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Abstract:

The multi-frequency acoustic method to identify fish species using the frequency dependence of back-

scatter from fish (relative frequency response) has been investigated. The method has been successfully 

applied to broad identification, such as distinguishing between swimbladder and nonswimbladder fishes, 

but it is not always possible to identify acoustically similar fish species as swimbladder fishes. To improve 

identification power, we, therefore, propose a method that uses the difference of fish-length-to-wavelength 

ratio (L/λ) characteristics of backscatter among fish species (relative L/λ characteristic), instead of or 

together with the relative frequency response. We, first, theoretically confirm the rationale for using the 

relative L/λ characteristic with prolate-spheroid scattering models of fish. Second, we compute target 

strengths for several types of fish models, and show the advantage of using the relative L/λ characteristic. 

Third, using experimental examples in which species identification was difficult, we apply the proposed 

method and ascertain its effectiveness. Finally, we discuss the necessary and challenging procedure to know 

fish lengths and other issues.

Classification: Fisheries acoustics・Bioacoustics
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1. Introduction

The multi-frequency species identification meth-

od using the frequency characteristics of fish back-

scatter has been investigated.1–3) This method is 

effective for classifying broad acoustic categories 

such as swimbladder and nonswimbladder fishes, 

and as well as acoustically peculiar fish species 

such as Atlantic mackerel.4) It is often difficult, 

however, to identify similar species such as swim-

bladder fishes.5,6) Therefore, further improvement 

of the multi-frequency method is needed.

Several such efforts have been made. 

Korneliussen et al.3) investigated methods to match 

physical and spatial characteristics as similar as 

possible among frequencies. Berger et al.7) exam-

ined a method to specify the common portion 
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of school echoes obtained by a multi-frequency 

echosounder by using the data from a multibeam 

echosounder which has high resolution and the 

capability of transducer motion compensation. 

Furusawa8) discussed how to reduce errors caused 

by a small signal-to-noise ratio and by inappropri-

ate absorption loss compensation especially at high 

frequencies.

The essence of the multi-frequency method is to 

observe the differences among fish species of rela-

tive frequency responses that express the frequency 

characteristic of average volume backscattering 

strengths (SV) against that at the standard frequen-

cy (ordinarily 38 kHz).1) [Note that in this paper 

we use different terminology for acoustic scatter-

ing than that recommended by the International 

Council for the Exploration of the Sea (ICES).9) 

The correspondence between the two schemes is 

described in Appendix; values are the same, but 

symbols and units are different]. This frequency 

response is also the response of average target 

strengths (TS), so that it may be obtained from 

measured average TS.6)

The basic idea of the relative frequency response 

is that the frequency characteristics of these back-

scattering indices are different among fish species. 

Certainly, between swimbladder and nonswimblad-

der fishes, their scattering mechanisms are differ-

ent, and indices vary in strength and frequency 

characteristics. Among swimbladder fishes, howev-

er, the characteristics do not generally differ much. 

That is because the shape and size, relative to body, 

of the main scattering component (i.e., the swim-

bladder) are similar due to similar body shapes and 

the need for neutral buoyancy. Also, the frequency 

range utilized by fishery echosounders is ordinarily 

at the geometrical scattering region for most fishes, 

where, in principle, the frequency characteristic of 

backscatter is flat. Therefore, it would be preferable 

to find a characteristic with more salient differenc-

es among species. Here we proposes using the rela-

tive fish-length-to-wavelength ratio characteristic 

of average SV (‘relative L/λ characteristic’) in place 

of or with the relative frequency response.

