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Three sound scattering models [T. K. Stanton, J. Acoust. Soc. Am. 86, 691-705 (1989), C. S. Clay,
J. Acoust. Soc. Am. 89, 2168-2179 (1991), and C. S. Clay and JI. Horne, J. Acoust. Soc. Am. 96,
1661-1668 (1994)] were used to model backscatter measurements from individual threadfin shad.
Thirty three threadfin shad from Lake Norman, North Carolina were insonified at 120, 200, and 420
kHz to determine acoustic backscattering cross sections. The measurements covered the range of
fish total length (TL) over acoustic wavelength (A) of 4<TL/A<25. The finite bent cylinder and
low-resolution acoustic scattering models require conversion of fish body and swimbladder
morphology to equivalent cylindrical parameters. There appears to be a direct relationship between
fish morphology and cylindrical parameters. The ray-mode model uses the actual morphology of the
swimbladder and body. Probability density functions (PDF’s) from the same fish at 120 and 420 kHz
support the idea that knowledge of fish orientation in the field is important and the effect of
orientation becomes more significant at higher frequencies. The scattering curves can be used in the
inverse method along with multiple frequency sonar systems to investigate the adequacy of

classification and identification of fish. © 1995 Acoustical Society of America.

PACS numbers: 43.30.Ft, 43.30.Gv, 43.30.Sf

LIST OF SYMBOLS

p density of medium (kg/m’)

c speed of sound in medium (m/s)

A wavelength of sonar frequency in medium (m);
A=clf

f sonar (carrier) frequency (Hz)

k wave number; k=2mxf/c

¥ angle from perpendicular axis through the center of

the cylinder

Ymax ~ Maximum value of v, where 2y,,,, subtends the en-
tire arc of the cylinder

ro radius of curvature for the cylinder

L total length of the cylinder (m):
for uniform bent cylinder model, L, is the total arc
length; Ly =2Ymaxt
for low-resolution model; L=total length of the cyl-
inder projected on the x axis

z scattering length or amplitude

Ly unit reference scattering length; Ly=1 m

X =r /L. Ymax» re» and y describe cylinder deforma-
tion

INTRODUCTION

Considerable work has been done on the backscattering
characteristics of fish and the relationship of acoustic back-
scatter to actual fish length."? Fish are complicated scatterers
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radius of the cylinder (m)

cylinder deformation where z(x)=ax? (m™")
empirical mode attenuation coefficient

total length of the fish, measured from tip of snout
to end of caudal fin (m)

modal series term, where M +1 is the total number
: of modal terms

g cylindrical Bessel function of the first kind of order

;%QQ

N

m

N, cylindrical Bessel function of the second kind of
order m

J,, derivative of J,,

N, derivative of N,

N, number of volume elements for the ray-mode model

¢ azimuthal angle of receiver relative to source; ¢=m
for backscatter

€, Neumann’s number; €=1 and €,-,=2

Oy backscattering cross section (m?); oy,.=|%1*

TS target strength, TS=10 log;o(ap/Lo)

i V=1

by the nature of their shape (cylindrical or spheroid), defor-
mation (curvature of the body and swimbladder), and com-
position (body muscle, bone and fat, and swimbladder).
These anatomical attributes combined with behavioral char-
acteristics complicate the calculation of fish size from acous-
tic data and consequently in obtaining population density
estimates in aquatic environments.> Two avenues of investi-
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gation into the relationship of fish size to acoustic backscat-
ter are empirical acoustic measurements and modeling. Both
have provided much information and are inexorably linked.

The measurement of backscatter from fish appears
simple. One measures the backscatter amplitude from a num-
ber of various lengthed fish and computes a regression equa-
tion to calculate fish length from acoustic backscatter * This
method has been employed by fisheries acousticians for a
number of years, but has shortcomings when applied to spe-
cific species or communities.5’ Unfortunately, simple mea-
surements reveal complicated variability. Fish orientation,
behavior and variations in body and swimbladder shape af-
fect backscatter measurements.?~12 Probability density func-
tions (PDF’s) have been used to estimate activity levels of
fish during backscattering measurements.!! Measurements
alone will not enable prediction of backscatter from fish
populations. Modeling backscatter from fish is needed to ex-
plain measurement variability, improve the estimation of fish
size and identify fish species from acoustic data.

