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This paper reports a laboratory target strength (TS) measurement and theoretical modelling of 
walleye pollock and Pacific hake. The measurements are performed in a tank as a function of fish tilt an
gle, which is controlled in one-degree steps. A precision echo sounder is used and sphere calibrations 
are conducted before or after the measurement. A specialized soft X-ray imaging system is used to map 
the fish swimbladder. The X-ray images are digitized to obtain the fish morphological parameters. 
Based on these parameters, theoretical TS of the fish is calculated using the approximate deformed cylin
der model and the general prolate spheroid model. An advantage of using these models lies in their sim

plicity and the fact that few parameters are required in the model computation. Calculations indicate a 
negligible contribution of the fish body to the total scattering in the wide range of tilt angle. The theoret
ical TS values are compared with the measured values. Agreement between measured and theoretical 
TS is reasonably good for near normal incidence, but deteriorates for larger tilt angles. The level of 
agreement is discussed. Obtained maximum and average TS values are nearly equal to or a little bit 
smaller than the published data. Using the deformed cylinder model, broad band TS characteristics are 
generated. Our results highlight the usefulness of the simple method to predict fish TS using the 
deformed cylinder model associated with X-ray imaging.
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A good understanding of fish target strength (TS) is es
sential for the reliable interpretation of acoustic data from 
fish stock assessment surveys and biological studies. The 
need for a better knowledge of fish TS has been recognized 
for many years and has been emphasized. Review of fish 
TS measurements can be found in MacLennan and 
Simmonds.1)

Nakken and Olsen21 reported important early measure
ments of fish TS on four species of stunned or dead speci
mens, using two frequencies. Similar but more sophisticat
ed measurements were conducted by Foote and Ona31 and 
by Miyanohana et al.4) Measurements of live, caged fish5.61 
threw light from another aspect. The TS information from 
stunned or caged fish is complemented by in situ measure
ments.7-13) The latter have the advantage that the fish are 
observed and measured in their natural environment. 
However, it is not easy to relate individual echoes with in-
dividual fish; hence size, species, and other characteristics 
of the scatterer are rarely known.

Significant progress in theoretical modeling of fish TS 

has been made by Foote14) using the Kirchhoff approxima

tion to calculate TS at rather high frequencies, by 

Furusawa15) modeling fish swimbladder and body as pro-

late spheroids, and by Stanton16,17) proposing the finite

cylinder models. Recently, Clay and Horne18) and Ye and 

Furusawa19) used high frequency approximations to de

velop simple deformed cylinder TS models. The finite cylin

der model has further elaborated using the Kirchhoff in

tegral.20,21)

The comparison of experimental data with TS model 

predictions has been encouraging (e.g. Foote;14) Clay and 
Horne18)), and does much to alleviate concerns noted by 
Nakken and Olsen:2) "Due to the complexity of factors 

governing the reflection of sound from fish, it is impossible 
to calculate the scattered sound field. Thus the relation-
ships between TS and fish parameters (i.e. species and size) 
have to be established empirically".

Use of the same fish for TS measurements and model cal
culations provides a basis for closer comparison of results. 
It also provides feedback that may lead to further improve
ments in TS models. This paper presents such a compari
son for two marine species: walleye pollock Theragra chal
cogramma and Pacific hake Merluccius productus. The 
former is important to Japanese fisheries and the latter to 
Canadian West Coast fisheries. Both countries share com-
mon concerns in marine fisheries management and pool 
resources to solve these problems.

TS and swimbladder shape measurements for modeling

•õ Present address: Department of Physics, National Central University, Taiwan, R.O.C.