First, we theoretically examine the effectiveness 

of the relative L/λ characteristic using prolate-

spheroid modal-series (PSMS) scattering models of 

fish,10) which are suitable for discussing the general 

characteristics of scattering from fish. Second, we 

compute backscattering characteristics using the 

same PSMS models for several types of fish mod-

els, demonstrate the apparent difference in relative 

L/λ characteristics among types, and show that the 

relative frequency response varies with fish length, 

even for the same type. Third, the proposed method 

is applied to the actual backscatter data of Atlantic 

herring (Clupea harengus) and Norway pout 

(Trisopterus esmarkii) measured by Fässler et al.,5) 

as well as of northeast Arctic cod (Gadus morhua), 

saithe (Pollachius virens), and Norway pout mea-

sured by Pedersen and Korneliussen,6) who noted 

that identification of fish species was difficult with 

only the relative frequency response. The results 

demonstrate that the proposed method can dis-

criminate these species. Finally, we discuss the new 

method, especially how to know fish lengths that is 

a prerequisite for the method.

2. Materials and methods

2.1 Theoretical considerations

We used PSMS models to consider the effec-

tiveness of the relative L/λ characteristic for fish 

species identification theoretically. Furusawa10) 

discussed the general trend of fish target strengths 

using the PSMS models. Although the shape of 

these models is simple prolate spheroids (Fig. 1(a)) 

that cannot correspond to complex shapes, and 

body material cannot be varied in spheroidal bod-
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ies, the PSMS models are convenient for discuss-

ing general TS characteristics.

The TS of swimbladder fish is modeled by the 

TS of a vacant prolate spheroid that represents the 

swimbladder, while the TS of nonswimbladder fish 

by the TS of a fluid prolate spheroid to represents 

the fish body. According to the model, the TS of a 

swimbaldder fish is expressed as

TS = L2v(L/λ, θt; η, As, θs) (1)

where TS is the linear value of TS (see Appendix), 

L is the fish length, ν is the TS normalized by 

L2 (‘normalized TS’) and is the function of the 

variables in the parentheses, L/λ is the fish-length-

to-wavelength ratio, θt is the tilt or pitch angle of 

fish (Fig. 1 (a)), η = Ls/L is the swimbladder-to-fish-

length ratio, As = bs/as is the minor- to major-radius 

ratio when the swimbladder is assumed to be a 

prolate spheroid, and θs is the swimbladder orienta-

tion angle relative to the fish body axis (Fig. 1(a)). 

The backscattering direction is π/2 － θt － θs for the 

swimbladder. See Ref.10 for more detail. Similarly, 

the backscattering cross section of a nonswimblad-

der fish is expressed as

TS = L2v(L/λ, θt; Ab, g, h) (2)

where Ab = bb/ab is the minor- to major-radius ratio 

when the fish body is approximated by a prolate 

Fig. 1　 Modeling of fish body and swimbladder by prolate spheroids. a) Sketch of fish and modeling spheroids with defi-
nitions of fish tilt angle θt and swimbladder orientation angle θs. b) Modeled shapes of swimbladder and body. c) 
Swimbladder shapes expanded from b); labels indicate the types listed in Table 1.
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spheroid, g is the density contrast (ratio of body 

density to surrounding water density), and h is the 

sound speed contrast (similarly the sound speed 

ratio). The backscattering direction is π/2 － θt for 

the body (Fig. 1(a)). We assume that the variables 

of ν in Eqs. (1) and (2) to the right of the semi-

colons are intrinsic to a fish species and the two 

variables left to the semicolons are independent of 

the species. Then, including whichever expression 

we choose, we can combine the two expressions to 

introduce a ‘species parameter vector’, s→, as

TS = L2v(L/λ, θt, s→) (3)

The relative frequency response1) is given by

0
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where n is the average distribution density of fish 

and νav is the tilt-averaged normalized TS. In the 

above formulation, we assumed that L does not 

vary largely; then, L/λ is determined mostly by λ, 
and L2 and ν are uncorrelated, so that in making the 

ratio, L2 are eliminated. The last equality tells us 

that r( f ) is the function of f and L, and therefore, 

that r( f ) changes not only by f but also by L to 

give variability in r( f ).

The relative L/λ characteristic of average SV pro-

posed in this paper is similarly expressed as
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where (L/λ)0 is the reference of L/λ. As can be 

seen, if we indicate the ratio of average SV as the 

function of L/λ, the characteristic becomes depen-

dent only on fish species under the present theory 

and assumption.