Modeling the backscattering function for complicated
shapes, such as fish, at high frequencies is difficult. The
swimbladder is the dominant scattering organ in fish at typi-
cal fisheries survey frequencies (>30 kHz).>'* A fish swim-
bladder has a complex and dynamic shape. Therefore, at-
tempts to model backscatter have transformed the fish body
and swimbladder to simple shapes.">"'7 These transforma-
tions have met with limited success.' An important step was
made by Foote,'® who formed an acoustic model using the
Kirchhoff approximation and morphology of the swimblad-
der. Recently, Stanton'® described scattering from a finite
bent cylinder, which approximates the shapes of zooplankton
and fish. Clay”® modified the finite beat cylinder model and
- applied it to anchovy measurements. Clay?' also derived a
ray-mode model from the Kirchoff approximation and a low
mode solution. Clay and Home? applied the ray-mode
model, using actual morphology, to cod. These recent models
are improvements in the modeling of backscatter because
they allow more realistic approximations of fish body and
swimbladder morphology.

In this paper, three scattering models, Stanton’s finite
bent cylinder model,'® Clay’s low-resolution acoustic scatter-
ing model™ and Clay and Home’s ray-mode modelZ are
used to construct backscatter curves for threadfin shad (Dor-
osoma petenense). Model results are compared to measure-
ments of backscatter from individual threadfin shad. The
PDF’s of backscatter measurements of the same fish insoni-
fied at 120 and 420 kHz are compared to investigate effects
of sonar frequency on the calculation of target strength. Ap-
plication of these models will hopefully lead to better esti-
mates of fish size and densities and the possibility of species
identification in the field.

l. BACKSCATTER MODELS

Three scattering models are applied to acoustic data
from individual threadfin shad. The equations used in this
paper are given. For a more detailed derivation of each
model, see Refs. 19-24. The generic term “cylinder” is used
to denote either the fish body or the swimbladder, depending
on which is being modeled. % is the scattering length or
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amplitude (denoted as  in Ref. 19 and § in Ref. 20). Also
note that the equations are for backscatter only (O=mu/2;
sin A/A=1, where A=kL cos O).

A. Finite bent cylinder

The finite bent cylinder model computes ¥(f ) for a
finite uniformly bent cylinder

M
Lo Ymax
> b,
TYmax JO m=0

Z(f)=
X cos(mgp)eikrell=cos ¥) 4., (1)
where ¢= for backscatter. Here &, is

—€,

b 1+iC, @
and C,, is

I (kya)N,(ka) ~ ghN' (ka)J (k,a)
" In(kia) (ka)— ghl (ka)d (k,a) "

g=pl‘!pw’ II;!z‘:']""‘::‘*rwn (3)
where the subscripts “1” and “w” denote wave number,
density and sound speed, in the cylinder and surrounding
water, respectively. The fish body and swimbladder are con-
verted 1o a finite uniformly bent cylinder of total arc length,
Ly, where y,,, r., and y describe cylinder deformation
(Fig. 1}.

B. Low-resolution acoustic model

The low-resolution acoustic model modifies Eq. (1) by
moving the summation of b,, and cos(m¢) out of the inte-
gral and inserting a roughness attenuation (A,)

M
-1 L
B )=— > b, Cos(m(f))Amf &N gy (4)
m=0 0
where A, is
Ap=e™ 8 5)

x denotes the along-cylinder axis, z(x) denotes the perpen-
dicular distance the cylinder is deformed, and L is the length
of the cylinder as projected to the x axis (Fig. 1). The phase
shift i2kr (1—cos ) is simplified to a parabolic function,
z(x)=ax*. The phase shift integral can be evaluated using a
change of variables and computing Fresnel integrals. So that

L -
A= j e gy =

, = [CHD+iSHD) (8

where Cp and Sr are the Fresnel integrals
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FIG. 1. General diagrams of the conversion from threadfin shad morphology
to equivalent cylindrical shape. The fish body and swimbladder were treated
individually. The upper sketch is the threadfin shad used for the ray-mode
model with swimbladder. The incident plane wave arrives from above the
fish (dorsal aspect) and bent cylinder (©=n12). Thus the coordinate systems
x, z and U,V are equal for the ray-mode model. Fish body and swimbladder
are sectioned into cylinders (jth element). The lower sketches show the
geometry of the uniformly bent cylinder for the finite bent cylinder model
(left) and the low-resolution mode] (right).

g .
CHY)= fo ms(; 5’)4& @)

4
SHD)= L sin(% gz)de. 8
{=\dkalw L, 9)

(see Abramowitz and Stegun® for details on integrating).
Now Eq. (4) can be written as

_i M
Ff)=— mgo B cOS(mP)A A, . (10)

Similar to the finite bent cylinder model, the fish swimblad-
der and body are converted to a uniformly bent cylinder
where cylinder length, L, is the length of the cylinder pro-
jected onto the x axis (Fig. 1).

