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STATUS OF KRILL TARGET STRENGTH
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Abstract

Empirical estimates for the target strength of krill are extracted from
publications. These are confined to measurements on aggregations of
live euphausiids and should not be affected by a frequent cause of bias
in single-animal measurements, namely thresholding. Theoretical
estimates for the target strength are derived from the deformed-cylinder
scattering model assuming specific sets of physical and orientational
parameters, for which there is an empirical basis. The theoretical
estimates show a non-monotonic dependence of target strength on both
animal size and transmit frequency, notwithstanding admitted
shortcomings. Some recent single-animal measurements of target
strength for live euphausiids and euphausiid-related species, made under
high signal-to-noise-ratio conditions, are consistent with the general
pattern. Several specific recommendations are made for future,
improved determinations of krill target strength. Based on the
comparisons, general prediction curves for the target strength are
presented that are applicable to a wide range of lengths, acoustic
frequencies and orientation parameters.

Résumé

Les estimations empiriques de la réponse acoustique du krill sont
extraites des publications. Elles sont limitées aux mesures des
concentrations d'euphausiacés vivants et ne devraient pas étre affectées
par une cause fréquente de biais dans les mesures des individus, a savoir
l'identification du seuil. Les estimations théoriques de la réponse
acoustique sont dérivées du modele de diffusion en cylindre déformé,
présumant des séries spécifiques de parameétres physiques et
d'orientation reposant sur une base empirique. Les estimations
théoriques mettent en évidence une dépendance non monotone entre la
réponse acoustique et 2 la fois la taille des individus et la fréquence de
transmission, en dépit des limites admises. Quelques mesures de
réponse acoustique prises récemment sur des individus vivants (un par
un) d'espéces d'euphausiacés et d'especes apparentées aux euphausiaceés,
effectuées dans des conditions dans lesquelles le rapport signal-bruit est
élevée, suivent le modele général. Plusieurs recommandations
spécifiques sont avancées pour une meilleure détermination de la
réponse acoustique du krill a I'avenir. Basées sur les comparaisons, les
courbes générales de prédiction de la réponse acoustique présentées
sont applicables a tout un éventail de longueurs, de fréquences
acoustiques et de parametres d'orientation.

1

Institute of Marine Research, PO Box 1870, N 5024 Bergen, Norway
Woods Hole Oceanographic Institution, Woods Holes, MA, USA

101



PesoMe

IMIUPUUECKUE OLEHKH CHJbl LEeau KpuJs GblM B3ATHL U3
pasauuHbIX ny6saukanuit. OHHU KacawTCs TOJIBKO U3MepeHH
NpOBEAEHHBIX Ha CKOMJEHUSIX XUBbIX 3B(ay3UHA U Ha HUX HE
JIOJIKEeH OKa3blBATb BJIMsIHUE “MOPOroBoM 3ddekT’, KOTOPBIA
UaCTO BBI3BIBAET CMeENl€HUe UW3MeEpPEHUH, MpoOBeAeHHbIX Ha
eAUHUUHBIX XUBOTHbIX. TeopeTHUUyecKkue OLEHKH CUJbl LEJIU
MOJIyueHsl C MOMOWbI0 MOJEJIM pacceuBaHUsi AedpopMUpO-
BaHHBIM LIAJUHAPOM, NpeAnoJarajd HaJAule KOHKPEeTHBIX
HabopoOB (U3NUECKUX U OPEUHTALMOHHbIX NapaMeTpoB, A/
KOTOPbIX UMeeTCsl 3MInupHueckoe o6ocHoBaHUe. HecMOTpsi Ha
UMepmUecss B pacueTax HeJOCTaTKH, TeopeTUueckue OLEHKH
yKa3blBal0T Ha OTCYTCTBME MOHOTOHHUECKOW 3aBUCUMOCTH
CUJIbI LleJIM KaK OT pa3Mepa XHWBOTHOrO, Tak W OT UACTOTDI
nepesaTuuka. HeckoJsbko NMpOBeAEHHBIX HEAABHO U3MepeHu
CUJIBI LleJIM XUBBIX 3Bday3uua U 6JU3KUX K HUM BH/IOB,
NpoAeJIaHHbIX B YCJIOBUSIX BBICOKOIO COOTHOWEHMS! CUIrHaJjia K
MyMy, COOTBETCTBYWT o6mei kaptuHe. IIpuBOAWUTCS PSA
KOHKPETHBIX pPEeKOMEHJaUuui Mo yJayulleHUo onpeAeeHns
CHJIBI LieJIM KpuJsi B 6yaymeM. Ha ocHOBe CpaBHEHUH, AalTCS
ofbmue NMPOrHosUpyeMble KPpUBbIE CHJIbI LieJIH, TTPpUMEHsIEMbIE K
WMPOKOMY  AMana3oHy JAJIMH, aKyCTUUECKUX YacToT M
OPUEHTALHOHHBIX MapaMeTPOB.

Resumen

Los valores empiricos de la potencia del blanco del kril han sido
extrafdos de las publicaciones. Estos se limitan a mediciones hechas en
cardimenes de eufdusidos libres y no debieran ser afectados por una
fuente de desviacién frecuente experimentada en las mediciones de
animales individuales, es decir, por la formacién de umbrales. Los
valores teéricos de la potencia del blanco son deducidos del modelo de
dispersi6n del cilindro deformado, suponiéndose una serie especifica de
variables fisicas y orientacionales para las cuales existe una base
empirica. Los valores teéricos muestran una dependencia no-monétona
de la potencia del blanco con respecto al tamafio del animal y a su
frecuencia de transmisién, a pesar de las reconocidas limitaciones.
Algunas mediciones recientes de potencia del blanco en eufdusidos
vivos y en especies afines, hechas en condiciones de alta relacién
sefial/ruido, son consecuentes con el modelo general. Se formulan
varias recomendaciones especificas para mejorar las futuras
estimaciones de potencia del blanco del kril. Sobre la base de las
comparaciones, se presentan las curvas de prediccién general para la
potencia del blanco que son aplicables a una amplia gama de tallas,
frecuencias acusticas y pardmetros orientacionales.

1. INTRODUCTION

The echo integration method (Forbes and Nakken, 1972; MacLennan, 1990) has been
applied to krill (Euphausia superba) in the Southern Ocean (Miller and Hampton, 1989). In
order to convert measurements of echo strength to biological quantities, such as the number
density of scatterers, knowledge of target strength is essential. Notwithstanding the degree of
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interest in krill biomass, as witnessed, for example, by the scale of international involvement in
the Biological Investigation of Marine Antarctic Systems and Stocks (BIOMASS) program,
measurements of krill target strength have been quite scarce.

In fact, at the time of the Post-FIBEX Acoustic Workshop in 1984 (Anon., 1986) only
several measurements on E. superba had been reported in the literature. In order to establish a
target strength-size relationship for use in interpreting the measurements of the First
International BIOMASS Experiment (FIBEX), recourse was made to measurements on other
zooplankton. These included measurements on preserved, defrosted and even live specimens of
other species. In many cases, the measurements were performed on single specimens. It is the
authors’ contention that such measurements, while being inherently difficult for weak,
zooplankton scatterers, are vulnerable to the effect of thresholding.