2.2 Evaluation using several fish models

Next, assuming several fish models, we com-

puted their relative L/λ characteristics using the 

PSMS models discussed above, and investigated 

whether the fish models could be identified. For 

the computation, the spheroidal wave functions10,11) 

were necessary. We combined the algorithms by 

Zhang and Jin12) and Van Buren and Boisvert13,14) 

to develop MATLAB (Math Works, Inc.) programs, 

which made it possible to compute for ka values 

(product of wave-number k and prolate-spheroid 

major radius a) as high as ca. 100.

We considered the six types of models listed in 

Table 1 and shown in Fig. 1(b) and its expanded 

version Fig. 1(c). These models were not intended 

to represent specific fish species, but their param-

eters were determined refering to the parameter 

ranges in Table 1 of Ref. 10. ‘T-type’ is a fish model 

that has the typical swimbladder shape, ‘L-type’ 
has a longer swimbladder than the T-type, ‘R-type’ 
has a rounder swimbladder, the swimbladder of 

the ‘S-type’ is a shrunken one of the typical swim-

bladder, that of the ‘H-type’ is horizontal (i.e., the 

swimbladder orientation angle θs is zero), and the 

‘F-type’ is a model without a swimbladder and with 

a fluid body. In Table 1 of this paper, A = b/a is the 
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minor- to major- radius ratio of the prolate spher-

oids, determined around the standard value of 0.15 

of the T-type model. For the L- and R-types, the 

swimbladder-to-fish-length ratios η are determined 

by the following equation such that the swimblad-

der volume is 4% of the body volume to maintain a 

fish at neutral buoyancy10):

2 24 4
0.04

3 3
s s b bπb a πb a

×＝   (7)

where as and bs are the major- and minor-radii of 

the swimbladder model, and ab and bb are those of 

the body model. Therefore, we have
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where Ls is the swimbladder length. All Ab are 

0.15, and by changing As, as shown in Table 1, the 

η of L- and R-Types are obtained. The η of S- and 

H-types are the same as that of the T-type. The 

swimbladder orientation angles θs are 6° except 

for the H-types. The density contrast g = 1.04, 

and sound speed contrast h = 1.02 needed for the 

F-Type are determined to be the general values 

shown in Ref. 10.

The normalized TS, ν, is averaged with normal 

distributions of fish tilt angle by
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where N(µ, σ) is the normal probability density 

function with the mean µ and standard deviation 

σ. We adopt N(－ 5,10), N(－ 5,20), N(0,10), and 

N(0,20) (angles are in degrees) to cover the general 

range, referring to McClatchie et al.15) and others.

We use the decibel representation of Eq. (3):

TS  = 10 log Ts = 10 log v ＋ 20 log L 
≡TScm ＋ 20 log L (10)

where in the last expression L is in cm units, and 

TScm is the normalized TS. Similarly, the tilt-aver-

aged TS is expressed as

TSav  = 10 log vav ＋ 20 log L  
≡TScm,av ＋ 20 log L (11)

where TScm,av is the tilt-averaged normalized TS.

2.3 Application to actual data

To examine the applicability of the present 

method to actual data, we used the data reported 

by Fässler et al.5) and Pedersen and Korneliussen.6)

The former measured SV at four frequencies 

(18, 38, 120, and 200 kHz) for individual schools 

of Atlantic herring (Clupea haengus) and Norway 

pout (Trisopterus esmarkii) which were difficult 

to discriminate by the frequency response method. 

Table 1 Types of fish models and their parameters. The model shapes and angles are shown in Fig. 1.

