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Figure 6. The solution for the first simulation.

whitefish. In the second example (Fig. 4) the peaks were
considered as having been caused by smelt and white-
fish.

The approximation of PDFs with distributions of
1-dB class widths may seem rather rough, but with our
10-bit digitizing system one decibel corresponds to one
bit at the lowest intensity values. The method is thus
optimal, because all the intensity data can be used.

The method suffers according to the unevenness of
fish distribution, but we feel that it can be applied in
freshwater conditions.
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Measurements and analyses of dorsal-aspect target strength of six

species of fish at four frequencies

Yoichi Miyanohana, Ken Ishii, and
Masahiko Furusawa

Miyanohana, Yoichi, Ishii, Ken, and Furusawa, Masahiko. 1990. Measurements and
analyses of dorsal-aspect target strength of six species of fish at four frequencies. —
Rapp. P.-v. Réun. Cons. int. Explor. Mer, 189: 317—324.

The dorsal-aspect target strengths of tethered fish with swimbladders were measured:
sardine (Sardinops melanostictus), Japanese mackerel (Scomber japonicus), spotted
mackerel (Scomber australasicus), walleye pollock (Theragra chalcogramma), sea
bream (Pagrus major), and yellowtail (Seriola quinqueradiata), at frequencies of 25,
50, 100, and 200 kHz. The target strengths were measured as a function of fish tilt
angle, ranging from —50° (head-down aspect) to 50° (head-up aspect), at 1° intervals.
From these functions, the dorsal-aspect maximum and averaged target strengths were
derived. The averaging was performed with respect to fish tilt-angle distribution, with
mean —5° and standard deviation 15°. The means of the maximum target strength
normalized by squared fork length (cm) range mostly from —61 to —59 dB regardless
of species or frequency. However, the averaged target strengths decrease with
frequency, depending on the difference between backscattering patterns. The
merged target-strength data by species and frequencies are compared with theoretical
results introduced by using the soft-spheroid model for the swimbladder, and good
agreement is found.

Yoichi Miyanohana, Ken Ishii, and Masahiko Furusawa: National Research Institute
of Fisheries Engineering, 5-5-1 Kachidoki, Chuo-ku Tokyo, 104 Japan.

with the theoretical ones introduced by Furusawa

Introduction (1988).

Target-strength measurements of fish are essential to
fisheries acoustics, especially to quantitative estimations

of fish abundance. Although many target-strength
measurements of fish have been made (Hashimoto,
1953; Hashimoto and Maniwa, 1957; Maniwa, 1962;
Cushing, 1973; Nakken and Olsen, 1977; Midttun,
1984), considerable variability has often been observed
in the results. This fact suggests to us that more reliable
measuring methods should be developed. Further, the
target-strength data so far collected do not address an
adequate range of species, sizes, or acoustic frequen-
cies. Moreover, some species of fish which are impor-
tant in Japanese fisheries are not common in other
countries. Thus, the authors developed an accurate and
reliable method for target-strength measurements, mea-
sured dorsal-aspect target strengths of some fish spe-
cies, and investigated various important properties of
the results, such as length dependence.

In this paper, we describe (1) the principle of our
method and our measuring system, (2) dorsal-aspect
maximum or averaged target strengths of each species
of fish, and (3) the comparison of the measured results

Method and materials
Principle

The authors developed a simultaneous calibration
method for target-strength measurement of fish (Miya-
nohana etal.,, 1982) after Hashimoto (1953) and
McCartney and Stubbs (1971). The principle of this
method is shown in Figure 1. A small omni-directional
hydrophone is placed between projectors and a target.
The receiver output voltages of a direct wave (E,) and
of a reflected wave (E,) are shown by the following
equations, neglecting the absorption term because of
the short range:

1
E; =P, r_ M; G, (1)
h
E 1 1
(=P ¥ MG, _ @
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Figure 1. Block diagram of the simultaneous calibration
method for target-strength measurement.