Thresholding, or the discarding or rejection of signals as noise because of their low
amplitude, low spectral level, or other inferior characteristics, has been recognised as an
important phenomenon in fish-scattering measurements (Weimer and Ehrenberg, 1975; Foote
etal., 1986). Its recognition in zooplankton acoustics has been less common. Clearly its
mention in the literature as a possible source of bias in single-scatterer measurement has been
rare. The kind of review attempted here may consequently be justified for gathering together
diverse, generally recent references on scattering by live euphausiids that avoid or otherwise
address the effect of thresholding.

The organisation of this paper is the following. The quantities of target strength,
backscattering cross section, and mean volume backscattering coefficient and strength are
defined. Empirical studies of krill target strength, based on measurements of the mean volume
backscattering strength are summarised, and a theoretical model for krill scattering is described.
Both measurements and theory are combined. On this basis, target strength-size relationships
are proposed for current use in acoustic surveys of krill aggregations or stocks. In addition to
considering both the presented measurements and theoretical computations, comparisons are
made with data involving individuals, and recommendations are made for improving the
determination of krill target strength.

2. DEFINITIONS
Target strength gives a measure of backscattering or echo strength intrinsic to the
scatterer itself. It is useful sometimes to keep in mind its origin in basic scattering physics. A

plane, harmonic wave is assumed to be incident on an isolated, finite body in a homogeneous
fluid medium. In terms of pressure,

Pinc = A exp [i(k-r—or)],
where A is the amplitude, £ is the wave vector, r is the position where the incident pressure field
is to be evaluated,  is the angular frequency, and ¢ is time. The scattered pressure field in the
far-field of the body is typically expressed in terms of the spherical wave exp(ikr)/r.
Suppressing the time dependence exp(-iw 1),

lim

r—oeo p,, = Af exp(ikr)/ r,

where fis the far-field scattering amplitude. The backscattering cross section, ¢ Or oy, 18
defined in terms of the far-field backscattering amplitude fj, thus:

0 = 4n0y, = 47[|be2. (1)
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The quantity op is also called the differential scattering cross section in the
backscattering direction. Because of the frequently large range in values of o or oy for the
same or similar scatterers, a logarithmic measure is convenient. This is the target strength TS,

o
TS = 10 log — = 10 log oy, 2
g47[ Og Ops ()

where the backscattering cross section is expressed in SI units. The TS of an idealised, perfectly
reflecting sphere of 2 m radius at very high frequency is 0 dB.

Theoretical and empirical studies show that it is sometimes useful to normalise the
backscattering cross section by the square of the length of the body, provided of course that the
body is elongated. In this paper, krill length refers consistently to the distance from the anterior
end of the eye to the tip of the telson. When the length is not defined in the cited data source, it
is assumed to be tantamount to this. Expression of the normalised cross section in the
logarithmic domain results in the reduced target strength,

RTS = 10 log {0/(47rL2)} = 10 log (04 /12) = s - 10 log 1%, 3)

It is convenient to represent RTS as a function of the equivalent cylindrical radius a of the
body, normalised by the multiplicative factor k. The advantage of presenting RTS versus ka is
that data spanning a wide range of lengths and frequencies can be compared on the same plot.
The present definitions of o, ops, TS, and RTS apply strictly to harmonic waves. Although useful
as a concept, such continuous waves are fictional. A backscattering cross section or target
strength can also be defined for finite-duration waves or signals (Foote, 1982). However, the
continuous-wave or harmonic-wave approximation is excellent for the several data sources
considered in the next section. This is due to the fact that the distance spanned by a ping is
much larger than any dimension of the animals.

The above definitions also pertain only to single realisations of the scattering from
individuals. Accordingly, the state of an animal is defined by a unique combination of
orientation, body shape including bend, taper and roughness, and physical properties. Adding to
the complexity of the description of the scattering are the facts that (1) echoes from individual
krill tend to fluctuate from ping to ping as the animals change shape and orientation, and (2)
echoes from animals that are not acoustically resolved or separated, because of overlap with
echoes from other animals, also tend to fluctuate from ping to ping because of the stochastic
nature of the interference between the echoes from each animal. In order to describe the

scattering involving the fluctuating echoes, the following averages of the above quantities are
defined:

Data
- 1 X
°c=x Yo @)
j=1
Theory
o(L) = jec(L,e) fo(8)d®  (individual), (5)
6 = [ oL)fL(L)L  (aggregation), (©)
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The definitions are divided into two broad categories. Equation (4) represents the
measured backscattering cross section averaged over N pings. This equation could be applied to
repeated observations of the same individual or many observations of different individuals.
Thus the average might involve, for example, behaviour through the tilt angle 6, or both
behaviour and length through 6 and L, respectively. Equations (5) and (6) are the respective
theoretical counterparts, where f, denotes the appropriate probability density function of variable
X. Equation (5) is typically more appropriate for use in the laboratory where animals are
studied on an individual basis, while equation (6) is more applicable in the field where an
aggregation of animals over a range of lengths will typically exist. The above averages apply to
both o and op;. All averages involve the addition of energies (cross sections) because the energy
is most appropriate for describing the incoherent addition of echoes from animals in
aggregations. Finally, the above theoretical averages are shown with just a few variables over
which the averages are made. Generalisations are possible for inclusion of other effects, such as
the degree of bend or flexure of the animal, as represented by its radius of curvature, or the
degree of roughness of the body.

The “average” target strength can be defined in terms of the average backscattering
Cross section as

TS = 10 log (o/4x) = 10 logo,,, (7)

where the averaging is performed before the logarithm is taken. The average reduced target
strength is defined in a similar manner.

The mean volume backscattering coefficient Sy is related to the mean backscattering
cross section and the number density p of scatterers (Stanton et al., 1987),

o
S, = Py = PO | ®)

where the usual convention of not indicating the average nature of S, by an overhead bar is used.
This quantity can be determined through the sonar equation (Urick, 1975), given knowledge of
the transmit and receive conditions, including beam pattern characteristics. In the logarithmic
domain,

S, = 10 log p + TS ©

where Sy is the mean volume backscattering strength. This or similar volume scattering
quantities are typically what are measured in the field, especially when the animals are not
resolved by the sonar. Relating raw echo levels to S, requires knowledge of sonar system
parameters such as ping duration and beam pattern. Single animal target strengths can only be
measured directly when the echoes from the different animals are not overlapping.

3. EMPIRICAL VALUES OF TARGET STRENGTH

Estimating the target strength of zooplankton is far from straightforward because of the
behaviour of the animals and thresholding of the sonar system. When the animal is insonified
at or near broadside incidence, the resultant echo is strong and the sonar will be most able to
record it. However, at or near end-on incidence, the echo is quite weak. When measuring target
strengths of (resolved) individuals in the laboratory or field, the echoes from end-on incidence
may be below the noise level or “detection threshold” of the sonar, hence the echo goes
unrecorded. The average from measurements of individuals will involve only the average of
values above the threshold, causing an overestimate (threshold bias) of target strength. In the
other case, when the animals are measured collectively, i.e., when the animals are not resolved by

105



the sonar, the echoes from some animals may be above the threshold while those from others
may not. The resultant echo from this aggregation is detectable and an average target strength is
determined by normalising the echo level (or energy) by the total number of animals regardless
of whether all of them would have been detectable individually. The threshold bias in this latter
case is much less than with the measurements involving individuals, hence providing a more
accurate estimate of target strength, assuming that the number of animals is known.