Type Description A = b/aa η = Ls/Lb θ s[°]c

T Typical swimbladder 0.15 0.342 6
L Longer swimbladder 0.1 0.448 6
R Rounder swimbladder 0.2 0.282 6
S Shrunk swimbladder 0.1 0.342 6
H Horizontal swimbladder 0.15 0.342 0

F Fluid body (nonswimbladder) 0.15 g = 1.04 d h = 1.02 e

Note: a Minor- to major-radius ratio of prolate spheroid; b swimbladder-length to body-length ratio; c swimbladder 
orientation angle; d density contrast between body and seawater; e sound speed contrast between body and seawater.
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We use the ‘eroded’ SV data in Fig. 2(b) of their 

paper and the corresponding fish-length distribu-

tion data obtained by trawling in Table 1 to derive 

the relative L/λ characteristics. The average length 

of herring and pout was 26.5 cm and 10.1 cm, 

respectively.

Meanwhile, Pedersen and Korneliussen6) applied 

the relative frequency response method to three 

species, northeast Arctic cod (Gadus morhua), 

saithe (Pollachius virens), and Norway pout 

(Trisopterus esmarkii). Since their distributions 

were rather sparse, they measured TS by the split-

beam method, tracked single echoes to get the aver-

age TS from each echotrace, further averaged many 

single echoes, and obtained the relative frequency 

responses. Their results showed that although pout 

could be distinguished from the other two species, 

cod and saithe exhibited extremely similar respons-

es, and it was difficult to distinguish these species 

by the relative frequency response method. From 

the length distributions obtained by trawl sampling 

in Fig. 2 of their paper, approximate lengths are 

read to be 75 cm for cod, 46 cm for saithe, and 

18 cm for pout, whereas the average TS values 

were presented in Fig. 3 at five frequencies, 18, 38, 

70, 120, and 200 kHz. From these data, the relative 

L/λ characteristics were obtained.

3. Results

3.1 Results for T-type fish model

We first show the results for the T-type model in 

some detail to explain the process of obtaining the 

relative L/λ characteristic.

The normalized TS (TScm) as a function of fish 

tilt angle (TS patterns) calculated by Eqs. (1) and 

(10) are shown in Fig. 2 for five L/λ values. As L/λ 

increases, the maximum values increase slightly, 

and the central lobes become sharper. The maxi-

mum values are at － 6°, because the given swim-

bladder orientation angle is ＋ 6°. The maximum 

values for each L/λ are nearly the same particularly 

for larger L/λ exhibiting the geometrical scattering 

property.

Tilt-averaged normalized TS (TScm,av) as a func-

tion of L/λ calculated by Eqs. (1), (9), and (11) for 

the four tilt angle distributions are shown in Fig. 3. 

Generally, they decrease with increasing L/λ, and 

the tendency is steeper for a large standard devia-

tion σ. This is because, as can be seen from Fig. 2, 

when σ is large, the chance for scattering direction 

to deviate from the central lobe increases, and its 

degree is larger for a large L/λ for which the central 

Fig. 2　 Normalized TS as a function of tilt angle (TS pat-
terns) for T-type model for five L/λ values.

Fig. 3　 Tilt-averaged normalized TS as a function of L/λ for 
T-type model. Mean and standard deviation pairs of 
fish tilt angle distributions are shown.
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lobe is sharper.

Figure 4 is a modified version of Fig. 3, with 

the curves in Fig. 3 normalized by their values 

at L/λ = 5, which is the decibel version of Eq. (6) 

with (L/λ)0 = 5. The curves for N(0, 20) and N(－ 5, 

20) are almost overlapping. This figure represents 

what we propose in this paper, i.e., the relative L/λ 

characteristic of average SV or TS. As in Fig. 3, 

the curves decrease with increasing L/λ, and the 

tendency is lager for a large σ.

The relative frequency responses defined by Eq. 

(5) are shown in Fig. 5 in decibel for the N(0,20) 

case in Fig. 4, changing body lengths. One curve of 

the relative L/λ characteristic in Fig. 4 varies in this 

way in this relative frequency response; this is why 

we propose the relative L/λ characteristic to replace 

the relative frequency response.