C. Ray-mode model

The Ray-mode model describes scattering from fish us-
ing a low-mode cylinder solution, a Kirchhoff ray approxi-
mation and morphology of the fish. The morphology of the
fish body and swimbladder, obtained by dissection or x rays,
is used to construct the volume elements (Fig. 1). The fish
can be rotated and transferred from x-z coordinates to a u-u
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coordinate system as in Ref. 22. In all following equations,
the wavefront is in dorsal aspect (©=/2). Backscatter from
each individual element is computed as a finite cylinder, and
these are summed over the whole swimbladder or body. For
the swimbladder only and ka<0.2, a low mode (M =0) cyl-
inder solution is used. Equation (4) is modified, where the
roughness coefficient, A, , is eliminated and the phase shift
€249 ig replaced with the geometry of the swimbladder
(v(x)). For mode M =0, Eq. (4) can be written as the sum of
the scatter for N, elements

. N,
Af)=— 3 boe™ 0 dx(j). (11)

For the swimbladder and ka>0.2, a Kirchhoff ray approxi-
mation is used. Equation (11) in Ref. 21 is modified to sum
the backscatter from N, swimbladder elements

-925(1"’5%‘2\.\;) Nt
f%’(f)=-if2—\/;' 2, Awlkpali)+1)"

i=

Xe_"(zkfb"UUH'wsb)&u(j),

ka(j) ka(j)
o=, Wa=——" 105,
ka(j)+0.083 (40 +ka(j))
L, _§'h'—1 _ Pl PuCuw
s grh'+1’ v pfbcfb+pwcw’
g [
g’= ﬂ’., h'= ——SI-,‘ (12)
P Cm

A similar expression is derived for the fish body

B N.—1
L )==i = 3 (ka(j) e o0

2w /=0

-1 _‘;32“)ei(—ﬂkvu{j)+2km(uu(1)~uf,(j})+ 11"n;.)]

X Au(f), (13)
2xf

__ mkauy(i) _2af
2k y(j)+0.4)" "™ o

where .72 is the reflection coefficient, subscript “wf’ denotes
the water—fish body interface, “fs” denotes the
swimbladder—fish body interface, “fb™ refers to the fish
body, “sb™ refers to the swimbladder, and U and L refer to
the upper and lower surfaces in u-v coordinates, respec-
tively. Here, Au(j) denotes incremental distance between
elements and A, and ¥ are empirical amplitude and phase
adjustments for small ka.

The backscattering cross section (o) can be computed
from the complex .%4(f ) for all three models by

qfﬂ,:

on(f )=121f )| (14)
Reduced gy, is

reduced oy (f )=|Z(f )|/TL? (15)
and the reduced target strength (TS) is

reduced TS=20 log,[|.%(f )|/TL]. (16)
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TABLE 1. Model parameters.

Water

[

1460 m/s
1000 kg/m?

b=

Fish body 1570 m/s
1080 kg/m®
0.0746 m
0.0023 m
9.794 m™'
0.03

0.2 (0.25)

X R BB O

Swimbladder 340 mfs

2.64 kg/m®

0.0224 m

0.0015 (0.0017) m
2m'!

0.01

0.5 (0.75)

2

EX WR 80D A

The scattering lengths for the fish body and swimbladder
were computed individually. Whole fish scatter (%£,{f))
can be computed from the fish body (¥%g4(f )) and swim-
bladder (Z(f )). Coherent scatter is assumed and thus
Za(f ) and ¥4 (f ) add as the complex functions

Sl )=l )+ Zalf ). (17)

Values for equivalent cylindrical parameters and physi-
cal variables used in the backscatter models are given in
Table 1. Water ¢ and p were computed for freshwater. Fish
body ¢ and p were approximated from Ref. 20. Swimbladder
¢ and p were computed for a swimbladder at 10 m depth.
Here, M =2 was used for both swimbladder and body in the
finite bent cylinder and low-resolution models, where, M +1
is the number of modal series terms (0 to M). A constant
mode attenuation (8), estimated from Ref. 20, is used for the
swimbladder and body individually.