In order to eliminate threshold bias in this study, only aggregation measurements are
used. Table 1 summarises the data from the published experiments, which are more fully
described in the paragraphs below. Most of the experiments were performed in situ on
aggregations of sufficient density so that the received echoes were due to a superposition or
average of echoes from many individuals of various sizes, shapes and orientations. The average
target strength is thus determined from acoustic measurements of the volume scattering strength
and direct measurements of numbers of animals, whose values are directly inserted into
equation (9).

Pieper (1979) measured E. pacifica in situ at 102 kHz. The animals were distributed in
layers at depths from 130 to 280 m in the San Pedro and Santa Catalina basins off southern
California in, respectively, March and July 1976. Sampling was accomplished by a Tucker trawl
with acoustically controlled open-close command. Other animals were caught, but E. pacifica
was the predominant species. The target strength was inferred from acoustic measurements of
Sy, with 1 ms pulse duration, and estimates of p determined by catching. A total of 18 TS values
are given for krill of mean lengths from 11.6 to 18.6 mm and mean masses from 2.09 to
10.0 mg (dry weight). These authors accept Pieper’s speculation that the effective mouth
opening of the net is equal to the area of the net on the codend of the trawl. Consequently, the
tabulated values of TS are here adjusted downwards by 4.8 dB.

Everson (1982) measured E. superba in situ at 120 kHz. The krill were in a large
concentration just north of South Georgia at the time of measurement in March 1980. The
entire water column, from surface to 250 m, was sampled both acoustically and physically by
means of a Rectangular Midwater Trawl with 8 m2 mouth opening (RMT8) and surface nets.
The modal sizes of krill according to five RMTS8 catches varied from 37 to 44 mm. Measurement
of S,, with 0.6 ms pulse duration, and determination of p by trawling allow solution of equation
(9) for TS. Everson (1982) specifies two TS numbers: -81.3 dB in the daytime and -89.2 dB at
night-time. Tabulation of S, values, however, allows extraction of a total of two values each for
daytime and night-time TS.

Artemov (1983) measured euphausiids in situ in the Black Sea or Atlantic Ocean at
49.5 kHz. By measuring Sy, with 0.3 ms pulse duration, and estimating p by trawling, equation
(9) prescribes TS. The result is that TS = 84.3 dB for a euphausiid of mean length 45 mm and
mean mass of 0.6 g.

Nakayama et al., (1986) measured E. superba in situ in the Indian sector of the Southern
Ocean at 200 kHz. The krill occurred near the surface, apparently with uniform density, where
they were observed about one hour before sunset on 29 January 1984. The krill were measured
over the depth range 13.5 to 14.5 m for three minutes and over the depth range 12 to 13 m for
two minutes. The mean volume backscattering strength was measured with a 200 kHz
transducer, with 0.6 ms pulse duration. A second transducer, with operating frequency of
455 kHz, was used to determine the number density of krill according to the echo counting
method (MacLennan, 1990). This was facilitated by use of a pulse of 20 ps duration, hence with
nominal resolving power of 15 mm. The mean densities for the two observation periods were
50 and 62 krill/m3. These determined respective target strengths of -68.1 and -68.3 dB. The
mean total length was 42.0 £+ 0.28 mm and the corresponding mean mass was 0.62 £ 0.014 g.

Everson (1987) measured E. crystallorophias in situ in Port Foster, the caldera of

Deception Island, at 120 kHz. The krill was observed in March 1985 in the daytime in compact
swarms deeper than 80 m, and in the night-time in a thick diffuse layer between 20 and 40 m.
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By measuring S,,, with 1 ms pulse duration, and determining the number density p by 8 m2

Multiple Rectangular Midwater Trawl, the TS could be determined. Problems with net avoidance

were recognised by Everson (1982), but the very large discrepancy between the sampled density

and that estimated from the BIOMASS equation (Anon., 1986) suggests the following major

rlzvciision: that the BIOMASS-predicted TS for the observed 22.8 mm mean length be reduced by
B to -81.7 dB.

Shimadzu et al., (1989) measured E. superba in situ in the Scotia Sea north of
Livingston Island, South Shetland Islands, in January 1988 at 200 kHz. The quantity S, was
measured, with 1.2 ms pulse duration, on board the research vessel. An accompanying
commercial trawler caught along the precise track of the research vessel, with monitoring of the
height of the mouth opening of the trawl, nominally 28 m, to ensure operation according to
design specification. The depth of the krill aggregation as measured by the depth of the ground
rope varied from 35 to 80 m. The density was thus determined, and equation (9) solved for TS.
Estimates varied from -71.4 to -63.1 dB, with overall mean of -66.7 dB. The average krill length
was 47.5 mm, and the average mass was 0.873 g.

Foote et al. (1990) measured E. superba in a cage of 0.1 m3 volume at 38 and 120 kHz.
The cage was maintained under measurement at constant 15 m depth in the harbour of
Stromness on South Georgia in January and February 1988. Since the density was known
a priori, measurements of S, with 1 ms pulse duration, could be converted directly to values of
TS. In 14 separate measurements series, lasting from 15 to 65 hours each, the effective mean TS
varied over the range from -89 to -83 dB at 38 kHz and from -81 to -74 dB at 120 kHz. Mean
lengths varied from 30.1 to 39.4 mm. Additional measurements revealed a mass density
contrast of 1.0357 + 0.0067 and sound-speed contrast of 1.0279 * 0.0024, where the limits are
those of the first standard deviation of the underlying measurements.

-Hampton (1990) measured E. superba in situ off Coronation Island and Elephant Island,
in March 1990, at 38 and 120 kHz. The mean surface backscattering strength (MSBS) was
measured at both frequencies for 200 discrete krill swarms in the Coronation Island region and
for 50 swarms in the Elephant Island region. The pulse duration was 0.9 ms at 38 kHz and
1.0 ms at 120 kHz. The depth range of examination was 5 to 100 m. Aimed commercial
midwater trawls determined the size distribution in each region. Differences in corresponding
values of MSBS were attributed to differences in TS. This has been observed to be 7.1 dB off
Coronation Island and 6.9 dB off Elephant Island, with the value at 120 kHz exceeding that at
38 kHz. The mean lengths of krill for the two localities were 48.8 and 46.0 mm, respectively.