3.2  Comparison of relative L/λ characteristics 

among fish models

Figure 6 compares the relative L/λ character-

istics for all models shown in Table 1 and Figs. 

1(b) and (c); the derivation method is the same 

as for Fig. 4 but the results are arranged for each 

tilt-angle distribution in each panel and compared 

among fish types.

The undulatory characteristic of the F-type is 

based on deep notches due to interference between 

reflected waves from the dorsal and abdomen sides, 

and it remains at this degree even after tilt averag-

ing; actually, the notches should be smoothed also 

by a slight variation of body length and we should 

have more smoothed curves.

Although the difference among the models, other 

than the F-type, are not prominent above L/λ = 5, 

we can distinguish between models except for 

the T- and H-types. One reason for this might be 

the smooth and symmetrical shapes of the prolate 

spheroids, but this small difference should not be 

considered unrealistic. In fact, the examples of the 

relative frequency responses for several swimblad-

der fish species shown in Chapter 3 of Ref. 16 

demonstrate that the differences of the responses 

are rather small. Figure 6 also shows that the dif-

ference of the relative L/λ characteristics is small 

among the tilt distributions above L/λ = 5, and this 

is advantageous for actual species identification. If 

we assume that each model corresponds to a differ-

ent species, the comparison of the characteristics 

can serve to enable fish species identification.

Fig. 4　 Relative L/λ characteristics of T-type model for four 
tilt angle distributions. The curves for tilt distribution 
N(0, 20) and N(－ 5, 20) are almost overlapping.

Fig. 5　 Relative frequency response of T-type model for tilt 
distribution of N(0, 20) and fish lengths L = 10, 20, 
and 40 cm.
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3.3 Application to actual data

The relative L/λ characteristics computed using 

data from Ref. 5 are shown in Fig. 7. The reference 

value of L/λ is set at 5 as above, and the values at 

this L/λ are obtained by interpolating the nearest 

data in terms of decibels. This figure demonstrates 

that the two species, whose relative frequency 

responses almost overlapped (Fig. 2(b) of Ref. 5), 

are well discriminated.

The results for the data in Ref. 6 are shown in 

Fig. 6　 Comparison of relative L/λ characteristics among all model types. Tilt angle distributions are shown in each panel, 
and line labels in the upper left panel indicate the fish models types (see Table 1). The curves for T- and H-Types are 
almost overlapping.

Fig. 7　 Relative L/λ characteristics of Atlantic herring and 
Norway pout. Data from Table 1 and Fig. 2 (b) of 
Ref. 5.

Fig. 8　 Relative L/λ characteristics of Atlantic cod, saithe, 
and Norway pout. Data from Figs. 2 and 3 of Ref. 6.
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Fig. 8; the data at L/λ = 5 are obtained as above but 

extrapolation is used for cod and saithe data. The 

three species are well discriminated particularly 

between cod and saithe whose relative frequency 

responses almost overlap (Fig. 3 of Ref. 6). The 

curve for pout is considerably different from that of 

Fig. 7 at L/λ smaller than 5; the cause is not clear 

but one possibility is the difference of the survey 

areas (i.e., the North Sea5) and Norwegian Sea6)).

4. Discussion

4.1 Reasonability to use PSMS scattering model

Since prolate spheroids can realize bodies from 

the spherical to the cylindrical, and the prolate- 

spheroid modal-series (PSMS) scattering model 

is genuinely theoretical and exact, this model is 

appropriate for a discussion of general scattering 

properties as in the present study. As described 

earlier, it allows a fish TS to be normalized by 

the squared length of the fish, and it claims that 

the normalized TS depends upon L/λ, not upon 

frequency or wavelength itself. This has also been 

confirmed by the TS data measured by a con-

trolled method for six fish species around Japan.17) 

Therefore, if we observe the relative L/λ character-

istic of average SV or average TS instead of the 

relative frequency response, we can eliminate one 

cause of variability, i.e., body length, and identifi-

cation becomes easier and more accurate. This is 

the main point of this paper.