Il. ACOUSTIC AND MORPHOLOGY MEASUREMENTS

Acoustic data were taken in Lake Norman, a reservoir in
western North Carolina. Backscatter data from 33 live
threadfin shad were obtained by individually tethering each
fish with monofilament fishing line through the upper and
lower maxilla. A 3-lb triangular weight was attached to the
end of the line, 1 m below the fish to keep the fish in a dorsal
aspect relative to the transducer. The fish were lowered to a
depth of approximately 10 m directly under the transducer.
Most of the data were collected with individual fish on a line,
but in some cases 3-5 fish were placed on a line at 1-m
intervals for data collection (Table II). Target strength data
were collected with a Biosonics dual-beam acoustic system
at the three frequencies, 120, 200, and 420 kHz. Beam
widths (defined by the total angular width between half
power points of the one-way diffraction pattern) of the
narrow/wide beams were 120 kHz-10°/25°, 200 kHz-6°/15°,
and 420 kHz-6°/15°. Not all fish were inscnified at all three
frequencies (Table II). Fish used for empirical measurement
of target strength ranged from 53-111 mm TL (~4<TL/\
<~23), and the number of pings (N) used to calculate the
mean backscatter (ay,) of each fish ranged from 10 to 1200
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(Table IT). Mean target strength (TS) was computed by
10*log(ay,). Reduced backscatter and TS were computed
from Egs. (15) and (16). The Biosonics system gives the
off-axis (in dB) position of the fish for each ping. Data cho-
sen for analysis were on or near the transducer axis, i.e., the
“dB position” was between 0 and —2 dB. The 2-dB ring
corresponds to 7.7°, 3.9°, and 5.2° off the transducer axis for
the 120-, 200-, and 420-kHz sonars, respectively.

The finite bent cylinder and low-resolution models re-
quire conversion from fish morphology to equivalent cylin-
drical parameters (length, radius, and curvature). Morpho-
logical measurements of the swimbladder and fish body were
taken on ten threadfin shad preserved in ethanol obtained at a
later date (not the same individuals used in the backscatter-
ing experiments). Individual fish were measured (TL, body
depth, and width) and then dissected to obtain measurements
of the swimbladder (length along the axis of the swimblad-
der, width, and depth) (Table IMI). Linear regressions of these
measurements were used to define the relationships of fish
body TL to body depth and width and swimbladder width,
depth and length (Table III). These regressions were used to
compute equivalent cylindrical parameters. The mean TL
(computed from the shad TL’s used in the backscatter mea-
surements, Table II) was used to compute an average fish
body length. The fish body was then converted to a cylinder
of equal volume. The swimbladder was assumed to be cylin-
drical in shape. The cylindrical parameters were then varied
to (1) fit the £(f ) curves to the data and (2) investigate
sensitivity of the models to the cylindrical parameters of ra-
dius (a) and curvature (y) (Table I).

Fish body and swimbladder morphology for the ray-
mode model were obtained by dissecting a single threadfin
shad, while maintaining the integrity of the swimbladder, and
photocopying the dissected fish. The photocopy was digi-
tized and used to section the body and swimbladder into N,
cylindrical elements (Fig. 1). The morphology regression
equations (Table IIT) were used to compute the body and
swimbladder radius for each element.

lil. COMPARISON OF ACOUSTIC MODELS AND
ACOUSTIC MEASUREMENTS

The finite bent cylinder and low-resolution acoustic scat-
tering models (ASM’s) are more sensitive to variations in
swimbladder morphology than body morphology. The low-
resolution model shows that the fish body has lower overall
backscatter [Fig. 2(a)] than does the swimbladder [Fig. 2(b)],
but does become more important at TL/A>20. Scattering
length functions for the fish body and swimbladder were
added coherently as the sum of the complex functions [Eq.
(12)] to give the whole fish backscatter function [Fig. 2(c)].
Data points in Figs. 2—-4 are reduced backscatter values from
individual acoustic measurements (Table II). The scattering
length curve is sensitive to swimbladder radius (a) and cur-
vature (). In the finite bent cylinder model L, was held
constant for both the swimbladder and fish body and increas-
ing x corresponds to straighter cylinders. The reduced scat-
tering length for body x=1.0, swimbladder a=0.015 m and
swimbladder y=0.5, will be used as a reference [Fig. 3(a)].
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TABLE II. Backscatter measurements from individual threadfin shad.

