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Abstract: Acoustic waves are attenuated by fish schools as they propagate through the ocean. The
attenuation by fish schools is not currently considered in fishery acoustics and sonar applications,
especially at mid-frequency bands. In this study, fish school attenuation experiments were conducted
with a number of individual fish in situ in a net cage at mid-frequency bands (3–7 kHz). The target
fish species was the Japanese horse mackerel (Trachurus japonicus), which typically forms fish schools
in the coastal ocean of northeastern Asia. The attenuated acoustic waves were measured for the cases
of non-net, only net (0), 100, 200, 300, 400, and 500 individual horse mackerels in the net cage. Results
showed that the acoustic signal attenuation increased with the number of horse mackerels. The mean
and maximum attenuation coefficients were approximately 6.0–15.4 dB/m and 6.5–21.8 dB/m for
all frequencies, respectively. The measured attenuation coefficients were compared with the ones
from previous studies to propose new regression models with normalized extinction cross-sections of
weight and length of fish. This study confirmed that the fish school attenuation could not be ignored
and compensated at mid-frequencies in the ocean. These results would be useful for fishery acoustics,
especially in the development of scientific echo-sounder, and naval applications of sonar operations
and analysis.

Keywords: sound attenuation; fish schools; mid-frequency; in situ measurement; Japanese horse
mackerel

1. Introduction

Sound propagation is influenced by the complex interference of reflection, refraction,
transmission, and attenuation in ocean media [1]. Sonar systems when operating in marine
environments are affected by sound propagation through physical parameters including
the sound speed and density of seawater, geological parameters such as bottom topography
and sediment types, and sea surface, which can cause reflections and scattering [1]. Prior
studies have extensively covered the propagation of acoustic waves by physical and
geological parameters, but few studies have explored biological parameters affecting
sound propagation, such as fish schools [2].

Fish schools are randomly and largely distributed in the ocean and they are able to alter
the sound propagation pattern [3,4]. Fish with swim bladders produce a large impedance
difference compared with seawater, and the acoustic waves are scattered when passing
through the fish body [5]. The propagation of acoustic waves is affected by the positions,
orientations, and sizes of fish schools, which act as scatterers that attenuate incident waves.
Fish schools result in acoustic energy loss, as the sound propagates through the water
column [6–8]. Fish schools in the ocean are formed in various sizes and densities with a
single fish school varying from a few hundred to tens of thousands of fish. In the case of a
well-formed ocean area, very large fish schools are distributed and inhabited [9]. Therefore,
the attenuation of fish schools cannot be ignored and needs to be investigated.
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Japanese horse mackerel (Trachurus japonicus) is one of the representative fish species
that typically form schools [10]. This fish is a warm-flowing migratory fish and an important
commercial species in the coastal waters of the Northeastern Pacific Ocean of Korea, Japan,
Taiwan, and China [10]. According to fisheries’ statistical data in Korea, about 43,053 tons
of horse mackerels were cultured in 2019, which was 4.7% of the total amount of coastal
and offshore fish culturing [11]. It continues to appear and inhabit the coasts of Korea, and
the fishery volume gradually increased from 2014 to 2019 [11]. The horse mackerel forms
small to large schools in the ocean, which are known to reach a maximum of 150 and 15 m
in length and width, respectively [12,13]. However, the acoustic characteristics of horse
mackerel schools have never been measured.

Some studies have shown the relationship between sound attenuation and fish pop-
ulations at different frequencies through direct measurements of culture nets [14,15] and
net cages [5,16], and indirect estimation methods [17–19]. Davies (1973) performed ex situ
attenuation measurements by using the direct sphere method from Northern anchovy
(Engraulis mordax) at 1–20 kHz and measured the attenuation at relatively low frequency
to observe the swim bladder resonance effects [5]. Ishii et al. (1983) and Ishii et al. (1985)
measured attenuation by using the direct culture net method at 25, 50, 100, and 200 kHz
from yellowtail (Seriola quinqueradiata), sea breams (Pagrus major), and spotted mackerel
(Scomber australasicus) [15,16]. Foote (1978) estimated the extinction cross-section using
the indirect cage method and applied the parameter fitting method from Saithe (Pollachius
virens) at 38 and 120 kHz [17]. Burczynski et al. (1990) conducted the acoustic estimation of
Pacific herring in sea pens for attenuation measurements at 420 kHz [19]. Other relevant
research works were analyzed and reviewed by Furusawa et al. (1992) [6]. Diachok (2005)
conducted a study on estimating the number density from the attenuation of anchovy
schools during the day and night at the mid-frequency range of 1–3 kHz in shallow water
environments through transmission loss measurements [20]. Raveau and Feuillade (2015)
recently studied sound extinction by fish schools on the basis of the forward scattering
theory [21]. However, these previous studies mainly focused on attenuation by individuals
or schools of fish at high-frequency bands. The analysis of fish schools to measure the
attenuation coefficient with the number of individual fish has not been performed yet.
Furthermore, the attenuation of live Japanese horse mackerel has not been measured at the
mid-frequency band.

A recent trend in fish finders and sonar systems is to lower the frequency for detecting
targets at a longer distance. The naval sonar system has mainly used mid-frequency bands
until today. Omnidirectional sonar or multi-beam echo-sounder for the fishery is also
being developed at a lower frequency. It is necessary to study fish attenuation to improve
the accuracy of various fishery acoustic equipment and its signal analysis, especially at
mid-frequency bands.

