the shell is @gscur if the wrong orientation distribution were used in mod-
sumed to be circular, the diametey,of the shell can be found gjing these animals. However, all of the various distributions

from the formula provide a similar range of estimates for the size of the animal.
T This indicates that the Lamb wave speed and path are relatively
d= m 4) stable across the range of orientations, at least when averaged
€ Zramb over the distance traveled around the shell.

wherer is the time delay between primary and secondary IoulseG|ven that the scattering mechanism for the elastic-shelled

compressed echo arrivals, and the distance traveled by the La#AENa! IS affected by the complex shape of the animal, a simple
wave is halfway around the shell [23]. model that do_es not taI§e into a<_:c<_)unt the actugl geometry of
There is a fair amount of variation in the time delay betweetnefse shells will not p_rowde arealistic repr_esentatlon of the scat-
the primary and secondary peaks from the periwinkle (Fig. g?rmg from these anlmals. quever, a S'F“P'e ray model may
which could be explained by Lamb wave speeds varying duquerarea_sonab[e app_rOX|mat|on for describing the broad trends
changes in shell thickness [21] or, since the shell is not circulé{?,hOW animal orientation can affect the backscattered energy.
that the path length (and travel time) of the Lamb wave will
vary depending on the orientation of the shell. However, there
is a sharp peak in the distribution at 18:5ec. Using (4), the  This study has shown that, for this method of broad-band in-
estimated diameter of the shell is found to be 4.8 mm (compargghification in the geometric scattering region, the following is
to the measured diameter and length of 3.9 mm and 6.2 mimie.
respectively). Since the shell is not circular, it is reasonable to 1) For the elastic-shelled animal, acoustic estimates of size
calculate the average of the diameter and length and use this using pulse compression processing were accuralfor
value of 5.1 mm as the size of the periwinkle. Thus, the average  distributions of orientation studied, in spite of the fact
size of the animal can be estimated using a two-ray model for  that the target strength varied by 10 dB over the same
the scattering and PC processing to resolve the multiple returns.  distributions.

V. DISCUSSION
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2) For the fluid-like animal, accurate acoustic estimates of [7]
size using pulse compression processing and the simpl?gl
two-ray model require that the animaifssitu orientation
distribution be to within about 3%f broadside incidence.

3) The fluid-like animal had a change of 3 dB in target
strength averaged over a wide frequency band for dif{1q;
ferent orientation distributions.

Acoustic scattering models are vital to understanding and in-
terpreting measurements of biological scattering in the oceai )
However, these models depend upon a variety of parameters
which are often unknown, such as the animal’s size and orientzﬁZ]
tion distribution. This study presents results that show how dif-
ferent animal orientations could impact measurements of target
strength and scattering-model-based estimates of animal size f[qg]
two types of zooplankton (fluid-like and elastic-shelled).

Target strength measurements at these high frequencies show
a range of values for the different orientation distributions!
for both types of zooplankton. Changes were smaller for the
fluid-like animals, but still quite substantial (a 3-dB difference [15]
corresponds to a factor of two change in biomass estimates).
Differences for the elastic-shelled animal were even larger.  [16]

Size estimates of single animals can be made with the use of
pulse compression processing. In spite of the large variability
of target strength for various orientations for elastic-shelled ant7]
imals, the different orientation distributions caused only small
changes in the acoustic estimates of size. With the ray modelg)
used, orientation information may not be needed for accurate
size estimates of the elastic-shelled animals, although note thﬁgl
the dispersive properties of the Lamb waves for this irregular
target need to be better understood for practical sizing methods
in the ocean. Also, for fluid-like animals, acoustic estimates of
size were not accurate unless the orientations were within aboys)
35° of broadside incidence.

Target strengths and size estimates show a possibility for
being used to categorize different animal behaviors. Thig1)
method seems particularly suited to fluid-like animals where
studies have shown the strong effect that animal orientatio&Z]
has on scattering spectra. Since animal behavior (and the
orientation distribution) will change throughout the day, more
studies of animalin situ orientation are needed if acoustic [,5
scattering models are to be used correctly and effectively.

(9]
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