194 Sawada et al .

are made on the same fish. Dorsal aspect TS of walleye pol-
lock and Pacific hake are measured at 38 kHz in a tank on 
specimens caught by hook and line or by trawl and frozen. 
Soft X-ray imaging is used to obtain the shapes of the 
swimbladder for modeling. We use the vacant prolate 
spheroid model (PSM)15) and the new deformed cylinder 
model (DCM)20.21) to compare theoretical predictions and 
measurement. An advantage of these models is their reli
ance on fewer morphological parameters, which are often 
hard to obtain. In addition, McClachie et al.22) have shown 
that the DCM, which is simpler19) than what we use in this 

paper, is a moderate approximation method, providing 
average TS with accuracy between the Kirchhoff approxi
mation and other solutions.

The purpose of this paper is

1) to establish or examine the simple method of TS or its 

pattern prediction, without acoustical measurement, using

model(s) whose parameters are provided by X-ray image 
of the swimbladder,
2) to examine how well the TS theoretical models, espe
cially newly developed DCM, predict TS patterns,
3) to get values of maximum TS and average TS for 
walleye pollock and hake and compare them with the pub
lished data in order to add new knowledge for TS of these 
two species, and
4) to see TS characteristics by modeling at a broader 
range of frequencies than the experimentally usable fre
quency.

The following two points should be noted. The hake is 

difficult to catch in good condition for TS measurement 

and this is the first time to measure Pacific hake TS by a 

controlled method. Also, it is the first time to apply the 

new DCM21) to predict the backscattering pattern of actual 

fish.

Fig. 1. Suspension system for fish specimen and standard sphere.

Standard sphere is suspended from the center of rotating bar at about the same depth of specimen at the calibration time.
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Materials and Methods

Experimental Set-Up

The X-ray and TS measurements were carried out De
cember 1994 at the National Research Institute of Fisheries 
Engineering (NRIFE), Japan. A 10m depth x 10 m 
width x 15 m length indoor tank was used for the TS meas
urement. The tank was filled with fresh water just prior to 
use. Marine fish are better measured in seawater, but using 
seawater in a large tank was difficult. The fact that most of 
the scattered energy originated from the swimbladder per
mits freshwater use. This point is further discussed in "Dis
cussion".

The target suspension system is shown in Fig. 1. This 

configuration follows, with some modifications, Nakken 

and Olsen2) and Miyanohana et al.4) Small hooks are at

tached to the fish snout and tail, and thin horizontal nylon 

lines locate the specimen between the vertical suspension 

lines. The tops of these lines are connected to the two sides 

of a rotating bar that is mounted on the axis of a stepping 

motor. The vertical lines are tensioned by a simple weight 

and pulley system. A small float is used to keep the fish in 

an upside down position. This provided dorsal aspect align

ment with respect to the transducer that is mounted on the 

tank floor below the fish. A standard sphere, a 60 mm di

ameter copper sphere,") is suspended at about the same 

depth of the specimen before or after the measurement for 

the calibration. The distances between the transducer, 

specimen, and weight are large enough to avoid interfer

ence. The separation between the transducer and specimen 

is about eight meters, sufficient to satisfy a far field condi

tion.24) Additional details about the experimental setup are 

given in Miyanohana et al.4) and Sawada et al.25)

Instrumentation and Data Recording

The versatile echo-sounding system (VESS)2I) and a split 
beam transducer were used to insonify the fish. The trans
ducer transmits pulses and receives the echoes from the 
on-axis fish. The hardware TVG was removed to obtain ac-
curate echo waveforms. The range compensation was in
corporated in the analysis. The specifications of the sound-
ing system are presented in Table 1.

The sonar equation was used to relate the echo peak am, 

plitude, V, to TS:

20 log V=K-40 logr-2ƒ¿r+TS. (1)

The calibration constant K is obtained by measuring 

echoes from the standard sphere before or after the meas

urement. Range, r, is determined from the echo delay and 

fresh water absorption loss, 2ƒ¿r, is negligible. The beam 

factor is omitted as fish or a sphere is on axis.

The echo shape and voltage were monitored and record-

Table 1. Specifications of the acoustic system

Fig. 2. Observed echo shapes (a) from a 60 mm diameter Cu standard 

 sphere, (b) from Pollock 4 at tilt angle 13•‹(normal echo shape) and 

(c) from Pollock 4 at -43•‹ (deformed shape).