where My, M, are pressure receiving sensitivities of the
hydrophone, Gy, G, are gains of the receiver for the
direct and reflected waves, respectively, P, is the axial
source pressure, and vy is the square root of target
strength. From these equdtions, we obtain

A ®

Figure 2. Experimental set-up

ROTATION

The receiving gain ratio, G,/G,, is unity, because the
linearity of the receiver is sufficient. The ratio of hydro-
phoqe sensitivities in opposite directions, My/M,, is ap-
prqanately unity owing to its omni-directional charac-
teristic. We measured the ratios My/M,, defined the
proper setting angle of the hydrophone in the vertical
plar_le, and corrected the residual error.

.Smce the calibration is carried out simultaneously
with the measurements, this method can save time and
labour, and calibration errors are very slight.

Experimental arrangement

A block diagram of instrumentation is shown in Figu;e
2.‘ A programmable multi-frequency transmitter-re-
ceiver (PMT) was specially designed for our method
(Ishii et al., 1983). It transmits, receives, and processes
pulses at four frequencies: 25, 50, 100, and 200 kHz.

This method requires an omni-directional and wide-
banq hydrophone. Since the tail of the direct pulse must
not 1nterfere with the reflected pulse, which is received
a short time after the’direct wave, we must transmit a
short pulse with a sufficiently flat top. This requires
lovy-Q or.wideband projectors. Therefore, the signal-to-
noise ratio in this method tends to be low compared
thl} ordinary methods. Therefore, we applied the fol-
lowing five countermeasures.

(1) In.order to exclude unfavourable reverberation, we
made theé beamwidth of the projectors as sharp as
possible (half-beamwidths are 8~15 degrees), so
that all parts of the fish body were located in,the
nearly flat response region of the main lobe.

and block diagram of measuring
system. Programmable multi-
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(2) We made the source level as high as possible, so
that saturation of the direct wave in the receiver
would not occur.

(3). In receiving, a specially designed balanced-type hy-

»drophone (Towa TM-4409, 10.9 mm @) and a dif-
ferential amplifier (Tektronix 7A22) were used
(Fig. 2).

(4) We set the bandwidth of the receiver to match that
of the projectors. However, we also set the band-
width as narrow as possible (10 kHz).

(5) As seen from Equation (3), we made the distance
between target and hydrophone (r,—r,) as small as
possible to obtain a sufficiently high echo level
within the above-mentioned interfering limitation.

The last requirement may causc another problem, that
of the “near field” effect of the reflected wave. We
performed an experiment to examine this effect, using a
spheroidal model target made of styrofoam with major
and minor radii of 20 and 3 cm, respectively. This
model corresponds to the swimbladder of a fish of about
60 cm in length. If r,—r, is larger than 1 m, the echo
level follows the “far field” law. The r,—T, range in our
measurements was from 1 to 2 m. Thus, our measure-
ments were performed out of the “near field”.

Figure 3 shows a suspension and rotation mechanism
for fish (Ishii et al., 1985), based on Nakken and Olsen
(1977) but modified for the present work. The most
important modification concerns suspension of the hy-
drophone. It is suspended by a thin nylon string and can
be moved by adjusting a reel; depth is displayed on a
mechanical counter. Both the hydrophone and fish sus-
pension lines are attached to a rotating bar. Two weights
are fastened to the fish suspension strings to lessen
initial friction from the pulleys, and residual deviation is
corrected by a hydrophone-string guide on the rotating
bar.

We developed an automatic rotation mechanism for
fish, and a digital processing system (Ishii et al., 1985).
The definition of fish tilt angle used is that of Nakken
and Olsen (1977). Fish were tilted from —50° (head-
down aspect) to 50° (head-up aspect) at 1° intervals. At
each pitch angle, a pulse of 0.4~0.6 ms was transmitted
each 0.1 s, and the echo was received. The four fre-
quencies were scanned automatically and sequentially.
The amplitude ratio was computed from received pulse
heights (Ey, E,), to give a target strength according to
Equation (3). The results were printed and stored by
the computer.