In the derivation of Eqs. (5) and (6), we assumed 

that the distribution of fish length L is narrow, and 

that the parameters included in the species param-

eter vector s→ do not depend on fish length. There 

are likely to be cases in which these assumptions 

deteriorate, however. To obtain the results in Fig. 8, 

the approximate mean lengths were estimated from 

the size distribution by trawling in Ref. 6; but since 

the length distributions were not particularly nar-

row for cod and pout, the results in Fig. 8 must be 

seen with some grains of allowance. If an approxi-

mate fish length is estimated by data from in situ 

TS measurement, as will be discussed later, and 

a length distribution is wide judging from the TS 

distribution, it should be noted that the discrimina-

tory capability of the relative L/λ method would be 

reduced. However, this situation will be similar for 

the relative frequency method as seen in Fig. 5. If 

some element(s) in the species parameter vector 

s→ shown in Table 1 change substantially with fish 

length, the vector could not be species specific. 

In such a case, we must proceed as if each size or 

age class belonged to a different species, even if 

they are the same species. Studies on age or length 

dependent changes in morphology and/or body 

material of target species would be necessary.

There may be an objection to normalizing fish TS 

by length squared.18) This normalization, however, 

is reasonable theoretically, as discussed above, and 

experimentally, as shown in Refs. 17, 19, and 20. 

The problem is to assume the normalized TS to be 

a constant. For example, in the Rayleigh scattering 

region the normalized TS is proportional to (L/λ)4. 

Figures 2–4, 6–8 demonstrate such variable char-

acteristics of the normalized TS. In the geometrical 

region, however, the tilt-averaged normalized TS is 

nearly constant, and then caution must be exercised 

due to the fact that difference in scattering charac-

teristics is small. Figure 6 reinforces this fact.

4.2 Relative L/λ characteristics

Among the fish models tested above (other than 

the F-type), since TS properties do not differ signif-

icantly, relative L/λ characteristics also do not dif-

fer much among the model types and they decrease 

slightly with increasing L/λ. In the small L/λ region, 

however, the characteristics change considerably 

according to the difference of the standard devia-

tions of tilt angle, σ. We consider this phenomenon 



J. Marine Acoust. Soc. Jpn.  Vol. 45  No. 4  Oct. 2018192

referring to the TS patterns in Fig. 2. When σ is as 

small as 10°, the characteristics around the central 

lobe become important and the following two phe-

nomena cancel out each other to result in the rather 

small change in the tilt-averaged normalized TS: 1) 

the TS pattern becomes sharper with increasing L/λ 

and the contribution from the small level portion 

of the TS pattern increases as a result; 2) the maxi-

mum value becomes somewhat large with increas-

ing L/λ. Meanwhile, when σ is as large as 20°, the 

above first phenomenon overwhelms the second, 

and the tilt-averaged normalized TS decreases 

more rapidly. For both σ, since the sharpness of the 

central lobes does not differ much, as L/λ becomes 

somewhat large the characteristics decrease only 

gradually.

As the reference value of L/λ, we adopted 

(L/λ)0 = 5. The selection of this value considerably 

changes the relative L/λ characteristic, so that care-

ful selection is needed. We can see from Fig. 6 

that if we selected 10 for the reference, differences 

among types would become small. Meanwhile, 

judging from Fig. 3, if we selected a value consid-

erably smaller than 5, the effect of tilt distribution 

would become larger. The reference frequency of 

the relative frequency response is 38 kHz, and the 

body length computed from L/λ = 5 and 38 kHz 

is about 20 cm; this body length is medium, and 

also in that sense the reference of (L/λ)0 = 5 is 

appropriate.

The relative L/λ characteristics in Fig. 8 decrease 

with L/λ rather steeply compared with curves 

in Fig. 6. This trend is also too large compared 

with the relative frequency response curves for 

several swimbladder fishes in Chapter 3 of Ref. 