Horizontal scale is 0.2 ms/div, vertical scales are 2.85, 2.5 and 
0.275 V/div, respectively.

ed with a digital oscilloscope (LeCroy 9304 AM). A typical 
echo from the copper sphere is shown in Fig. 2(a) and a 
typical fish echo at near dorsal aspect is shown in Fig. 2(b). 
Distorted echoes are often observed at large tilt angles as 
shown in Fig. 2(c), however TS measurements are still 
based on peak echo amplitude.

We measured the amplitude when the echoes on the os

cilloscope become stable after several pings for each fish 

aspect or tilt angle. Aspect angles ranged from -50•‹ to 

+50•‹ (head down to head up aspect) and were increment-

ed by 1•‹. All TS measurements are based on single beam 

echo data. The split beam capability was only used to as-

sure the accurate location of the specimen on the acoustic 

axis.

The Fish

Two fish species were examined. Walleye pollock Ther

agra chalcogramma and Pacific hake Merluccius produc

tus. Walleye pollock specimens were obtained in the sum-

mer of 1994 as part of a Bering Sea pollock survey. They
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Fig. 3. System block diagram of X-ray imaging system (Softex PRO-
TEST 100) that was used to obtain the fish swimbladder images.

were caught on hook and line at a depth about 40 to 50 

meter in a sheltered inlet of Unalaska Island. The fish were 

kept alive in a tank on board for more than 24 hours. They 

then were killed by a blow to the head to establish the origi

nal swimbladder shape and then frozen at approximately 
-35•Ž . Pacific hake were caught in May 1994, by mid-

water trawl at about a 90 meter depth off Vancouver Is-

land, British Columbia.27) The fish were frozen after catch 

and shipped to Japan. Then, the fish were transported to 

Hasaki in a cool condition by car.

Both pollock and hake were kept frozen at low tempera
tures in the laboratory. Four pollock and two hake, all in 
visibly good condition, were chosen. The fish were thawed 
in ice water over a 24-hour period. X-ray measurements 
were performed to obtain swimbladder outlines for side 
and dorsal aspects. The block diagram of the X-ray analyz
ing system (Softex PRO-TEST 100) is shown in Fig. 3. The 
fish were tethered and submerged for TS measurements. 
The X-ray and TS measurements were completed in less 
than ten hours. In some cases X-ray measurements were 
repeated after the TS measurements to look for possible 
swimbladder changes.

The Models of Sound Scattering by Fish
We have chosen to use the vacant PSM15) and the 

DCM21) to interpret and extrapolate the experimental results. 
Although PSM is generally unable to account for the de-
tailed swimbladder shape, since it is exact in general solu
tions, it can provide guidance for other models. Also from 
its general properties, it can provide general trends of scat
tering by marine animals. The DCM, on the other hand, 
uses a series of short cylinders to achieve a better descrip
tion of the swimbladder shape and model computations 
are relatively simple. It has been shown that the DCM can 

produce results that are in reasonable agreement with the 
exact PSM.21)

Among the many parts of a fish, the swimbladder is con
jectured as the dominant scatterers. Later computation 
based on the DCM will show that contributions from the 
fish body are negligible. This is consistent with published 
results, 14,15,28,29) and with a general theoretical study by Ye 
and Farmer.30) Therefore, the vacant PSM and gaseous 
DCM are mainly used for the swimbladder and the liquid 
DCM is used to examine the contribution from fish body.

The PSM approximates the swimbladder by a spheroid. 
The spheroid has rotational symmetry about its major axis

Fig. 4. Swimbladder geometry for the soft spheroid model.

