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Dorsal-Aspect Target Strength of an Individual Fish

Ricuarp H. Love

U. S. Naval Oceanographic Office, Washington, D. C. 20390

Experiments are described in which the dorsal-aspect target strengths of a number of individual teleostean
fishes of eight species were measured at various frequencies. The results of these experiments indicate that
the variations of target strength with frequency are different for fishes in two major teleostean groups, the
malacopterygians and the acanthopterygians. These results are combined with results from eight other
sources and an empirical equation approximating the dorsal-aspect target strength of an individual fish
determined for 0.7< L/N<90, where L is the fish length and X is the incident acoustic wavelength. The
combined results are compared to similar results for the maximum side-aspect target strength of an indi-
vidual fish, and curves showing the trend of dorsal-aspect and maximum side-aspect acoustic cross sections
of an individual swimbladder-bearing fish are presented for all L/A<90.

INTRODUCTION

In most cases where fish are a sonar target of interest
the target strength of a fish varies widely with fish
length and incident acoustic wavelength. Consequently,
a reasonable approximation of the target strength of an
individual fish is essential for the design or utilization of
such active sonar systems. Reference 1 presents the

results of a study on the maximum side-aspect target
strengths of individual fish, results which are applicable
to forward-looking sonars. The present paper is an ex-
tension of Ref. 1, and presents the results of a study on
the dorsal-aspect target strengths of individual fish,
results which are applicable to downward-looking
sonars, i.e., echo sounders. Dorsal-aspect target
strengths are of importance because (1) in some cases
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F16. 2. Individual dorsal-aspect acoustic cross sections for (a) six Anchoa milchilli (bay anchovies); () one Brevoorlia iyrannus
(Atlantic menhaden): (c) five Carassius auratus (goldfish); (d) three Fundulus heteroclitus (mummichogs); (e) five Fundulus majalis
(striped killifish); (f) six Menidia menidia (Atlantic silversides); (g) six Pomoxis nigromaculatns (black crappies); and (h) four

Cynoscion nebulosus (spotted seatrout).

a target detected with a forward-looking sonar can be
classified with an echo sounder, and (2) the only
acoustic fish detection equipment on many commercial
fishing vessels is an echo sounder.

This paper discusses experiments conducted to deter-
mine the dorsal-aspect target strengths of small fish as
a function of species, size, and incident acoustic fre-
quency. The data obtained are combined with all
presently available applicable data into a single non-
dimensional curve, which can be used to determine the

dorsal-aspect target strength of an individual fish.
These results are then compared to the results obtained
for the side aspect.

I. TARGET-STRENGTH MEASUREMENTS

A. Experimental Method

The experiments were conducted in August and Sep-
tember 1969 in a tank 14 ft in diameter and 3 ft deep.
The individual fish were anesthetized and mounted with

817

The Journal of the Acoustical Society of America



o2 [ 1 [
_:,—-z\_\\ KILLIFISH
Olp—_-" NS
d N MUMMICHOGS
. N\
CRAPPIES

0.0 — _ \ —

~SEATROUT

SILVERSIDES
0.02 t— —]
ANCHOVIES
N_l
~ 00l |— —
b
GOLDFISH

0.005 — —]
0002 — —
000! — MENHADEN _

0.0005 l l I |
05 | 2 5 10 20 50

T16. 3. 3-oct average acoustic cross sections.

monofilament line on a frame and placed at the mid-
depth of the tank. As the fish were lowered beneath the
water surface, care was taken to remove all air bubbles.
The fish were placed at ranges from the transmitting
and receiving transducers that were chosen to be great
enough so that they were always in the farfield of the
transducers and within the 3-dB-down points of the
beam, but short enough so that there would no be inter-
ference caused by reflections from the frame or the
boundaries. The experimental setup and a block dia-
gram of the electronic system utilized are shown in
Fig. 1.

The fish tested represented eight species of teleostean
fishes from five different orders: Clupeiformes, Cyprini-
Sformes, Cyprinodontiformes, Mugiliformes, and Perei-
formes. They were six Anchoa miichilli (bay anchovies),
one Brevoortia tyrannus (Atlantic menhaden), five
Carassius awralus (goldfish), three Fundulus heteroclitus
(mummichogs), five Fundulus majalis (striped killifish),
six Menidia menidia (Atlantic silversides), six Pomoxis
nigromaculaius (black crappies), and four Cynoscion
nebulosus (spotted seatrout). The fish ranged in length
from 1.9 to 8.8 in.

The fish were normally insonified at frequencies of
12, 15, 25, 40, 60, 100, 150, and 200 kHz. The pulse-
lengths were such that all pulses contained at least 10
cycles and were at least 1 ft long. Since the largest fish
body depth was 2.8 in., the possibility that the echoes
might depend on pulselength was eliminated.