16. The reason is not clear, but plausible explana-

tions includes that the actual swimbladder is not 

so simply shaped as the prolate spheroid, and that 

these three fish species might have a rather peculiar 

swimbladder. Incidentally, Sand and Hawkins21) 

reported that cod has a somewhat peculiar 

swimbladder.

Referring to the characteristics in Fig. 6 and the 

relative frequency responses in Ref. 16, even if we 

employ the relative L/λ characteristic instead of the 

relative frequency response, the difference among 

fish species is not prominent, so that to discrimi-

nate the differences the measurement accuracy and 

precision of average SV must be as high as 0.2 dB. 

In particular, at high frequencies, since measure-

ment with high accuracy and precision is not 

easy,8) attention must be paid to ensure appropriate 

absorption coefficients and low noise.

4.3 How to determine fish length

To realize the proposed method, it is necessary to 

know the length of fish. Since an acoustic method 

is preferable, it would be best to measure an aver-

age TS in situ and then convert it into an average 

length by Eq. (11) using well scrutinized average 

normalized TS (TScm,av) data (We here use the term 

‘average normalized TS’ instead of ‘tilt-averaged 

normalized TS’, because the results of in situ TS 

measurements should be averaged not only for tilt-

angle, but also for other in situ conditions such as 

swimbladder states). As fish species, however, are 

not known beforehand, we must use an approxi-

mate average normalized TS value. Foote19) derived 

－ 67.5 dB as the average normalized TS (his 

notation is b20) of physoclistous fish from many 

reliable in situ TS data. Ona20) measured TS of 

physostomous fish, herring (Clupea harengus), by 

several methods at various depths and established 

a depth dependent TS formula that gives aver-

age normalized TS values at 38 kHz: － 65.4 dB at 

0 m, － 67.8 dB at 100 m, and － 68.4 dB at 200 m. 

Referring to these values, we can use － 67 dB as 

the approximate value of the average normalized 

TS of swimbladder fish. Incidentally, the average 
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normalized TS value of six species of fish around 

Japan is approximately － 67 dB at L/λ = 10, and 

does not change significantly with L/λ.17)

Since nonswimbladder fishes have rather pecu-

liar frequency characteristics of TS (for example, 

see Fig. 6, F-type), and much smaller TS values, 

discrimination from swimbladder fish is possible.1) 

There have not been sufficient data on the average 

normalized TS of nonswimbladder fish and further 

studies are needed, but the following value can be 

a reference for the time being. Foote22) compared 

the TS of swimbladder fish, gadoids, and non-

swimbladder fish, Atlantic mackerel, and deduced 

the ‘percentage swimbladder contribution.’ From 

Fig. 5 in his paper the contribution for average 

TS at 38 kHz is about 90%, which means that the 

gadoid TS is about 10 dB larger than the mackerel 

TS. Thus, from the above average normalized TS 

of － 67 dB for the swimbladder fish, － 77 dB will 

be a reference for the average normalized TS of 

nonswimbladder fish. Once a target species is suc-

cessfully discriminated by means of several identi-

fication methods, including the proposed method, 

we will be able to obtain a more accurate average 

normalized TS value, and by using it a more appro-

priate species specific relative L/λ characteristic 

will be obtained, which will serve for later species 

identification.

TS values or body lengths themselves are very 

important information for species identification. 

Pedersen and Korneliussen6) cited above reported 

that although cod and saithe were difficult to dis-

criminate by the relative frequency response, the 

large difference in TS values made discrimination 

possible. As this example shows, there will be 

cases in which large difference in TS values or 

fish lengths of target species can serve for species 

identification. Moreover, simultaneous observation 

of average SV and TS will make near real-time 

density measurement possible, which has been a 

long-cherished dream in fisheries acoustics. When 

such measurement is realized, the problem related 

to TS variability will be largely resolved.

In order to get relative L/λ characteristics and 

to address the abovementioned challenges, it will 

be necessary to develop a quantitative or scien-

tific echo sounder able to simultaneously measure 

both SV and TS even for dense or deep schools. 