The direction of the incident and scattered waves and the fish tilt 

angles are indicated. Positive angles are head up.

and has a soft body. The scattering function is in terms of 

spheroidal wave functions in the far field approximat

ion:15)

where h=kq (k is the wave number of the surrounding 

medium, and 2q is the distance between focal points), ƒÆ, ƒÓ 

and ƒÆ•L, ƒÓ•L are the spherical angle coordinates of the scat

tered and incident wave respectively, ƒÃm is the Neumann 

factor, Smn is the prolate spheroidal angle wave function of 

the first kind of order m and degree n, and Nmn is its norm. 

The coefficients Amn are determined by applying appropri

ate boundary conditions.

The TS of a scatterer is defined as,

TS= 10log (I fbS|2) (3)

where fbS is the backscattering function obtained by setting 
ƒÆ=ƒÎ-ƒÆ•L

, ƒÓ=ƒÓ•L-ƒÎ(see Fig. 4).

A DCM for an elongated scatterer was first studied by 
Junger31) and later improved by Stanton.16,17) Ye and 
Furusawa19) derived a simple high frequency expression. 
They have shown that the sound scattering from an elon
gated deformed-cylinder can be approximated by superim
posing the scattered waves from a series of small, adjacent 
cylindrical elements that are embedded in an infinite cylin
der. The DCM is further improved introducing Kirchhoff 
integral for scattering elements.20,21)

The resulting scattering function f is given by

x exp [iki.r(z)-iks.r(z)]dz (4)

where the integration is done along the deformed cylinder 

axis, z, ki and ks are incident and scattered wave vector re

spectively, i= IT, B,(z), and Fn(z) are n-th order expan

sion coefficients including element radii which generally 

changes along the axis, and incident and scattering angles, 

etc., ƒÓ(z) is the azimuthal angle between the incident and 

scattering directions, the exponential term depicts phase 

shift, and r(z) is range from the reference point. The de-

tails can be referred to Ye et al.21) and the experimental 

verification is seen in Ding and Ye.32) This expression is rel-
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atively simple and can be easily programmed. This model 

can be applied to almost all materials including a gaseous 

body such as the swimbladder and liquid body such as a 

fish body. The peculiar limitation of this model is that the 

aspect ratio should be large (approximately>5) and that 

the tilt angle should not be too large (<40•‹). These limita

tions, however, are considerably relaxed compared with 

the traditional finite cylinder models.33) Our calculations 

are within these limitations. Estimation of the required 

swimbladder measurements will be discussed in the next 

section.

The fish body is approximated as a liquid-filled slender 
scatter. The reason why the fish body is modeled as liquid-
filled instead of elastic material-filled are two-fold. One is 
that the shear properties due to the elasticity in fish flesh 
are usually unavailable. Second, there exist studies that 
support the liquid model. For example, in Ye and 
Farmer,30) such a model has been used to study acoustic at
tenuation by different types of fish, and the results com-
pare reasonably well with some published data (e.g. 
Furusawa et al.34)).

In our computation we use the following parameters: 
the sound speeds in fresh water, in seawater, in the swim-
bladder, and in the fish body are taken as 1482, 1522, 340, 
and 1560 m/s, respectively; the density ratios between air 
and fresh water, between air and seawater, and between 
fish flesh and fresh water, are taken as 0.00129, 0.001259 
and 1.04. These numbers are within the range widely ac
cepted. 24)

Maximum and Average TS

The maximum TS is easily read as the peak value in the 

TS pattern, which is defined as the TS function against fish 

tilt angle. The most reasonable definition of the average 

TS is that given by Foote,35) followed by Miyanohana 

et a1.4) The TS pattern is averaged for a normal distribu

tion of tilt angle described by an average tilt angle and a 

standard deviation pair; for example, (-5, 15) means a 

mean tilt of 50 head down and standard deviation of 15•‹. 

The maximum and averaged TS are derived for measured 

and modeled patterns and the results are compared. If the 

standard deviation of tilt angle is large and beam width is 

not too small, as in the present case, the average TS dose 

not vary much with the average tilt angle.36) Therefore, the 

obtained average TS can be referred to for actual use.