\

The two most important indices of target strength are
the dorsal-aspect maximum and averaged values. The
maximum values (TSpmax) Were obtained easily from the
memsured target-strength functions.

According to Foote (1980a), measured dorsal-aspect

Data processing

Figure 3. Fish suspension and rotating mechanism for target-
strength measurement (not to scale). 1) reel for fish suspen-
sion, 2) reel for moving hydrophone, 3) mechanical depth
counter, 4) hydrophone-string guide, 5) rotating plate, 6) ro-
tating bar, 7) pulley, 8) differential amplifier, 9) PMT (see
Fig. 2), 10) raft, 11) sea surface, 12) rope for suspending trans-
ducer base, 13) nylon-string frame for fish suspension,
14) float, 15) target (fish), 16) hydrophone, 17) transducers,
18) transducer base, 19) weiglit.

target strengths should be averaged with respect to the
beam pattern of the observing echo sounder and to the
distribution of spatial and orientation states of observed
fish. It has already been shown, however, that averaged
target strengths for the echo sounders with half-beam-
widths less than 10° are generally indistinguishable
(Foote, 1981). We also confirmed this fact by using the
observed scattering pattern of a yellowtail at 50 kHz
shown in Figure 4. In the case of an echo sounder with
half-beamwidth of less than 15°, the difference in aver-
aged values by Foote’s strict method and by the simple
method ignoring the beam-pattern effect was less than
0.3 dB (Miyanohana et al., 1986).

Therefore, without regard to the directional beam
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"
pattern of the observing transducer, averaging may be  TS(8) = 10 log[o(8)/4x]. ®)
Qerformed only with respect to tilt-angle distribution of
fish. Thus, the averaged backscattering cross-section

<0> can be simply shown as Averaged target strength <TS> is similarly defined:

w2 <TS> = 10 log(<o>/4n). (6
<o> = f o(6)f(0)de 4

—ai2 Equation (4) corresponds to the formula used by Nak-
. 3 . . . ken and Olsen (1977). Thus, the averaging method in-
v.vhere f(6) is the probability density function of the fish  troduced by Foote (1980a) may be considered a general-
tl‘lt-a.ngle. variable 6. We adopt the truncated normal ization of that of Nakken and Olsen (1977).
dlstrlbuthn after Foote (1980). A distribution is de- Linear relationships between the dorsal-aspect maxi-
noted by its mean (8) and standard deviation (0p), i.e.  mum (TS,) or averaged target strengths (TS,,.) and
(6,04), and 0(0) is related to the dorsal-aspect.target-  the logarithm of fish length (L) are assumed fgle: edth
strength function TS(0) by the definition (Urick, 1975):  species and frequency as follows: ’
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mlogl + A,
m’ logL + A,,,

I

¢ whese the coefficients m, m’, A_,,, and A,,, are deter-
E mined by least-square regression analyses.

It.is reasonable to assume that the backscattering

' cross-section of fish is approximately proportional to

the squared fish length (Furusawa, 1988). We therefore

i sct the coefficient m or m’ at 20. Thus TS,,,, and TS,,,

were normalized by the squared forklength (cm) of fish,
and the results were averaged for each species and
frequency.

Target strength to length regressions should be estab-

' lished by using large numbers of measurements. How-

ever, our measurements were insufficient in number
and length range (Table 1). Although merging of target
strength among species and frequencies is not generally
justified (Foote, 1979), we pooled our data and com-
pared our results with the corresponding theoretical
results obtained by the prolate spheroidal model (Furu-
sawa, 1988).

In this theory, the soft spheroid was considered to be
a model of a swimbladder, and other components were
neglected. The morphological parameters of the model
were determined through measurements and refer-
ences.