Although the in situ TS measurement method has 

been greatly advanced by the introduction of the 

split-beam method, TS measurement is sometimes 

difficult due to considerably strict conditions such 

that single echoes with negligible noise and inter-

ference from other fish echoes must be fulfilled. 

The most effective solution will be to increase the 

resolution of echosounders.

Here, as an example of such an idea, we intro-

duce a quantitative echosounder aimed at species 

identification.23) This sounder operates at 38 and 

120 kHz, and has an ‘SV mode’ and ‘TS mode.’ In 

the SV mode, the beamwidth is 11.8° and pulse 

duration is 1.2 ms for both frequencies; measured 

raw SV are averaged in a small integration cell 

(such as 2-s horizontally and 1-m vertically) and 

the difference between the average SV at the two 

frequencies are obtained and displayed in near 

real-time. In the TS mode at 38 kHz, a split-beam 

system with a sharp main beamwidth of 5.9° and 

a short pulse duration of 0.4 ms realizes TS mea-

surement for rather high density or deep schools 

and provides average fish lengths using Eq. (11) 

with the appropriate average normalized TS data 

discussed above. Combining the SV difference and 

the average body length, we can realize the pro-

posed method (although only two frequencies are 

used in this system).

In order to further improve such capability, it 

would be better to have a special channel in which 
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the main aim is TS measurement. The channel has 

functions of multiple narrow beamwidths (e.g., 3.5, 

7, and 14˚) and a short pulse width (e.g., 0.2 ms, 

range resolution 15 cm). If we use a broadband sys-

tem, we can realize a further short pulse width such 

as 0.1 ms. Since transducer motion error becomes 

large for sharp beams,24) an electrical or mechanical 

stabilizer will be necessary for the transducer. Also, 

since the narrow beamwidths make the transducer 

size too large at 38 kHz, a higher frequency such 

as 70 kHz is preferable. Such a ‘medium’ frequency 

realizes a sufficient signal-to-noise ratio even for 

targets at 400-m depth.8)

5.　Conclusions

 1) Introduction of the relative fish-length-to-

wavelength ratio (L/λ) characteristic of 

average SV, instead of or together with the 

relative frequency response, is necessary to 

obtain discernible information for fish species 

identification.

 2) To that end, a fish-length measurement tech-

nique by acoustics should be evolved. The 

technique will also serve to offer powerful 

information for species identification and to 

realize real-time density measurement.

 3) Even if the relative L/λ characteristics are 

employed, differences among species are not 

particularly conspicuous, so that high accu-

racy and precision in SV measurement will 

still be necessary.

Appendix: Symbols, units, and nomenclature of 

scattering indexes

The symbols, units, and nomenclature of scat-

tering indexes used in this paper are shown in 

Table A1, compared with those recommended by 

the ICES.9) Our definition of the target strength 

is based on the intensity ratio, in accord with the 

traditional definition in Refs. 25–27, and other scat-

tering indexes are systematically derived from it. 

The symbols of decibel equivalents follow the rule 

of ‘two or three capital letters.28) We use the same 

name for each linear and decibel scattering index 

for simplicity, but calculations such as averaging 

are done for linear values, if not otherwise stated. 

Values are the same but the units are different 

between our system and that of the ICES.

The volume backscattering strength (SV) is 

intrinsically defined for multiple scatterers distrib-

uted approximately homogeneously and broader 

than beam spreading. Squared ‘20 log r TVG’ 
outputs compensated for the multiple echo coef-

ficient,27) including the equivalent beam angle and 

pulse width, do not often meet the above condition, 

and should be called ‘raw SV’ or ‘pixel SV.’ Only 

if the above condition is satisfied, the raw SV can 

be the ‘intrinsic SV.’ Averaging or echo integration 

makes the condition equivalently hold, and the 

result should be called the ‘average SV’, for which 

we use the symbol〈SV〉． For a more detailed expla-

nation, see Ref. 29.
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