One of the merits of modeling is the ability to predict 

some characteristics purely by calculation. We calculate 

TS patterns for wide range of frequency using DCM and 

deduce maximum and average TS for the frequency range.

It is convenient and reasonable to normalize the TS 

value by length squared; when the length is in centimeter 

the normalized TS in decibel is shown as TS,..

Results

Figure 5 illustrates typical soft X-ray images of the side 
aspect of the swimbladder of Hake. The tail to head orien
tation is from right to left. The backbone and swimblad
der are visible. The unprocessed or live image is compared 

with three image enhancement procedures.
Dorsal and side aspect swimbladder outlines are drawn 

from the soft X-ray images. Figure 6 gives the dorsal and

Fig. 5. Side aspect soft X-ray swimbladder image.

Three image processing procedures are compared with the live im

age. The fish head is to the left. Backbone, spine and swimbladder 

are visible.

side aspect swimbladder outlines for the six specimens. 
The X-ray images of dorsal shape for Pollock 3 were 
viewed but failed to record the whole shape of swimblad
der, so that the heights in the side view were used for the 
widths. The six swimbladder outlines are quite different. 
This reflects natural swimbladder variability between fish,
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Fig. 6. Swimbladder outline drawn from X-ray images.

The dorsal and side aspect (upper/lower outline) are shown for each specimen. Dorsal outline of Pollock 3 could not be obtained and is esti

mated from the side outline assuming the width is equal to the height at the same section.

distortions caused by our fishing and specimen prepara

tion, and difficulties in reading the X-ray images. X-ray im

ages taken before and after thawing indicate that this proc-

ess does not substantially affect the general shape and 

volume of the swimbladders.

Figure 7 shows, as an example for Pollock 2, how swim-
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Fig. 7. Typical dorsal aspect and side aspect body and swimbladder outline drawn from soft X-ray images (Pollock 2) .

Fig. 8. Typical dorsal and side aspect swimbladder outline drawn from soft X-ray images (Pollock 1).

The short perpendicular lines to the swimbladder axis align the cylinders that are used to model the swimbladder.

bladders are positioned in the body. The contribution 
from the body is considered later using this example .

Figure 8 presents the swimbladder outline from Pollock 
1 as another example. The horizontal lines indicate the fish 
axis (snout to tail). The arrow shows the major swimblad
der axis defined in the side aspect. The arrow points 
towards the head. Lines perpendicular to the swimbladder 
axis define the heights and widths of the cylinders that are

used by the DCM.

The larger length of the swimbladder shown in the dor
sal and side aspect image is used for the length in both 
models. The width or minor diameter for the PSM is given 
by the average of width and height at the point of maxi-
mum width. The cylinder diameters are given by the 
average of width of the dorsal aspect and height of the side 
aspect of swimbladder outlines as shown in Fig. 8. Their
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Table 2. Fish and swimbladder size measurements

The column leading is explained in the text,

vertical position relative to the swimbladder axis is deter-

mined from the side aspect image as the center between the 

upper and lower swimbladder walls.

Except for Hake 2 it was difficult to map the exact geo
metry from the X-ray images as the tail end of the swim-
bladder tapers and is often hidden by the backbone. Most 
dorsal aspect images are more difficult to interpret than 
side aspect images. The deflated swimbladders found in 
Pollock 1 and 4 provided little contrast. Only approximate 
outlines were obtained for these specimens. Dissection was 
used to supplement the X-ray information. The swimblad
der parameters were measured from the outlines, and 
results are in Table 2. "Length" gives fork length L; "2a" 
and "2b" give swimbladder length and maximum di
ameter, respectively; "Angle" gives the angle between the 
major swimbladder axis and a line from the fish snout to 
the tail; "Slices" gives the number of elements used for 
the cylinder model calculation; "Year" gives year of cap
ture; "Condition" gives swimbladder condition as good 
or deflated.