Cochrane et al. (1991) measured M. norvegica in situ in two deep basins of the Nova
Scotia Shelf, in June 1988, at 50 and 200 kHz. The pulse duration at the two frequencies was
2 and 5 ms, respectively. Beamwidths, as measured between opposite -3 dB levels, were 18° and
5.4°, respectively. In Emerald Basin, S,, was measured over the depth range from 210 to 242 m.
In LaHave Basin, S, was measured from 190 to 230 m. In both cases, S, at 200 kHz was
significantly greater than that at 50 kHz. The differences were 10.5 and 7.4 dB in Emerald and
LaHave Basins, respectively. Biological sampling with the Bedford Institute of Oceanography
Net and Environmental Sensing System (BIONESS) established that the mean krill length was 28
mm,

Kasatkina (1991) measured E. superba both encaged and in situ. A series of cage
measurements with live specimens was carried out in April 1983 in the vicinity of the South
Orkney Islands at 20 kHz. For krill of mean lengths from 43.0 to 47.1 mm the effective mean
TS varied over the range from -77 to -71 dB. Measurements on encaged krill at 136 kHz
yielded values of the effective mean TS from -69 to -68 dB for mean lengths from 45.1 to
48.9 mm. Combined acoustic measurements of the mean area backscattering coefficient and
trawl measurements of absolute number density were performed at 30 and 20 kHz.
Measurements at 30 kHz were performed near Bouvet Island in December 1979 on krill of
mean lengths from 53.6 to 54.2 mm, with effective mean TS from -76 to -69 dB. On the Maud
Banks, in February 1980, krill with mean lengths from 36.0 to 50.0 mm were observed to have
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values of effective mean TS from -82 to -71 dB. Measurements at 20 kHz were performed near
the South Orkney Islands in May 1983 on krill of mean length 44.7 mm, for which the effective
mean TS was observed to be -78 dB. Measurements were performed at the same 20 kHz
frequency near South Georgia in June 1983 on krill of mean length 49.9 mm, with effective
mean TS of -72 dB. The standard deviation of the observed length distributions was close to or
less than 10% of the mean length in every case.

Watkins (1991) measured E. superba in situ during the night-time in swarms off South
Georgia in February 1990, at 120 kHz. Concurrent in situ photographic observations of the
respective swarms determined density values spanning the range from 13 to 186 krill/m3. The
mean krill length was 40 mm. Use of density values with the corresponding measurements of
mean volume backscattering strength determined values of effective mean TS from -75 to
-70 dB.

4, THEORETICAL MODELS OF TARGET STRENGTH

To date, there is no theory that adequately describes the scattering of sound by
zooplankton. The animals are morphologically complex as they are elongated, bent, have legs
and antennas, and are inhomogeneous in composition. Also, the animals change shape and
orientation as they move through the water which further complicates the problem. Recently, the
deformed cylinder solution has been applied to several sets of data with some success (Stanton,
1989; Wiebe et al., 1990; Chu et al., 1992; Chu et al., in press; Stanton et al., submitted (a);
Stanton et al., submitted (b)). The formulation is general enough to take into account the length,
bend, taper, roughness, orientation and non-uniform composition. The modal-series-based
solution used in this work is not valid for end-on or near end-on incidence. In that region, the
solution predicts zero response while data show the animals to have small, but finite, scattering
cross sections at that angle.

The general far-field backscatter solution to the deformed cylinder is:

d 2k, F
S by &

_ij .
— | AT,
P Tres p 2y é

fp =

, 0

where 7 ps is the position vector of the axis of the cylinder, 7; is the unit vector in the direction
of the incident field, m is the modal index number to the modal series solution, and b, is a
coefficient that is determined by the (circular cylinder) boundary conditions.

The exact expression for by, is always quite complicated and is typically expressed as the
ratio of two determinants. b,, depends upon acoustic frequency, radius of cross section of body,
and material properties (such as fluid surrounded by fluid or fluid-filled shell surrounded by
fluid). A list of references to articles that present derivations and expressions for by, for various
boundary conditions is given in Stanton (1990).

The deformed cylinder formulation has been applied to a wide range of cases including
geometries in which averages over angle of orientation and length were carried out (Cochrane,
1991; Chu et al., in press; Stanton et al., submitted (b)). For the analysis in this article, the
average given in equation (6) is used. The most reliable distribution used in the averaging is the
one involving length as it is derived from net samples or direct measurements in the laboratory
scattering work. At this writing, only independent measurements were available to help estimate
the distribution of orientation. Because of the importance of taking this latter quantity into
account, angular distributions similar to those observed by Sameoto (1980), Kils (1979 and
1981), Endo (1989) and Kristensen and Dalen (1986) are used in this article. A distribution of
bend could not be used because of the lack of data on this subject. Fortunately, calculations
demonstrate that due to offsetting effects, target strength averaged over angle of orientation is
relatively insensitive to bend (Stanton et al., submitted (b)). Hence for the purpose of this
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article, a reasonable fixed value of radius of curvature for the animals is used. In order to
replicate the tapered shape of the body and also avoid spurious end effects if the ends were
(unrealistically) large and flat, the calculations included tapering.

Finally, the animals are modelled as being composed of a homogeneous “weakly”
scattering fluid, where the term weak refers to the fact that the mass density and speed of sound
for the animal body is very close (to within several percent) of the surrounding fluid. Thisisa
simplification of the actual body that has an outer shell and inhomogeneous (fluid-like) interior.
The weak scatterer assumption can be substantiated for several reasons:

(i) the shell is very thin when compared with the wavelengths of sound typically used
in acoustic studies, hence to a first approximation one can ignore the shell and only
take into account the fluid-like interior (Machlup, 1952; Stanton, 1990);

(ii) the studies published by Foote et al. (1990) and Foote (1990) show that the
compressional wave speed and density for live euphausiids are indeed only several
percent different from the corresponding properties of the surrounding water; and

(iii) a new simple ray model derived by Stanton et al. (submitted (a)) that assumes
weak scattering predicts deep nulls such as those observed by Chu et al. (1992).

5. COMBINATION OF TARGET STRENGTH ESTIMATES

In order to compare the scattering levels involving animals of various sizes and sonars of
various frequencies, all data are presented on the dimensionless scale of reduced target strength
(RTS) versus ka, where a is the estimated average cylindrical radius of the thorax section of the
animals. Since in most cases a was not directly measured or reported, it is estimated in this
analysis from the (total) length L by the approximate relation a = L/16, as derived from
drawings of E. superba given in Mauchline and Fisher (1969).

The empirical data are shown in Figure 1. Because of the diversity of sources of data,
the data are divided into two categories: caged (solid circle) and in situ (open circle). As
discussed in a later section, the data involving caged animals provided more reliable estimates of
target strength because the numbers of animals are precisely known. All data lie in the range
0.3 Ska <3 that includes the upper limit of the Rayleigh scattering region (ka « 1) and lower
limit of the geometric scattering region (ka 2 1). These ka values are consistent with the fact that
the animals are generally not detectable in the Rayleigh scattering region. Hence it is apparent
that the frequencies of the sonars used by the various investigators were in accordance with the
size range of the animals of interest so that the scattering would be in or near the stronger
geometric region.

A subset of the data, which from the formal record is believed to be free of at least large
biases, is plotted in Figure 2. Each of these data sets, like those of the entire data collection,
involves a different set of animals, location, environment and behaviour. Presented with the
subset of empirical data in Figure 2 is a class of theoretical curves based on the deformed
cylinder model, but spanning a range of conditions. Predictions involve averages over length
and angle of orientation of the backscattering from tapered bent cylinders. The taper was
carefully constructed so as to resemble the taper of the krill. The cross-sectional radius
decreased non-linearly from a maximum, near constant value in the thorax region to 50% of the
thorax value at the tail end. In order to isolate effects due to experimental bias, environmental
conditions and behaviour, a comparison between the theory and data from Foote et al. (1990)
alone are presented in Figure 3. The entire data set is presented in the main plot while several
data pairs are illustrated in the inset. For each (two-frequency) pair, all conditions such as
environment, time of experiment etc. were held constant. The curves superimposed on the
different pairs were generated by varying orientation parameters. A more detailed analysis of
this two-frequency set of data is presented in Chu et al. (in press).
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6. DISCUSSION
6.1 General Observations

The target strength data in Figure 1 span an implausibly wide range in target strength for
similar values of ka. For ka roughly equal to 0.4 to 0.5 and near 1.5 the range is 25 dB. The
only trends evident in the data occur where there are few data, for ka greater than about two.
Clearly, as elaborated in the next section, the data are of uneven quality and their attempted
comparison here may be misleading.