Specimens

The fish considered were sardine (Sardinops melan-
ostictus), Japanese mackerel (Scomber japonicus), spot-
ted mackerel (Scomber australasicus), walleye pollock
(Theragra chalcogramma), sea bream (Pagrus major),
and yellowtail (Seriola quinqueradiata). All are fish with
swimbladders. Fresh or stunned fish were used. The
number of specimens, and the range of their forklengths
and body weights, are listed in Table 1.

Preliminary measurements were made at Kanzaki-
Ura in Mie prefecture in 1981, and performed annually
at Heda Bay in Shizuoka prefecture from 1982 to 1985.

Both are shelteted inlets with water depths greater than
15 m.

Results

Figure 4 shows the directional patterns of target
strength measured on a yellowtail. The weight was
405 g and the forklength was 29.1 cm. Similar patterns
were collected for all the specimens.

The normalized maximum and averaged target-
strength values (A,,,, A,,.) are plotted as functions of
forklength to wavelength ratio (L/A) in Figures 5 and 6.
The solid and dashed lines in Figures 5 and 6 are the
normalized maximum and averaged target strengths cal-
culated theoretically for modelled swimbladders (Furu-
sawa, 1988). The solid lines are obtained by the exact
solution, and the dashed line by the geometrical approx-
imation. A, and A, are averaged for each species
and frequency, and shown in Figure 7.

Discussion
Directional patterns of target strength

Figure 4 shows that the maximum peaks are generally
observed within a tilt angle range of —20 to —10°
(slightly head-down aspect) regardless of frequency,
and that the main lobes become more directional as the
frequency increases. This indicates that fish behaviour
affects echo level more significantly at higher frequen-
cies. The directional pattern trends observed in yellow-
tail also occurred in sardine, Japanese mackerel, and
spotted mackerel. However, in general, the main lobes
of the smaller fish were less directional.

In contrast, the backscattering patterns of sea bream,
in length approximately the same as yellowtail, were
less directional, and target-strength values for the head-
down aspect were much higher than those for the
head-up aspect (Miyanohana et al., 1983). In the back-
scattering patterns of walleye pollock, maximum peaks

Table 1. Numbers of specimens and length ranges of fish for which target-strength functions were obtained.

Species of fish Number Forklength (mm) Body weight (gm)

Sardine.....................oi il 15 112244 13— 150
(Sardinops melanostictus)

Mackerel .............. 0. ................. 10 196—391 97— 820
(Scomber japonicus)

Spotted mackerel .......................... 15 216-360 121— 683
(Scomber australasicus)

Walleye pollock ........................... 7 342454 305- 650
(Theragra chalcogramma)

Seabream ................... ..., 9 122-390 50—-1120
(Pagrus major) .

Yellowtail......................... s 10 291-658 405—-4100

(Seriola quingueradiata)

21 Rapports et Procés-Verbaux
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were ob.served at negative tilt angles of a few degrees.
These differences in the backscattering patterns may be

attributed to fish anatomy or morphology (e.g., swim-
bladder).

Dorsal-aspect maximum target strength

The maximum target-strength values normalized by
squared body length, A_,,, were distributed in a rather
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wide range for each species and. frequency, as can be
seen in Figure 5. This fact suggests that slight differ-
ences in structure or shape of fish may affect echo
forrpatxon. The interferences of waves scattered from
various parts of a fish body are very significant, even in
the “far field”. Accordingly, some.averaging of suffi-
cient target-strength data is needed in order to deter-
mine a general value; we averaged the data (A,,,) for
each species and frequency (Fig: 7). e
Precise measurement of maximum peak values of 100

Nl
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Figure 7. Mean values of normalized maximum and normalized
averaged target strength for each species and frequency.

kHz or higher is considered to be difficult because scat-
tering patterns are highly directional (Figure 4). This is
probably why mean values of Apy, decreased slightly
with frequency (Fig.4). With a few exceptions, how-
ever, these mean values of A, are generally distrib-
uted between —61 and —59 dB.