The swimbladder to fish length ratio 2a/L given in 
Table 2 is quite constant for all specimen except Pollock 3. 
The b/a ratio of pollock is slightly larger than that of hake 
and is almost equal to that used by Furusawatsl who points 
out that the scattering function is quite insensitive to the 
choice of this ratio.

TS measurements were made at approximately a two-
meter depth. The dimensions given in Table 2 have not 
been corrected for Boyle's law that would predict a swim-
bladder volume reduction of 20%. Work by Mukai and 
lida371 suggests that a small reduction in TS would result.

The effect of number of slices is examined in Table 2 
which shows the dorsal shape (a), horizontal shape (b), 
and calculated TS pattern (c) for the factors of 1/2, 1, 2, 
and 5 of original slice number shown in Table 2 (for exam
ple, 19 x 2 means the original number of 19 and the factor 
of 2). The cubic interpolation method") is used to interpo
late the width and height. As shown in Fig. 9(c), increasing 
the factor above 1 does not affect to the results seriously, 
so that further calculations are done using the factor 2, as 
shown in Table 2.

Figure 10 compares measured and model based TS ver
sus tilt angle for the fish we examined. The tilt angles of cal
culated patterns are shifted to match both measured and 
theoretical peaks. The measured data are shown as open 
circles. Dotted lines show the results from PSM with radii 
2a and 2b from Table 2. Bold lines are from the DCM. In 
Fig. 10(b) the dot-dash line represents the pattern for the

Fig. 9. The difference of the swimbladder shape and its modeled TS pat
tern of Pollock 2 when slice number is changed by the factor of 1/2 
 (dot), 1 (solid), 2 (dash) and 5 (dot-dash) of the original number 
 shown in Table 2.
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Fig. 10. The theoretical and measured TS values as functions or tilt angle.

Measurements are shown by circles and thin line. Results from PSM and DCM are shown by dotted line and bold line, respectively. Correlation 

coefficients, r, between DCM and measurement are shown. The dot-dash line for Pollock 2 is contribution from body.

body only obtained by liquid DCM (see Fig. 7) and the nar
row solid line represents the pattern for the swimbladder 
in sea water. The correlation coefficient r is given for corre
sponding DCM calculations and measurments, shown re
spectively in each figure.

The normalized maximum TS and the average TS are 

shown in Figs. 11(a) and 11(b), respectively, as a function 

of length divided by wavelength (L/ƒÉ.). Measurement, 

PSM, DCM are discriminated by symbols shown in the 

figure.
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Fig. 11. (a) Maximum normalized TS (TSC
m,M) and (b) average nor

malized TS (TScm ,AVG) as a function of wavelength normalized 
 length, L/ƒÉ.

The normalization is done by squared fork length in cm ,

As shown in Fig. 10, since the agreement between meas
urement and models is rather good for Pollock 2, TS pat-
terns are calculated from a wider range of frequency using 
DCM. The results are shown in Fig. 12. The normalized 
maximum and the average TS versus frequency were calcu
lated and are shown in Figs. 13(a) and 13(b) for pollock 2 
and hake 2, respectively. Circles show the measured data .

Discussions

Comparison between Measurements and Modeling

The agreement between measurements and modeling is 
moderate as shown in Fig. 10 and by attached correlation 
coefficient, but both models reproduce the general trend of 
the measured TS. The DCM shows the characteristic lobe 
structure. Correlation coefficients between DCM and PSM 
are 0.98, 0.90, 0.85, 0.96, 0.95, and 0.97 in the case of Pol-
lock 1, 2, 3, 4, Hake 1, and Hake 2, respectively. The agree
ment between PSM and DCM is rather good as was

confirmed earlier by using the prolate spheroid shapes by 

Ye et al.21)

As for pollock 1, 2, and hake 2 the general pattern at 
low tilt angles is matched between theory and measure
ment, but the agreement deteriorates at large angles. The 
theoretical peaks are shifted by about 13•‹ in the patterns 
of Hake 2 in accordance with the measured peak. This 
shift does not agree with the angle offset, 6•‹, of the swim-
bladder shown in Table 2. This might come from the fact 
that it is not easy to attach the fish even with its centerline 
in TS measurement and errors in reading swimbladder 
shapes from X-ray images. The agreement of the peak TS 
is poor for Pollock 3, and this suggests that the convention 
to use height for width is not a proper method. The ex

perimental patterns of Pollock 4 and Hake I are considera
bly different from the modeled patterns.