The subset of data presented in Figure 2 display a correlation that is generally lacking in
the data of Figure 1. The empirical data presented in Figure 2 are consistent with two expected
trends, namely the transition from Rayleigh to geometric scattering regimes about ka = 1 and
constant level in the geometric regime, for ka S 2. The data do not, however, follow closely any
single presented curve. These authors hypothesise that the source of the variability is due to:

(1) the variety of conditions and environments under which the data were collected
which cause changes in animal behaviour and hence scattering levels; and

(i) errors in the data collection/analysis specific to each experiment.

The dependence upon behaviour is illustrated in Figure 3 where there is correlation
between the data from the controlled experiments of Foote et al. (1990) and the curves,
especially when the data are presented on a case-by-case basis (Chu et al., in press) as in the
inset. Hence there is some promise as to the predictability of scattering levels if the behaviour of
the animals is known or at least constant.

Analyses (not shown) involving the Hampton (1990) and Cochrane et al. (1991) data
indicated the relative levels to be consistent with averaged bent tapered cylinder predictions.

Finally, while all curves predict an oscillatory pattern of RTS vs ka, the data were not
collected at intervals that are sufficiently closely spaced in order to test the accuracy of the
pattern. This behaviour is observed in laboratory data discussed in section 4 of this discussion
section.

62  Data Quality

Of the cited eleven empirical data sources, nine involve measurement of the mean volume
backscattering strength S,. The remaining two sources consist of comparative measurements
performed at different pairs of frequencies and are not considered further here.

In the majority of the data sources, the number density p of krill was determined by
trawling. Pieper (1979) expressed doubts about the effective size of the trawl mouth opening.
Everson (1982) mentioned the possibility of avoidance reactions, but attributed the large
differences in target strength values between day and night to systematic differences in
orientation. However, Everson (1987), using the same method of target strength determination,
attributed the large observed difference in target strength between day and night to avoidance
reaction, a cause of bias in the determination of p by trawling. This is also documented in
Everson and Bone (1986). Everson (1987) states that the validity of abundance estimates
derived from daytime trawl hauls must be doubted.

Artemov (1983) considered avoidance reactions in trawling to be minimal for the
particular species and, presumably, circumstances of catching operations. Direct observational
evidence for this in the case of small fish is offered through citation of Vyskrebentsev (1966).
Shimadzu et al. (1989) also consider biasing in the trawl estimated of p, among other error
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sources. They conclude that this is negligible for their particular study. Several of the studies
reported by Kasatkina (1991) involved determination of krill density by trawling. No comments
are made by the author on this sampling method.

In the other studies based on measurement of Sy, p was determined by non-trawling
means. Nakayama et al. (1986) determined p by echo counting with a second transducer
operating at a rather high frequency and with quite short pulse duration. Among other error
sources considered by Nakayama et al. (1986) were those of the sampling volume and
differences in target strength at the two frequencies. The cumulative effect of the several error
sources was expressed through confidence limits. Shimadzu et al. (1989), however, have
challenged the basic result because of claimed problems in determination of the beam pattern,
hence sampling volume, although without sufficient detail for further critical evaluation.
Watkins (1991) determined p by means of in situ photography. The reference is preliminary,
however, and lacks information about the possible coincidence of acoustic and optical sampling
volumes, so no assessment can be made here as to the accuracy of this density determination.

In two studies, krill were measured in cages. However, because of the degree of control
implicit in cage measurements, the several problems mentioned above are avoided. In the study
by Foote et al. (1990), p was determined by counting the number of encaged animals and
relating this to the nominal cage volume. The cage was held in the axial region of the
measurement transducers, hence the sampling volume is known. The effect of confinement on
animal behaviour is not known, although visual observation by means of a low-light-level
underwater television camera suggests that the effect at times, as during swarming within the
cage, was negligible. The cage experiments reported by Kasatkina (1991) can be presumed to
have been similar, but insufficient detail is given in the reference to state this.

In summary here, at least several of the cited empirical data sources, represented in
Figure 1, are very likely biased.

6.3  Model Quality

Along with inaccuracies in the data are imperfections in the theoretical predictions.
These latter drawbacks can be categorised in terms of imperfections in:

(i) the deformed cylinder model itself;
(ii) simplifications in the modelling; and
(iii) the physical parameters used in the modelling.

The deformed cylinder model, which is inherently an approximate solution, has been
shown under some conditions to be most accurate when the scatterers are of very hlgh aspect
ratio (2 5:1 length to diameter ratio) and near normal incidence. Furthermore, any changes in
morphological properties must be slowly varying along the lengthwise axis. At end-on
incidence, the solution completely breaks down and predicts a zero response where, in fact, the
animal actually does scatter sound at that angle although very little. Application of the model to
krill is appropriate under some conditions. Certainly krill are elongated enough (L/2a ~ 8:1) to
satisfy the aspect ratio condition. Also, the dominant scattering features (outer boundary of the
animal) change slowly along its lengthw1se axis. However, one must be cautious when applying
the model to free swimming animals in sztu espemally if a substantial fraction of the angles of
incidence are far away from normal or “broadside”. If the echosounder and/or animals are
oriented in such a way such that the animal is never at broadside incidence, then it is likely that
predictions based on the model will tend to underestimate the scattering. Thus the model under
that condition would not be appropriate. If the mean angle of incidence is near broadside
incidence, the model would be most accurate, even if some of the angles are far from normal
simply because the more accurate near normal incidence values will dominate the other less
accurate lower values arising from far off broadside. In the modelling in this paper, the animals
were assumed to have a mean orientation within 40° of normal incidence which is the region in
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which the model is most accurate. Under this “best” condition of near normal mean incidence,
high aspect ratio body, and slowly varying features, error was introduced into the modelling due
to the natural approximations in the theory.

There are simplifications in the modelling of the animals. Modelling the animals as bent
cylinders with or without tapering and composed of homogeneous fluid material is a great
simplification of what one sees with the eye. Studies have indicated that acoustically the animals
do tend to behave like bent cylinders, but nonetheless the legs, shell and inhomogeneities of the
body volume were ignored in the modelling, rendering the model as being approximate at best.
It is not practical, of course, to include all body parts, but ignoring even small parts builds error
into the predictions.

In addition to imperfections of the mathematical aspect of the deformed cylinder
solution, the information regarding physical properties of the animals is flawed hence adding
another component of inaccuracy to the predictions. In order to make predictions with the
model, it is essential to know the distribution of shape and orientation of the body as well as the
density and speed of sound contrast of the material of the body. There are very few data
concerning the distribution of orientation and no specific information on shape. Also, the
information on material properties is extremely limited. All of these parameters have a profound
impact on the predictions, thus it is essential that one obtains the most reliable values of the
parameters for any predictions. In this article, the most reasonable values of distribution of
orientation and density and speed of sound contrast were chosen although for the most part
those parameter values did not involve the animals studied in the survey, hence introducing error.
The shape distribution was not known at all and effects due to changes in shape were totally
ignored causing more error. However, as mentioned before, simulations have shown that when
the predictions are averaged over orientation, the results are relatively insensitive to the degree of
bend. Hence the shape was held fixed at a reasonable mean bend.