Dorsal-aspect averaged target strength

First, we discuss the effect of fish behaviour on target
strength. In the case of yellowtail, whose scattering
patterns are shown in Figure 4, the averaged target-
strength values for head-down aspect are higher than
those-for head-up aspect, because the backscattering
energy of the fish is concentrated at negative tilt angles.
For example, the averaged value for head-down aspect
(=5,15) is 1.4 dB greater than that for head-up aspect
(5,15) at 50 kHz. Thus, the difference in- averaged
values between these two aspects is not especially large.
In addition, the difference becomes smaller for fish
which show less directional backscattering patterns (Mi-
yanohana et al., 1986). Although ignorance of fish be-
haviour leads to considerable errors in abundance esti-
mation (Foote, 1980c), the means of A, shown in
Figure 7 can be used in cases where the mean tilt angle

21*

is generally between —5° and 5° and the standard devia-
tion is greater than 15°,

Secondly, we discuss the frequency dependence of
target strength for each species. At higher frequencies,
the averaged target-strength value is generally lower
than that at lower frequencies because backscattering
patterns are more directional (Fig. 4). For example, the
mean of A,,, of Japanese mackerel decreases with in-
creasing frequency, while the mean of A, does not
appear to change with frequency (Fig. 7). Similar fre-
quency dependence is observed for spotted mackerel
although the trends are not as strong. For yellowtail, the
difference of the means of A,,. between 25 kHz and 200
kHz is as great as 6.7 dB. In this case, however, the
negative frequency dependence may be exaggerated
because of inaccuracies in peak-value measurement

_caused by the highly directional backscattering patterns

of these large fish. In contrast, for sea bream or walleye
pollock, the difference among the means of A, be-
tween 25 and 200 kHz is less than 3.0 dB because their
backscattering patterns are less directional. The means
of A,,. of sardine, which are generally small in length
(Table 1), cannot be distinguished by frequency except
at 25 kHz.

Thirdly, we discuss suitable frequencies for quantita-
tive surveys. Backscattering patterns of fish are consid-
erably directional at 200 kHz. Therefore target strength
is very sensitive to fish behaviour and A, is generally
low. Thus, echo sounders operating at such a high fre-
quency should only be used for quantitative surveys of
small-sized fish. However, scattering patterns at 25 kHz
are less directional. Thus, fish behaviour affects target
strength to a lesser degree and the averaged value is
generally high. Therefore, echo sounders operating at
lower frequencies are more suitable for estimating fish
biomass densities. At 50 kHz or 100 kHz, the means of
A,,. are generally distributed from —68 to —66 dB re-
gardless of species. At 25 or 200, kHz, however, var-
iation with species is observed. The difference at these
frequencies might be caused by the scattering character-
istics peculiar to the species, but we could not conclude
that with certainty because of our small sample size and
limited length range.

Comparisons with Furusawa’s model

Though the model predicts maximum values 2to 3 dB
lower than those observed at low L/A, theoretical and
experimental results agree well at 6 < L/A <100 (Fig. 5).
Very good agreement in both trend and value is ob-
served in averaged values (Fig. 6). Since our observa-
tions are in general agreement with the theoretical pre-
dictions, we conclude:

(1) Our measuring method and system are reliable, and
the measured dorsal-aspect target-strength func-
tions are adequate for estimation of maximum or
averaged values.
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(2) The soft spheroid is a very effective model for fish
with swimbladders and can be used to predict gen-
eral scattering properties.

(3) Atlower L/A values, measured data can be extrapo-
lated by use of the model and theoretical results can
be extrapolated to higher L/) values.

(4) The swimbladder scatters most of the echo energy.
This modelling approach will become more effec-

tive as further information on the acoustic proper-

ties of swimbladders and additional behavioural ob-
servations become available. The model should be

extended to consider higher values of 1/},

Conclusions

(1) The simultaneous calibration method is reliable for
target-strength measurements.