The target-strength determinations were made by
utilizing an indirect calibration procedure incorporating
reference targets. Calibration of the experimental sys-
tem was accomplished by substituting thin-walled
818  Volume 49
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rubber reference spheres for the fish and comparing the
echo level of the target fish to that of the reference
target.

B. Present Results

The results of the target-strength measurements for
each individual fish are shown in Fig. 2. The data have
been presented nondimensionally, using the parameters
L/X and o/L? where L is the fish length, X the acoustic
wavelength, and ¢ the acoustic cross section of the fish.
o is related to the target strength (7') by

T'=10 log{a/4x). 1)

Average curves for each species are presented in Figs-
2(a) and 2(c)-2(h) and are combined in Fig. 3. These
curves were detetmined by calculating the logarithmic
average of ¢/L? and the logarithmic average of L/\
within successive %-oct bands of L/\. The more con-
ventional -oct bandwidth was not used in this instance
because of the few data points within the -oct bands.

Examination of Fig. 2 reveals that many of the ¢/L?
vs L/X curves for the individual anchovies [ Fig. 2(a) ],
goldfish [Fig. 2(c)], and silversides [ Fig. 2(f) ] resemble
the curves of other individuals of the species, as well as
the 2-oct average curve for that species. Figure 3 clearly
shows that the distinguishing feature of the curves for
the anchovies, goldfish, silversides, and menhaden is a
sharp dip near L/A=10. The curves for the mummi-
chogs [Fig. 2(d)], killiish [Fig. 2(e)], crappies [Fig.
2(g)], and seatrout [ Fig. 2(h)] have no distinguishable
features, and the curve for any individual of these
species shows no easily discernible relation to most, or
all, of the other individuals of its species, or to the 2-oct
average curve for that species.

It has been shown previously that in the L/\ range
of immediate interest the swimbladder, skeleton, and
flesh of a fish all contribute to its acoustic cross section,
and it has been assumed that the acoustic interactions
of these parts of the fish cause the wide variations in
acoustic cross section obtained in this range.?~* Also, it
has been recently postulated that fish scales can affect
a fish’s acoustic cross section.” In light of this, it is
interesting to note that teleostean fishes can be sepa-
rated into two major groups, the malacopterygians and
the acanthopterygians. The malacopterygians, which
include the anchovies, menhaden, and goldfish, are the
more primitive teleosts, in general having physostomous
swimbladders, osseous bone tissue, intermuscular bones,
comparatively many vertebrae, fins without spines, and
cycloid scales. The acanthopterygians, which include
the crappies and seatrout, are the more advanced
teleosts, in general having physoclistous swimbladders,
osteoid bone tissue, no intermuscular bones, compara-
tively few vertebrae, fins with spines, and ctenoid scales.
The mummichogs, killifish, and silversides belong to
intermediate orders, which have characteristics of both
malacopterygians and acanthopterygians.®? It is ob-
vious that the malacopterygians and the acanthoptery-
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gians have significant structural differences in compo-
nents that have been shown to contribute to the acoustic
cross section of a fish; but it is not possible at this time
to say precisely why the malacopterygians and one
intermediate species display the characteristic dip in
a/L* ncar L/\=10, or why the acanthopterygians and
the other two intermediate species have no distinctive
a/L*vs L/\ curve.

Since the cause of the apparent difference in the
curves for the malacopterygians and the acanthoptery-
gians cannot presently be determined, and since the
curves for those fish that belong to intermediate orders
may resemble either group, no further attempt has been
made to differentiate the species, and the data for all
species have becn combined and plotted in Fig. 4 using
the nondimensional parameters L/X and o/X\*. Combin-
ing the data has enabled the average curve shown in
this figure to be determined by calculating the logarith-
mic average of o/A\? and the logarithmic average of L/\
within successive 3-oct bands of L/A, rather than the
2.oct bands used earlier. Tt is seen that this average
curve is a reasonable estimate of the acoustic cross
sections of the fish tested. A mathematical estimate is
more useful than the %-oct average curve, however, and
through utilization of the method of least squares a re-
gression line was calculated. The equation of the regres-
sion line is

2

with a correlation coefficient of 0.91. Changing the
dependent parameter from ¢//%, which was used earlier,
to ¢/A* ensured a high correlation coefficient and im-
proved the presentation of the individual data points.
This is because, as Eq. 2 shows, ¢ varies morc with L
than with A and the o/A? vs L/\ presentation essentially
presents ¢ as a function of L for constant N\, whereas
the ¢/L* vs L/ presentation essentially yields o as a
function of 1/A for constant L. Comparison of the target
strength values obtained from the regression line and
3-oct average curve shows that the differences are well
within 3 dB except for L/A>25, where there are very
few data points. Hence, the regression line gives a
reasonable approximation to the dorsal-aspect acoustic
cross section of all the fish tested.