While an exhaustive error analysis has not been performed with respect to uncertainties
in the above parameters, errors introduced by the uncertainties are large enough so that final
choice of the parameters must be tested by comparing predictions with scattering data whose
relevant parameters are known.

6.4 Other Data

While the empirical estimates of target strength in the article involve aggregations of
animals, it is useful to compare the results with crustacean zooplankton data collected in the
laboratory. Although the threshold bias is greater in this latter case and the animals are of
different taxa than krill, the results are quite revealing with respect to the basic physics of the
scattering process. The following paragraphs review the results of Wiebe et al. (1990) and Chu
et al. (1992) and compare the measurements and modelling to the results presented above.

Wiebe et al. (1990) measured the backscattering of 420 kHz sound by 43 live individual
macro-zooplankton and micronekton of various taxa, one of which was a euphausiid (Euphausia
pacifica). All animals were crustaceans except for two of the taxa and we will limit our
summary of their results to the crustaceans. The scattering measurements were conducted in a
cage filled with filtered seawater deployed off a dock at Friday Harbor, Washington. The
animals ranged in length from 5 to 90 mm. An attempt was made at maintaining the orientation
of the animals so that either their dorsal or ventral sides were facing the transducer. This was
aided by having anaesthetised all animals prior to the measurements and used an acoustically
transparent tether on the larger animals. Hundreds of pings per animal were recorded so that the
statistical nature of the target strengths could by analysed.

Complementing the research by Wiebe ez al. (1990) is the work by Chu er al. (1992)

where only two live individuals were involved (decapod shrimp - Palaemonetes vulgaris), but
using a broad band sonar that covered about an octave of frequencies (300 to 650 kHz). A chirp
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signal was used so that each animal could be insonified simultaneously with the entire range of
frequencies before it had a chance to change orientation. The measurements were conducted in
a seawater-filled laboratory tank at the Woods Hole Oceanographic Institution, Woods Hole,
Massachusetts. The animals were 13.5 and 19.8 mm in length and were anaesthetised and
tethered so that their dorsal side was facing the transducer. As a result of using a broad band
sonar and two different sizes of animals, ka, where a is the cylindrical radius of the animal,
spanned the values of two to six continuously. Since the amplitude of the echoes varied from
ping to ping due to changes in shape and orientation of the animals, many echoes were recorded
allowing a statistical analysis to be performed.

Figures 4 and 5 summarise some of the results from the studies of Wiebe et al. (1990)
and Chu ez al. (1992). All data involve averages over a number of pings as the animals changed
shape and orientation while at the same time maintaining a principal angle of orientation (mostly
via tethering) broadside to the incident acoustic signal. A truncated bent cylinder model in
which the modal series solution was truncated to include just the first two modes of vibration
was used to describe the Wiebe ef al. (1990) data. Regardless of model, both data sets show
that there is structure in the data, especially in the data collected by Chu et al. (1992). In the
latter data set, there is a distinct dip in the data at the ka = 2 and 3.5 values - the positions of
which are predicted by the fluid cylinder theory (the dips were confirmed in a more complete
experiment by Stanton ef al. (submitted (b)). The structure in the Wiebe et al. (1990) data set is
less pronounced although a dip is suggested in the ka = 2 region.

While the overall levels and/or general trends of these laboratory data sets may not
coincide exactly with the target strength estimates presented in Figure 1 (the reasons possibly
due to thresholding effects discussed earlier in this article and differences in animal type), the
structure exhibited in the laboratory data sets is important. In a figure not presented here
involving single (unaveraged) echoes, Chu et al. (1992) show that this dip can be quite distinct
and is sometimes as much as 30 dB below the levels of the scattering at surrounding values of
ka. In spite of the effects of averaging the echo over distributions of angle of orientation and
length which tend to “smear” out the nulls, there is still some residual dip that is of the order
5to 7 dB below the surrounding values. As shown in Stanton et al. (submitted (a)) the presence
of the dips is due to interference between the echoes from the front and back interfaces of the
animals. The smearing effect has been successfully modelled in Stanton et al. (submitted (b))
It is quite apparent from the laboratory studies that the TS/length relationship for zooplankton is
not monotonic.

7. SUMMARY, CONCLUSION AND RECOMMENDATIONS

An attempt has been made to specify the target strength of krill through reference to a
particular kind of measurement and by exercise of a scattering model. To avoid possible
threshold-induced bias with single-animal measurements, only measurements on aggregations
have been used. Many of these, however, have depended on physical sampling by trawl in order
to determine the number density of observed krill. Because of the generally unknown effect of
such sampling on the targeted animals, related acoustic measurements dependent on trawling
must be suspected. The data collected by Kasatkina (1991) and Watkins (1991) are not
considered further here because of their admitted or evident preliminary state of publication.
Only some of the cited empirical data sources thus remain as candiates for use. These are those
by Foote et al. (1990), Hampton (1990), and Cochrane er al. (1991). The measurement
methods described by Nakayama et al. (1986) and Watkins (1991) are also potentially valuable,
as would be the direct dual-beam or split-beam measurement methods, of which the first
split-beam measurements have recently been reported by Hewitt and Demer (1991).

Numerical computation by means of the theoretical scattering model (Stanton, 1989)
offers an attractive alternative to measurement, especially as the model is not limited to a
particular size or frequency range. However, the model does depend on a knowledge of the
animal’s physical properties, e.g., mass densities of and sound speeds in muscle and other
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tissue, in addition to morphometry. To relate the result of computations to measurements in the
wild, it is also necessary to know something about the orientation characteristics of krill during
the conditions of surveying. In the present work, values for the physical properties and
orientation distribution have been assigned according to independent measurements.
Unfortunately, the degree to which these parameter values are representative is unknown.

The authors thus find themselves in the classic dilemma of wanting to solve a problem -
specification of the target strength of krill - for which there are few plausible direct
measurements and for which a plausible theoretical model lacks basic data on its underlying
parameters, which are required for its proper exercise. A provisional resolution is, however,
suggested.

The empirical data collected by Foote et al. (1990) seem to escape the major problems
associated with many other data on krill target strength. The cited data apply strictly to encaged
E. superba. Hampton (1990) has performed extensive, comparative measurements on the same
species in situ and at the same frequencies of 38 and 120 kHz. The difference in target strength
at the two frequencies is the same for the measurements on encaged and wild aggregations.
Additional in situ measurements, performed at 50 and 200 kHz on Meganyctiphanes norvegica
by Cochrane et al. (1991), support the same general finding. Given that the model calculations
with averaging show a fair agreement with these measurements, the following conclusion is
drawn.

7.1 Conclusion

For the time being, in the absence of new data, the target strength of krill may be
determined from the curves shown in Figure 2. Since this displays the reduced target strength
as a function of ka, an absolute target strength must be derived for the particular application,
hence frequency and animal size, according to equation (3). Lacking more detailed data, the size
parameter @ may be determined from the measured total length L by the relation a =L/16.