(2) In general, the main lobes of the backscattering
patterns of fish become more directional with in-
creasing frequency between 25 and 200 kHz. There-
fore, fish behaviour causes more variability in target
strength at higher frequencies.

(3) The means of the maximum target strength normal-
ized by squared forklength (cm) generally range
from 61 to —59 dB regardless of species or fre-
quency.

(4) The averaged target strengths with respect to fish
tilt angle, whose mean and standard deviation are
asstimed to be (-5, 15); decrease with frequency,
owing to the directionality- of the backscattering
patterns.

(5) At 50 or 100 kHz, the means of the averaged target
strength normalized by squared forklength are dis-
tributed between approximately —68-and —66 dB
regardless of species. At 25 or 200 kHz, however,
they vary with species. The observed difference at
these frequencies may be caused by the small sam-
ple size of data and limited length range.

(6) Merged “target-strength data (by species and fre-
quency) were'compared with theoretical values, de-
termined by using the soft spheroidal model, and
good agreement was found.
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Fish and standard-sphere target-strength measurements obtained
with a dual-beam and split-beam echo-sounding system

Jimmie J. Traynor and John E. Ehrenberg

immi i dard-sphere target-
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Introduction

The importance of knowledge about the targc':t-strength
characteristics of the surveyed fish populat.lon to Fhe
accuracy of acoustic assessments using echo integration
is well known. Recently, there has l')ee.n a _conccrted
effort by many researchers to obtam' in situ target-
strength measurements of fish in the.1r natural envi-
ronments. Because of their often superior pgrformance
(Ehrenberg, 1979), direct assessment techmqqes have
frequently been chosen. The dual-beam technique has
been applied by many researcht':r.s (e.g., Traynor_ aqd
Ehrenberg, 1979; Traynor and Williamson, 1?83; D1c}<1e
et al., 1984). Foote et al. (1985, 1986) describe the first
applications of a split-beam direct target-strength meas-
urement system.to fish target-strepgth measurement.
The purpose of the present paper is: (1) to degcrlbe a
new echo-sounding system which has both spht-b'e.am
and dyal-beam target-strength measurement capab}llty,
(2) to describe the analysis procedure and the calibra-
tion technique used with that system, aqd (3) to present
comparisons of dual-beam and split-beam target-
strength measurements made from walley.e pollock
(Theragra chalcogramma) in the eastern Bering Sea.

Background

The difficulty with in situ target-strength measurement
is that the voltage level out of an echo sounder is a

function of both the acoustic size of the fish as .megsured
by target strength and the position of the fish in the
transducer beam. A single-beam echo-sounder output
level in dB for an acoustic echo reflected from an gndx-
vidual fish is expressed by:

Vg = SL + Gg + TS + 2B(8,¢) — 40 log(R) —
— 2aR + GTVG

where SL is the transmitted source level, Gy, is the fixed
receiving gain from transducer input to sounder. output,
40 log(R) + 2aR is the spreading and absorptlon‘ loss,
Gryg-is the time-varied-gain of tl_le sounder, TS is the
target strength of the individual fish located at ar}gular
coordinates (6,9), and B(6,9p) = 10.log[b(8,¢)] is the
transducer beam-pattern factor. The source level and
gain can be measured during calibration or measured
using standard targets. The range-dependent loss can be
removed with the time-varied-gain. However, the rela-
tive contribution of TS and B(0,¢p) to the output ‘level
cannot be determined for a given echo level using a
single-beam echo-sounding system.

Various techniques for separating the beflm—pattem
effect from the target strength using a collection .of e_:cho
levels have been developed. A review of the'se m‘dlrect
target-strength estimation methods is corl_tal{led in the
paper by Ehrenberg (1983a). All of the 1r¥d1.rect tech-
niques are susceptible to numerical and stat}stlcal €ITors
and do not work well in many cases of interest. An
alternative to the indirect method is to remove the
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