Sonar
frequency  Fish 11 2
_ — - = 20 logi—
(kHz) TL (mm) N TLA Op (M) TS (dB) TL 8T
120 +61 294 501 2.75e-06 —55.6 0.027 =313
120 +61 52 5.01 2.50e-06 -56.0 0.026 -31.7
120 +55 109 4.52 2.22¢-06 —56.5 0.027 -31.3
120 +62 29 5.10 2.41e-06 —56.2 0.025 —-320
120 +62 168 5.10 1.38e-05 —48.6 0.060 —244
120 ++54 286 4.44 3.97e-06 —54.0 0.037 —-28.7
120 ++56 233 4.60 3.68e-06 544 0.034 -293
120 ++57 106 4.68 3.07e-06 —55.1 0.031 -30.2
120 ++57 109 4.68 9.39e-06 -50.3 0.054 -254
120 ++53 130 436 7.32e-06 -514 0.051 —258
120 +++106 48 8.71 4.36e-06 -53.6 0.020 —34.1
120 +++105 31 8.63 4.04e-06 —-53.9 0.019 —343
120 +++111 795 9.12 7.87e-06 -510 0.025 -31.9
120 04 11 173 3.79e-06 —54.2 0.021 —337
120 *61 214 5.01 4.51e-06 —53.5 0.035 -29.2
120 **62 118 5.10 3.76e-06 —543 0.031 -30.1
120 kGG 668 5.42 3.5%¢-06 -54.5 0.029 -308
120 HEESR 10 471 2.67e-06 —55.7 0.028 -31.0
200 70 661 9.59 4.85e-06 -53.1 0.032 —-30.0
200 82 130 11.23 2.61e-06 —55.8 0.020 -34.1
200 76 197 10.41 1.00e-05 —49.9 0.042 —276
200 86 587 11.78 3.15e-06 =550 0.021 =337
200 78 125 10.68 5.37¢-06 -52.7 0.030 —30.5
200 85 94 11.64 3.58e-06 —54.5 0.022 -33.0
200 95 248 13.01 1.70e-06 -51.7 0.014 -313
200 91 60 12.47 7.56e-06 -51.2 0.030 -304
200 96 97 13.15 8.17e-06 —509 0.030 —305
420 70 173 20.14 8.33e-06 —50.8 0.041 =277
420 *61 600 17.55 5.70e-06 —524 0.039 -28.2
420 **62 584 17.84 6.41e-06 -519 0.041 -278
420 *EEGE 435 18.99 7.83e-06 —51.1 0.042 =275
420 bt 1200 16.68 6.97e-06 —51.6 0.046 —-26.4
420 70 311 20.14 5.60e-06 —52.5 0.034 —294
Sonar frequency A (m) 120 kHz 0.0122
200 kHz 0.0073
420 kHz 0.00348

* denotes same fish insonified by the 120- and 420-kHz sonar frequency.
+ denotes multiple fish on the same line when insonified.

Increasing the swimbladder radius 2 mm (¢=0.017 m) and
straightening the swimbladder (y=0.75) results in a scatter-
ing curve with less maxima and minima [Fig. 3(b)]. Increas-
ing x to 1.0 follows a similar trend, with an increase in the
overall scattering amplitude [Fig. 3(c)]. A straighter body
cylinder ()y=5.0) has little effect on whole fish scatter at
lower frequencies, however scatter from the fish body does
become important above TL/A>20 [compare Fig. 3(d) to
(b)].

The ray-mode model can be described as a “fish model™
because the scattering length curve is computed from the
actual morphology of the fish swimbladder and body. Con-
version to a cylindrical shape is not required and as such, the
ray-mode model can be viewed as more realistic than the
finite bent cylinder or low-resolution models. Figure 4(a)
presents the ray-mode scattering curve in linear units. Fish-
eries acoustics data is often presented in terms of target

2266 J. Acoust. Soc. Am., Vol. 98, No. 4, October 1995

strength, and Fig. 4(b) shows the ray-mode scattering length
curve for reduced TS.