The agreement between measurements and models is 
only moderate. The most serious reason is thought to be 
that the clear shape of the swimbladder could not be ob-
served for these large specimens and there should be a 
difference between the actual shape, which governs experi
ment, and the reproduced shape which governs the model
ings. Actually, a similar technique has achieved excellent 
agreement between the theory and the experiment for clear-
er swimbladder shape of smaller fresh water fish, Ayu 
Plecoglossus altivelis.*5 Therefore, to make the TS predic
tion technique using X-ray and modeling accurate , im
proved X-ray photographic technique is necessary.

The second plausible reason of the moderate agreement 

is that both models assume that the cross-sections are circu

lar, but actual cross-sections are not as seen in Fig. 6. The 

process of catching, freezing, transporting, restoring, 
thawing, and manipulating for the measurements might 

change the swimbladder to a flattened shape
, although the l

ast was examined to be not serious by the X-ray inspec

tions.

More detailed realization is performed by Kirchhoff 

approximation for many facets of the bladder surface
, 14) b

ut sophisticated specimen and data manipulation is 

necessary.')

Contribution from Body
We have neglected so far the contribution from the fish 

body based on the knowledge of the past studies cited 
above. Here we confirm this using DCM which can be also 
used for a liquid deformed cylinder . Applying the liquid 
model for the body of Pollock 2 shown in Fig . 7, the TS 
pattern shown by the dot-dash line in Fig. 10(b) is ob
tained. As seen, the body contribution is less than 10 dB ex
cept certain angles and the bold line and the narrow solid 
line in Fig. 10(b) are almost the same , our assumption is 
reasonable to see the approximate trend of TS pattern of 
individual fish.

Therefore, it is sufficient to consider only the swimblad
der and we can use a freshwater tank for measurement of 
sea fish with a swimbladder.

On Modeling

There are several models for fish TS and they have their

*5 K . Sawada et al.: Experimental verification of the deformed cylinder scattering model and its application to the calculation 
of backscattering f

rom fish. International Congress on Acoustics, Seattle, June 20-26, 1998.
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Fig. 12. Calculated TS pattern of Pollock 1 over a broad frequency range.

Fig. 13. Frequency characteristics of average (TScm.AVG) and maximum 
 (TScm,MAX) target strength normalized by squared fork length in cm 
for Pollock 2 (upper) and Hake 2 (lower).

Circles show measurements.

own merits and demerits. Therefore, we could not judge 
the models from one aspect. We have used PSM and 
DCM.

The PSM is exact, is applicable to a broad parameter 

range, and needs few parameters. Therefore, it is suitable 

to elucidate general trends of TS of marine animals 15) and 

also can be a standard in developing other more theoreti

cally approximate model.21) One example of the outcomes 

is shown in Fig. 11 and Fig. 13 where the normalized TS 

are shown as a function of L/ƒÉ. If f in Eq. (2) is divided by 

the length (L=2a), then kin the right side becomes ka or 

L/ƒÉ eliminating pure length dependency and establishing 

the similarity law. This double normalization scheme is 

thus theoretically justified by PSM and very effective in 

processing and displaying data. In regeneration of the in-

dividual TS pattern for individual shape, however, this 

model gives a poorer result than other more detailed 

models such as the present DCM. In Fig. 10, however, we 

can confirm how well the PSM expresses the general trend 

of the DCM.