To address the various shortcoming noted above, the following recommendations are
made for improved determinations of krill target strength in the future:

(i) measurements of the kinds reported by Foote et al. (1990), Hampton (1990), and
Cochrane et al. (1991) should be repeated for a wider range of animal sizes and
frequencies;

(i) measurements of the kind reported by Nakayama et al. (1986) should be
performed with particular care being given to the sampling volume of the second,
high-frequency, short-pulse transducer used to determine number density by echo
counting;

(iii) measurements should be made using dual-beam or split-beam echo sounding
systems;

(iv) the physical properties of krill should be measured: (a) whenever possible to
determine the range of variation in such properties and causative mechanisms; and,
(b) in conjunction with studies performed along the lines of recommendations (i)
to (iii); and

(v) the orientation and shape characteristics of krill should be determined whenever
possible, especially under conditions when the animal would be surveyed.
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Table 1: ~ Summary of empirical data involving aggregations of krill.

The target strengths are estimated from measurements of Sy, and p. v is echo sounder frequency, [
mean length, p number density, S, volume scattering strength, and TS estimated average target

strength,
Investigators | V (kHz)| [ (mm) | p (m3) Sy (dB) TS (dB) ka | RTS (dB)
Pieper (1979) | 102 17.0 1.14 -75.8 -76.4 0.47 -41.0
14.7 1.75 -74.3 -76.7 0.41 -40.0
16.0 2.26 -72.3 -75.8 0.44 -39.9
15.0 0.38 -79.2 -75.0 0.41 -38.5
18.0 3.29 -68.0 -73.2 050 1-38.3
174 6.38 -64.4 -72.4 0.48 -37.2
17.2 14.87 -66.0 -71.7 0.48 -42.4
18.6 8.33 -67.2 -76.4 0.51 -41.8
14.9 0.24 -78.3 -72.1 0.41 -35.6
16.6 1.25 -712.3 -73.3 0.46 -37.7
12.4 2.03 -80.3 -83.5 034 |-454
12.6 0.90 -79.0 -78.5 0.35 -40.5
14.1 0.32 -79.5 -74.6 0.39 -37.6
12.5 1.38 -78.1 -719.6 0.35 -41.5
11.6 1.10 -78.8 -79.8 0.32 -40.5
11.6 2.62 -76.5 -80.7 0.32 -42.0
18.2 0.17 -82.7 -75.2 0.50 -40.4
18.6 0.13 -83.2 -74.5 0.51 -39.9
Everson 120 44 12.5 -74.3 (day) |-85.3 1.43 -58.2
(1982) 37 8.61 -86.8 (night) | -96.2 1.20 -67.5
39 775 -78.9 (night) | -87.8 1.27 -59.6
37 11.48 -78.9 (night) | -89.5 1.20 -60.9
37 11.78 -78.9 (night) | -89.6 1.20 -61.0
Artemov 49.5 45 -84.3 0.60 -57.4
(1983)
Nakayama 200 420 50.0 -51.0 -68.1 | 227 -40.5
et al. (1986) 420 61.6 -50.4 -68.3 2.27 -40.8
Everson 120 16.8 -84.3 0.55 -48.8
(1987) 17 -84.2 0.55 -48.8
19 -83.3 0.62 -48.8
21 -82.4 0.68 -48.8
23 -81.6 0.75 -48.8
25 -80.9 0.81 -48.8
27 -80.2 0.88 -48.8
29 -79.6 0.94 -48.8
Shimadzu 200 47.48 -66.7 2.57 -40.2
et al. (1989)
Foote 38 394 4769 -84.1 0.41 -56.0
et al. (1990) 31.8 2365 -82.6 0.33 -52.6
33.8 3375 -82.8 0.35 -53.4
309 7231 -87.8 0.32 -57.6
30.1 3750 -83.6 0.31 -53.2
353 4404 -85.1 0.36 -56.1
32.2 13154 -85.5 0.33 -55.7
31.2 7567 -88.0 0.32 -57.9

118




Table 1 (continued)

Investigators | V (kHz) | I (mm) | p (m?3) S,(dB) | TS(B) | ka | RTS (dB)
33.5 3827 -87.6 034 |-58.1
32.8 15317 -89.1 034 |-59.4
31.5 8173 -86.6 032 |-56.6
38.4 7846 -84.2 0.40 |-55.9
31.5 3788 -86.9 032 |-56.9
31.3 7635 -88.3 032 |-582
120 39.4 4769 -75.9 1.28 |-47.8
31.8 2365 -74.5 1.03 | -44.5
33.8 3375 -76.2 1.10 |-46.8
30.9 7231 77.3 1.00 |-47.1
30.1 3750 -74.6 098 |-44.2
35.3 4404 -74.8 1.15 |-45.8
322 13154 -75.6 1.05 |-45.8
312 7567 -76.5 1.01 |-46.4
33.5 3827 77.0 1.09 |-47.5
32.8 15317 -79.7 1.07 |-50.0
31.5 8173 -78.0 1.02 | -48.0
38.4 7846 75.4 125 |-47.1
31.5 3788
31.3 7635 -80.7 .02 | -50.6
Kasatkina 20 430 776.6 023 [-493
(1991) (cage) |47.1 71.3 026 |-44.7
46.5 -72.9 025 |-46.2
47.1 72.6 026 |-46.0
447 -75.2 024 |-482
44.0 -76.4 024 |-49.2
439 -76.2 024 | -49.0
453 724 025 |-45.5
453 -71.3 025 |-44.4
Kasatkina 20 44.7 -77.8 0.24 -50.8
(1991) (in situ) |49.9 -72.3 027 |-46.3
30 53.6 1.43 -69.7 -71.8 044 |-46.4
53.7 5.6 -67.7 -75.7 044 |-50.3
539 1.3 -74.3 75.4 0.44 |-50.0
54.2 0.14 -71.5 -69.0 0.44 |-437
47.3 3.6 72.5 -78.3 038 |-51.8
50.0 1.24 -70.0 -70.9 0.41 |-44.9
46.4 16.2 -70.3 -82.2 0.38 [-55.5
477 2.4 “11.7 75.5 039 |-49.1
38.1 3.49 74.7 -80.1 031 |-517
36.0 164.6 -60.3 -82.4 029 [-53.5
136 47.1 -68.1 1.73 | -41.6
46.5 -68.5 171 |-41.8
47.1 -68.1 173 |-415
46.4 -68.5 1.71 | -41.8
46.3 -68.9 171 |-422
47.1 -68.5 173 |-41.9
48.9 -67.9 1.80 |-41.7
45.9 -68.8 1.69 |-42.1
477 -68.1 1.76 |-41.6
45.1 -68.8 1.66 |-41.9
46.2 -68.5 170 |-41.8
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Table 1 (continued)

Investigators | V (kHz) | I (mm) | p (m3) S, (dB) TS (dB) ka | RTS (dB)
Watkins 120 40.0 31.5 -58.7 -73.6 1.30 | -45.6
(1991) 40.0 374 -57.9 -73.6 1.30 | -45.6

40.0 27.1 -58.1 -72.4 1.30 |-44.4
40.0 15.7 -59.2 -71.2 1.30 -43.2
40.0 25.1 -60.5 -714.4 1.30 |-464
40.0 13.0 -60.2 -71.3 1.30 |-43.3
40.0 14.7 -58.8 -70.4 130 |-42.4
40.0 185.7 -52.0 -74.6 1.30 | -46.6
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Backscatter data assembled from nine publications involving a variety of sonar types
and frequencies and a wide range of animal lengths.