V. RELATIONSHIP OF FISH MORPHOLOGY TO

CYLINDRICAL PARAMETERS

Agreement of the finite bent cylinder and low-resolution
models with data suggest a simple relationship between mor-
phometric relationships and equivalent cylindrical param-
eters, although slight adjustments are needed. The body
shape of the threadfin shad is a laterally flattened ellipsoid,
and conversion to an equivalent cylindrical shape is required.
For the fish body, TL was used as the equivalent cylindrical
length (L) and the regressions for depth and width were used
in the calculation of equivalent cylindrical radius (a) (Table
III). Deformation of the equivalent body cylinder required
more curvature than measured from the fish body. Fish body
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TABLE III. Threadfin shad fish morphology measurements and equations used to convert the fish body and

swimbladder to equivalent cylindrical parameters.

Body Body Swimbladder Swimbladder Swimbladder
TL (mm) depth (mm) width (mm) length (mm) width {mmy) depth (mm)
70 195 6.0 19.5 30 54
53 134 4.2 14.7 1.5 32
60 168 53 11.0 28 37
60 174 5.0 15.0 25 K]
105 296 9.0 27.0 33 6.3
93 255 84 25.0 3.5 6.6
84 2473 6.9 240 29 4.1
66 179 53 16.7 s 33
63 170 49 11.9 ao 4.9
58 14.2 4.0 119 27 12
Equations for equivalent cylindrical parameters.
Fish body Fish swimbladder
L=total length (TL) L=0.3*TL
depth=0.275*TL depth=0.0621*TL
width=0.083*TL width=0.0394*TL
[depth*width width
TN =73
@=9.794 m™" corresponds to a more curved body than does 0.10
approximating z(L) as depth/2 (a=7.4 m™"). Low-resolution ASM: Fish Body A
Swimbladder shape is nearly cylicdrical and conversion 0081
to a cylinder requires only measurements of the swimblad- 0.06 -
der. Swimbladder radius was converted directly from 008
width/2. The equivalent cylindrical length was longer than -
the measured length. The regression resulted in a swimblad- 0.02-
der approximately 0.25*TL, whereas 0.3*TL was needed to N~~~
calculate swimbladder L (Table III). Swimbladder length 2'?3 K " ' )
was measured as the linear distance from anterior to poste- 1 Low-resolufion ASM: Fish Swimbladder B
rior ends. The authors would like to note that a single mea- 0.08 1
sured length (ie., L=L,) was used in each respective F 1
model and that each model uses this length differently. This =3 008
was done to see if simple morphological measurements can g2 004 \-/_\/_\/\J
be implemented into the models. While some adjustments l }
were needed, agreement of the data to models suggest mor- o0
phological measurements of the swimbladder and body can 0.00 T g —
l?e used in the m{o)dels. For ﬂ:l& low-res_olutlon model, a=9 0"01 Low-resouion ASM: Whola FSh @ 120 ki4z data
corresponds to 12° below horizontal. a=12 gave the best fit 0.08 ® 200 kHz data
to the data, which corresponds to the swimbladder about 15° A oKz el M
below the horizontal axis. Whitehead and Blaxter®® show a 0067 g
threadfin shad swimbladder 12° below horizontal. Due to the 0.04 4 'Y A PV
problems associated with preservation and dissection, mor- a8 @
phology of the swimbladder is tedious to obtain. X rays of 0.02 1 . .
live fish may solve problems associated with swimbladder 0.00 . .
Ineasurements. 0 10 20 30