The DCM model21) we have used is more suitable for in-

dividual fish and better for the present study than PSM as 

shown in Fig. 10. This model can predict scattering charac

teristics for rather complicated shapes by moderate num

ber of parameters and is applicable to a wider range of 

parameters, as shown in Fig. 12. This model, however, 
could not predict scattering properties at large tilt angle 

and cross sections along the axis need to be circular. We be

lieve that the present DCM model is useful for fish TS 

prediction by X-ray and modeling technique, if a good 

quality X-ray photo is obtained.
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Comparison of Target Strength Values
We have some literature describing walleye pollock4-11-13) 

and hake 13,27.39).*6 Our present data (see Fig. 11) are com
pared with the past data.

The average normalized TS of pollock has been report-
ed to be around -66 dB and the maximum normalized TS 
around -60 dB. The present measurement gives similar or 
1-2 dB lower values and modeled results are further lower 
by about 1-3 dB (Pollock 3 should be omitted because of 
lack of dorsal image). This suggests a deformed flattened 
shape of the swimbladder during measurement rather than 
natural shape.

There are relatively few measurements of Pacific hake 
TS. However, those reported by Williamson and Tray-
nor 39) and Traynor13) indicate an averaged normalized TS of 
-68 dB and those by Kieser et al .*6 and Hamano et al.27) 
indicate -66 dB and -65.7 dB (TS= -32.2 dB, l=47.5 
cm), respectively. The latter were done on the same group 
of fish that provided the hake specimen for the present 
work.

The averaged normalized TS of Hake I and Hake 2 is 
-62 .1 and -66.8 dB, respectively in our measurement. 

The value of Hake 2 is close to theeones mesured by 

Kieser et al.*6 and Hamano et al.27) However, that of Hake 

1 is much larger.

An averaged normalized TS of -68 dB is currently used 

for stock assessment purposes') but there is an obvious 

need for additional TS information. We should collect 

more TS data for hake to discuss this more synoptically as 

is done by Traynor 131 for walleye pollock.

Future Works

The promising results in this study has encouraged us to 
do another similar trial for a more tractable object fish, 
Ayu, and excellent agreement with measurement and theo
ry is obtained as mentioned above. Combining this fact, 
the present method for TS prediction using X-ray and 
DCM model will be a good simple method. We only need 
good quality X-ray images and a program realizing Eq. (4). 
We do not have much experience, however, for this 
method, and more examination is necessary, especially for 
larger marine fish.

For the success of the present method, the X-ray image 

should be clear and regenerate the in situ shape of the 

swimbladder. In the Ayu experiment, an anesthetized 

specimen was used for X-ray photographing. It is not easy 

to get good quality X-ray image for large marine fish, espe

cially hake, and some device is necessary. Recent medical 

imaging techniques such as NMR41) or X-ray Computer 

Tomography may be promising to obtain a detailed 

description of the swimbladder that is required for de-

tailed models such as the present DCM and the Kirchhoff 

model. Taking an X-ray system on board a research vessel 

will be one resolution to obtain the in situ shape of the 

swimbladder.

In summary we have learned the following:

1) It should be said that specimen qualities, including 
natural undamaged swimbladders, are an important prere
quisite both for precise measurement and calculation. 
Figure 10 shows that the best results are from pollock 2

and hake 2. These also have the best looking swimbladders 
(Fig. 6).
2) The agreement between measured and theoretical fish 
TS is moderate. The difficulty to get high quality X-ray im
ages and flattened shape are considered to be the reasons 
of the discrepancy between the experiment and theory.
3) However, combining the present results and the 
results from the succeeding experiment using a more tracta
ble fish, Ayu, the present simple TS prediction method, 
that is, applying the DCM to X-ray image of swimbladder, 
is promising method.
4) Further effort is necessary to get natural and clear X-
ray images for the modeling base.
5) The measured TS values are nearly equal to the past 
data.
6) Extrapolation of the TS pattern to a wider range of fre
quency is demonstrated and gives insight that frequency de
pendence is small both for the average TS and maximum 
TS.
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