It was thought that the spread in the data could
possibly be reduced by introducing a parameter that
was maore characteristic of the insonified cross section of
the fish. Accordingly, (LXB)}, where B is the breadth
of the fish, was substituted for L, and all the data were
reexamined. Although the range of L/B for all the fish
was 6-15, the substitution of (LXB)* for L resulted in
such a slight reduction in the spread of the data that
use of this much less convenient parameter was not
warranted.

/N =0.078(L/\)1,

II. DISCUSSION

All available dorsal-aspect target strength datafor
complete individual fish have been examined, and all
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I'16. 4. Dorsal-aspect acoustic cross section of an individual fish
as determined {rom the present data.

data for which fish length, dorsal-aspect target strength
or acoustic cross section, and incident acoustic fre-
quency could be determined have been converted into
the parameters ¢/A? and L/\. Pertinent data were ob-
tained from eight sources: Jones and Pearce?; Volberg?;
Haslett*®; Hashimoto and Maniwa®*™"; Yudanov,
Gan’kov, and Shatoba'?; Smith®; Midttun and Hoff";
and Shishkova.'® The data from these sources and the
present data have been combined in Fig. 5. The data of
Fig. 5 were obtained using fish from 16 familics in eight
different orders: Clupeiformes, Cypriniformes, Gasler-
osteiformes, Cyprinodontiformes, Mugiliformes, Gadi-
Jormes, Beryciformes, and Perciformes. The fish ranged
in length from under 1 in. to just over 1 yd. Some had
swimbladders, while others did not. Incident acoustic
frequencies ranged from 8 to 1480 kHz.

Utilizing the method of least squares, the equation for

the regression line through the combined data is
o /A2 =0.043 (L/N)" 4, 3)

with a correlation coefficient of 0.86. This regression line
and the }-oct average curve for the combined data are
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I'1c. 5. Dorsal-aspect acoustic cross section of
an individual fish as determined from all avail-
able pertinent data.
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shown in Fig. 5. By combining Egs. 1 and 3, the dorsal-
aspect target strength (Tp) of an individual fish is
determined to be

Tp=19.11ogL+0.9 logh—34.2, (4)

where L and X are in feet and T’ is in decibels relative
to a sphere 4 yd in diameter. Comparison of the target-
strength values obtained from Eq. 4 and those obtained
from the }-oct average curve shows that the differences
are 3 dB or less for L/A<90. Therefore, noting the vari-
ability in the data, it can be stated that Eq. 4 is a good
approximation to the dorsal-aspect target strength of
an individual fish for 0.7< L/A<90.

Volume 49 197
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An equation for the maximum side-aspect target
strength (T's) of an individual fish was given in Ref. 1.
However, since its publication, more side-aspect data
have been obtained and incorporated, resulting in a
slight modification to the equation and extending its
L/\ range of applicability. Since, by the nature of an
empirical equation, additional data should produce a
more accurate equation, only the modified equation is
presented:

Ts=22.8logL—2.8logh—32.4, (5)
or, in the nondimensional form,
a/A2=0.064(L/N)>*, (0)
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for 1<CL/A<130. Again L and X are in feet and T'g is in
decibels relative to a 4-yd-diam sphere. Equation 35
differs from the original equation in Ref. 1 by a maxi-
mum of 1.4 dB at L/x=100. The modifying data were
obtained from Diercks and Goldsberry,? Haslett,'* and
from a short experiment conducted in conjunction with
the present dorsal-aspect experiments.

Equations 4 and § indicate that the dorsal-aspect and
maximum side-aspect target strengths of an individual
fish increase approximately as L2, but that the dorsal-
aspect target strength decreases slightly while the
maximum side-aspect target strength increases slightly
with increasing frequency. This apparent discrepancy
can be explained with the aid of Fig. 6, which shows
that, in general, the 3-oct average curves of ¢/L? vs
L/X for both the dorsal and side aspects first decrease
and then increase with increasing L/X. The minimum
point for the side aspect occurs near L/A=17, and just
over ane-half of the data are above this point. The mini-
mum point for the dorsal aspect occurs near L/A=14,
and about three-fourths of the data are below this point.
It is seen that in neither case does the acoustic cross sec-
tion either generally increase or decrease with increasing
frequency over the complete L/A range investigated and
that the sign of the coefficient of logh in Eqgs. 4 and S
depends on the distribution of the data points over the
L/N range.