A. PDF’s

The probability density functions (PDF’s) of echo am-
plitudes for the three fish insonified at toth 120 and 420 kHz
were compared to investigate frequency effects on backscat-
ter from fish. The PDF's for the 66-mm fish (Table II, de-
noted with ***) insonified at 120 [Fig. 5(a)] and 420 kHz
[Fig. 5(b)] are given as representative examples. A Rician
PDF was fit to the fish echo PDF’s. /{y is different than used
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FIG. 2. {a) Reduced scattering length curve computed by the low-resolution
acoustic scattering model (ASM) for the fish body. (b) Reduced scattering
length curve for the fish swimbladder. (c) Reduced scattering length curve
computed by summing the complex functions from the fish body and swim-
bladder {whole fish backscatter). Data points are reduced backscatter mea-
surements of individual threadfin shad at the three frequencies: 120
(squares), 200 (circles), and 420 kHz (triangles).
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FIG. 3. Whole tish reduced scattering length curve computed from the finite
bent cylinder model where (a) body y=1.0, swimbladder a=0.015 m, and
swimbladder x¥=0.5; (b) body x=1.0, swimbladder a=0.017 m, and swim-
bladder ¥=0.75; (c) bady y=1.0, swimbladder a=0.017 m, and swimblad-
der x=1.0 (d) body x=5.0, swimbladder a=0.017 m. and swimbladder
x=0.75. Data points are the same as Fig. 2.

in the acoustic models) is a measure of tlhie variability in echo
amplitudes, where higher values indicate lower variability
and y=1 indicates a Rayleigh distribution."" At 120 kHz, a y
of 10 fit the unimodal PDF and at 420 kHz, a y of 3.8 fit the
bimodal PDF [Fig. 5(a) and (b), respectively]. The quantita-
tive reasons for the change in y and fish echo PDF are un-
known to the authors. Orientation of the insonified fish rela-
tive to the sonar transducer is known to affect the backscatter
PDE.2-'? Nakken and Olsen® show that at higher sonar fre-
quencies, small changes in orientation (from dorsal aspect)
have greater effects on backscattering amplitude than at
lower frequencies. The threadfin shad were tethered at the
head, allowing small changes in horizontal orientation. As-
suming similar béhavior between the 120- and 420-kHz mea-
surement periods, small changes in horizontal orientation
may cause the observed differences in the PDF’s between the
two frequencies.

V. CONCLUSIONS

Three acoustic scattering models were used to calculate
scattering length curves for threadfin shad. The curves were
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FIG. 4. (a) Reduced scattering length curve computed by the ray-mode
model in linear units. (b) Reduced scattering length in logarithmic form.
Curves are computed from fish morphology. Data points are same as Fig. 3.

compared to acoustic backscatter measurements from indi-
vidual threadfin shad in Lake Norman, North Carolina. The
finite bent cylinder model and the low-resolution acoustic
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FIG. 5. PDFs for the 66-mm fish (denoted by *** in Table 1I) insonified at
{a} 120 and (b) 420 kHz. Solid square symbols are echo amplitude PDF’s
from target strength data and the solid line is the Rician PDF.
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models require conversion of fish morphology to equivalent
cylindrical parameters. Conversion e¢quations suggest that
morphological characteristics of the fish body and swimblad-
der can be measured and converted to equivalent cylindrical
parameters. The finite bent cylinder model and the low-
resolution models are more sensitive to swimbladder radius
and curvature and less sensitive to body parameters. The
ray-mode model uses actual fish morphology and is a more
realistic fish model.

Morphometric parameters from a few fish, in the finite
bent cylinder and low-resolution models. and only a single
fish, for the ray-mode model, were ussd to compute scatter-
ing curves which corresponded to backscatter measurements
from several fish. This suggests that only a few fish are
needed to model scattering for a species population at a par-
ticular life stage. This may be important because it reduces
the amount of time and effort to construct scattering curves
for fish. The scattering curves may be useful for size class
estimates or discriminating and identifying fish types or spe-
cies. PDF’s of echo amplitude for the same fish insonified at
120 and 420 kHz show dilferent distributions, suggesting
complex scattering behavior for multiple frequencies.

The scattering curves for fish can be used in the inverse
problem to obtain size class information of fish.”” Multiple
frequency systems have successfully given size-class infor-
mation for zooplankton”®? and fish.?” Zooplankton and fish
have been modeled as fluid spheres, thus treating all organ-
isms as generic “zooplankton” or “fish.” It is now possible
to better describe sound scattering from fish with the bent
cylinder and ray-mode models. Holliday™ extended the in-
versec method for one scattering type (i.e., fish with swim-
bladders) to two types (i.e., fish with swimbladders versus
fish without swimbladders). Given the possibility to define a
specific backscatter curve for each particular species or type
of fish, the inverse method computes the length-frequency
distributions for cach fish species or type. Refinement of the
scattering models for different fish body and swimbladder
forms may ultimately lead to acoustic identification of fish
species.
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