The data were put onto the dimensionless scale of (average) reduced target strength versus ka for
comparison where a is the estimated radius of the thorax of animals. All target strengths were
estimated from volume scattering strength (typically involving overlapping echoes from multiple
individivals) normalised by the number of individuals (equation (9)). The number was estimated
fro(;n net data, echo counting, specimen counting, or in situ photography (more details in Table 1
and text).
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Figure 2: Examples of several sets of predictions using the bent tapered fluid cylinder
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superimposed on a subset of data from Figure 1.

These data are derived from the following sources: Artemov (1983), Nakayama et al. (1986),
Shimadzu et al. (1989), Foote ef al. (1990) and Watkins (1991). Each curve represents the
average scattering levels due to different animal behaviour where the average is with respect to
Gaussian distributions of tilt angle N[mean angle, standard deviation] and length [standard
deviation = 0.1 x mean length]. The integrations to calculate the averages spanned the range +2
standard deviations about the mean of each variable. The radius of curvature relative to the length
pc/L = 3.0 for each curve. The relative mass density and speed of sound of the animals was
assumed to be 1.0357 and 1.0279, respectively. The modal series solution is converged in each
case. The theoretical values of RTS were adjusted by adding 20 log (Lp/L) to them (Lp = total
length - length of telson, L = total length) to account for the fact that the thin telson most likely
does not contribute substantially to the scattering. Since the TS data were normalised by 20 log L,
the adjustment was required to compare similar scattering bodies. A value of Ly/L = 0.76 is used

for each curve.
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Figure 3: Backscatter data from Foote ef al. (1990) where the aggregation of animals was
encaged.

The entire set of data is shown with a single curve in the main portion of the plot while subsets
from single experiments are displayed along with best-estimate curves in the lower right corner.
Each pair of points represents data from the 38 kHz and 120 kHz systems. The distributions of
(mean angle, standard deviation) are (20, 20), (20, 20), (27, 27) and (30, 30) for the curve in the
main plot and upper, middle and lower curves in the inset, respectively. Most data pairs not
shown follow trends similar to those illustrated in the inset.
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Figure 4: Backscatter data at 420 kHz and model from Wiebe er al. (1990).

The data from 39 individual crustaceans of different sizes were averaged, plotted and compared
with the bent cylinder model. The modal series solution was truncated with the hypothesis that

the rough animals do not support higher modes of vibration.
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Figure 5: Backscatter data in the range 300 to 650 kHz from Chu ez al. (1992).

The data from two individuals of different sizes were shown from an average of 20 realisations.
The data illustrate the structure of the scattering regardless of the averaging process.
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Tableaun 1:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Ta6auna 1:

PucyHox 1:

PucyHok 2:

PucyHok 3:

PucyHoOK 4:

Légende des tableaux

Récapitulation des données empiriques concernant les concentrations de krill.

Légende des figures

Données de rétrodiffusion provenant de neuf publications concernant différents
types et fréquences d'échosondeurs et un intervalle important de longueurs
d'animaux.

Exemples de plusieurs jeux de prédictions utilisant le cylindre de fluide coudé
et en fuseau, superposé a un sous-jeu de données de la Figure 1, a savoir celles
dérivées des sources suivantes: Artemov (1983), Nakayama er al. (1986),
Shimadzu et al. (1989), Foote et al. (1990) et Watkins (1991).

Données de rétrodiffusion de Foote et al. (1990) lorsque les concentrations
étaient en enceinte.

Données de rétrodiffusion a 420 kHz et modele de Wiebe et al. (1990) dans
lequel on a établi la moyenne, on les a tracées et comparées des données de
39 individus de crustacés de tailles différentes au modele de cylindre coudé.

Données de rétrodiffusion comprises dans 1'intervalle de 300 & 650 kHz de Chu
et al. (1992) dans lesquelles les données de deux individus de différentes tailles
sont présentées sur une moyenne de 20 essais.

Cnucok TabJuiL

Crogka SMINNUPpUUECKUX AaHHBIX, MOJMYUEHHbIX Ha CKONJIEHUSAX KpUJIid.

CnucoxK pyCyHKOB

HaHHBIE TTO AKYCTHUECKOMY PAacCEeUBaHUK U3 ZEBSITU my6JMKallU,
Kacaomuecs: psia TUNOB I'MAPOJIOKATOPOB, UX UACTOT U MHUPOKOro
AWara3oHa JJIUH XUBOTHBIX.

le/IMepr HECKOJIbKUX BapHMAHTOBR IIPOrHO30OB C UWCMNOJIb3OBaAHUEM
Zle(bOpMI/lpOBaHHOl"O OUWJIUHAPA, HaJ/JOXEHHbIX Ha UaCTUUHBIN Ha6op
AaHHbBIX U3 Pncym(a 1. Beisin HCTOJIb30OBaHBbI AaHHble CJEAYIIUX
aBTOpoOB: Artemov (1983), Nakayama et al. (1986), Shimadzu et al. (1989),
Foote et al. (1990) u Watkins (1991).

[aHHbIE MO aKyCTHUUECKOMY pacceHBaHHi U3 paboTel OYyT U Ap.
(Foote et al., 1990) - ckonJeHHe ocobell HaXoAUJIOCH B CaJIKeE.

Zla”HHbIe O AaKyCTUUECKOMY pacceuBaHHIW Ha uyactorte 420 xI'y M
Moze b U3 pa6otsl Bube u ap. (Wiebe ef al.,1990) - 6bls11 yCpeHEHD!,
HaHeceHbl Ha TrpadUK U CpaBHEHbBl C© MOJeJIbI pacceupaHUs
AepopMUpOBaHHBIX UUJIUHAPOM. /[laHHble MO 39 OTAE/bHbIM paukaM
PasHoOro pasMepa., '
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PucyHok 5:

Tabla 1;

Figura 1:

Figura 2:

Figura 3:
Figura 4:
Figura 5:
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JaHHbIE MO aKyCTUUECKOMY pacCeUBaHUI B AuanazoHe 300 - 650 kI'l
u3s paBorst Uy u ap. (Chu et al., 1992) - mokasaHbl JaHHble MO JABYM
OCOBsIM pa3HOro pasMepa, OCpeAHEeHHble 1o pesyabraraM 20
nporoHor, HecMoTps Ha HcnoJb3yeMoe ycpeZHeHHe 3TH JaHHble
WJIJIIOCTPUPYIOT CTPYKTYPY pacceuBaHUsI.

Lista de las tablas

Resumen de datos empiricos de las concentraciones de kril.

Lista de las figuras

Series de datos de retrodispersién de nueve publicaciones, en las que se
utilizaron distintos tipos de sonar, frecuencias y animales de distinta talla.

Ejemplos de varias series de predicciones mediante el cilindro curvado
superpuesto en una subserie de datos de la figura 1.

Datos de retrodispersion de Foote ez al. (1990) de concentraciones encerradas.
Datos de retrodispersion a 420 kHz y modelo de Wiebe et al. (1990).
Datos de retrodispersién entre 300 a 650 kHz de Chu et al. (1992).