It may now be asked whether a single regression line
should be used over the complete L/X range investigated
or whether a pair of regression lines is needed: one to
cover the range where ¢/1? decreases with L/), and one
to cover the range where ¢/L2 increases with L/\. If the
complete L/X range is divided in two so that the paired
regression lines intersect at the division points, the re-
gression lines obtained for the dorsal aspect are

o/N=0.065(L/x)-%8 Q)
for 0.7< L/A<14, and

a/N=0.0030(L/))*75 (8)
for 14< L/X<90; and for the side aspect

/A= 0.128 (L/\)1-78 (9)
for 1<L/A<7, and

o /NE=0.027 (L/\)2-5 10)

for 7< L/A<130. These paired regression lines are com-
pared to the §-oct average curves and the single regres-
sion lines in Fig. 6. Figure 6 shows that, as would be
expected, the paired regression lines approximate the
1-oct average curves better than the single regression
lines do.

The¥differences between maximum side-aspect and
dorsal-aspect targel strengths as determined from the
3-oct average curves, the single regression lines, and the
paired regression lines are shown in Fig. 7. It is seen that

INDIVIDUAL FISH

[ 10 102
L/x

[16. 6. Comparison of }-oct average curves with single and
paired regression lines for dorsal-aspect and maximum side-aspect
acoustic cross sections.

the maximum side-aspect target strength is always
larger than the dorsal-aspect target strength and that
the difference between the j-oct average curves gen-
erally increases with increasing L/X, being approxi-
mately 1 dB at L/A=1 and approximately 9 dB at
L/X=100. Tt is seen that the difference between the
single regression lines more closely follows this general
increase than does the difference between paired regres-
sion lines.

The paired and the single regression lines each have
their advantages: the paired lines are slightly more
accurate and better illustrate the changes in acoustic
cross section with changing L/A (Fig. 6), and the single
lines are more convenient and give a belter indication of
the difference between dorsal-aspect and maximum
side-aspect target strengths (Fig. 7). Given the vari-
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aspect target strengths calculated using the j-oct average curves
and the single and paired regression lines.
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ability in the data and the relative merits of the paired
and single regression lines, it is felt that, when an esti-
mate of target strength is required, the more convenient
single regression lines should be utilized. Hence, Fig. 8
is a nomogram for the dorsal-aspect and maximum
side-aspect target strengths of an individual fish based
on the single regression lines. However, when the trend
of acoustic cross section over a range of L/\ is required,
it is best to use the paired regression lines.

An estimate of the acoustic cross section of an indi-
vidual swimbladder-bearing fish for L/A<90 may be
obtained by assuming that only the contribution of the
swimbladder is important for L/A values somewhat
below one. Andreeva and Chindonova'? give equations
for the determination of swimbladder resonant fre-
quency and acoustic cross section, and Ref. 1 gives
results utilizing these equations assuming a depth (D)
of 20 ft, a ratio of fish length to equivalent spherical
swimbladder radius (R) of 20, and a quality factor of
resonance (Q) of 5. For frequencies somewhat above
and below resonance, equations given by Weston'® for
an ideal spherical bubble, volumetrically equal to the
fish’s swimbladder, can be used to approximate the
fish’s acoustic cross section. Combining the results from
the equations of Andreeva and Chindonova and of
Weston with the paired regression lines, curves showing
1971

Number 3 (Part 2)
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the trend of acoustic cross section with fish length and
acoustic wavelength are drawn in Fig. 9 for all L/A<90.
Because of the nature of the nondimensional param-
eters used, Iig. 9(a) shows the variation of acoustic
cross section with fish length for a given incident fre-
quency, and Fig. 9(b) shows the variation of acoustic
cross section with acoustic wavelength for a given fish
size.

III. SUMMARY

An empirical equation has been developed that
approximates the dorsal-aspect target strength (T)p) of
an individual fish in the L/A range of interest for most
sonar applications. This equation was developed by
combining the nondimensionalized results from the
present  experiments with results from cight other
sources. The results obtained in the present experi-
ments indicate the possibility that more primitive
teleostean fishes have a o/L% vs L/\ curve, which is
unlike that for more advanced teleostean fishes. By
comparing the results obtained for dorsal-aspect target
strength to similar results for maximum side-aspect
target strength (T's), it was found that T is greater
than T'p over the common range of data of 1<L/A<90,
and that the difference increases with increasing L/A.
It was also found that, in general, over the L/ range
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of the data, both the dorsal-aspect and maximum side-
aspect acoustic cross sections decrease as L/\ increases
to approximately 14 and 7, respectively, and then both
increase as L/\ increases further.
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