This study aims to measure the sound attenuation by dense fish schools of Japanese
horse mackerel at a mid-frequency range (3–7 kHz) to understand the sound attenuation
characteristics of fish schools. The sound attenuations with the various densities of fish
were measured through in situ net cages. The attenuation coefficients in the experiments
were analyzed and compared with those in the previous studies, and new regression
models were suggested for normalized extinction cross-sections of the wet weight (W)
and the total length (L) of fish. These results are expected to be helpful in developing the
scientific echo-sounder and increasing the accuracy of estimating biomass and abundance
of fish species for the fishery. They will also serve as a basis to improve the accuracy of the
target detection for naval sonar operations and analysis.

2. Theory and Experimental Methods
2.1. Extinction Cross-Section and Attenuation Coefficient

Sound attenuates while propagating underwater, and its attenuation can be divided
into sound scattering and absorption. In general, extinction cross-section (σe) is a measure
of the effect of an individual finite object on taking energy out of forward propagating
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acoustic waves in accordance with scattering and absorption [22]. σe is the sum of the
scattering cross-section (σs) and the absorption cross-section (σa) [23].

σe = σs + σa, (1)

where σe per unit distance in volume in water is denoted by the attenuation coefficient (α),
which is expressed as Equation (2) [23]:

α(Np/m) = σe·n/2, (2)

where n is the density per unit volume of a fish school, and α describes the sound attenua-
tion per unit distance. Given the difference between the theoretical and experimental σe
values [3], σe must be quantified according to the measured α.

2.2. Experimental Apparatus

In situ attenuation experiments were conducted in floating fish farm cages in March
2019. These cages were built for research purposes in the Tongyeong area at the Korean
South Sea. The sea depth of the experimental site was about 14 m. The attenuation
experiments were performed under artificial conditions. Movement in the ocean water
was minimized by performing the experiments at neap tides for the least influence in the
net cage.

The target fish were live horse mackerels. The total length (L) of the fish was measured
using 12 randomly sampled mackerels. L ranged from 20 to 35 cm, with a mean of 27.7 cm.
L of the fish showed a Gaussian distribution, and it appeared as a colony similar to actual
fish schools. A previous study calculated the mean weight (W) of fish to be approximately
217 g [24].

Direct net cage methods were used for quantitative attenuation measurements. The
net cage was fabricated using a thin mesh, which was small and rectangular, thereby
minimizing its influence on acoustic waves. A detachable door was cut at the top to place
the fish in the net cage, which had a volume of 1 m3 (1 × 1 × 1 m). The experiments
were performed in seven ways: Exp1, non-net; Exp2, only net (individual fish: 0 ind.);
Exp3, 100 ind.; Exp4, 200 ind.; Exp5, 300 ind.; Exp6, 400 ind.; and Exp7, 500 ind. in the net
cage. Table 1 lists the details of the attenuation experiments according to the number of
individual fish. In the attenuation experiment, the fish were released into the net cage and
allowed to form schools. An underwater camera was installed to observe the shape and
condition of the net cage.

Table 1. Attenuation experiments with varying number of individual fish (Japanese horse mackerel).

Experiments Individual Fish Explanation Remark

Exp1 0 ind. Non-net (empty)
Exp2 0 ind. Only-net (net) Figure 2a
Exp3 100 ind.

Fish schools in a net cage

Figure 2b
Exp4 200 ind.
Exp5 300 ind. Figure 2c
Exp6 400 ind.
Exp7 500 ind. Figure 2d

2.3. Experimental Measurement and Signal Processing

A schematic of the attenuation experiments is illustrated in Figure 1. The acoustic
transmitter was a half-omnidirectional transducer (T335, Neptune Sonar; Kelk Lake, Kelk,
UK) in the mid-frequency band range of 3–7 kHz. The receiver was a hydrophone (TC-4032,
Teledyne RESON; Slangerup, Denmark). The transmitter and receiver were installed at a
depth of approximately 3.3 m, and the net cage was positioned at 2.8–3.8 m below the sea
surface and between the transmitter and the receiver at a distance of 2 m.
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Figure 1. Schematic of the experimental system used to measure sound attenuation from the fish
schools (Japanese horse mackerel) at mid-frequency bands. Transmitter, receiver, net cage, and
underwater camera were set at a depth of 3.3 m below the sea surface.

The transducer transmitted the pulse wave signals every 1 s, and the pulse length
was 1 ms. The pulse signals that traveled through the net cage with and without the fish
schools were received by the hydrophone [6]. A total of 100 and 300 pings were received
at 0–300 and 400–500 individual fish, respectively. The sampling frequency was 100 kHz.
Direct current (DC) noises were removed from all the received signals. The signals used a
band-pass filter range of ±1 kHz on the basis of each frequency. The filtered signals were
enveloped using Hilbert transform and converted into the received level (RL) in decibel
scales. In this study, the 90% confidence limits for reliability were extracted from the RLs;
the mean RL was calculated by applying the cumulative sum because the attenuation
characteristics of fish schools were the main purpose of this work [25].

To calculate the attenuation of fish schools, the insertion losses (ILs) with and without
the fish schools were incorporated in the experiment [26,27]. The IL was present between
the transmitter and the receiver from the mean RL (see Equation (3)):

IL = RLnon− f ish_school (re f .) − RL f ish_schools (3)

where RLnon− f ish_school (re f .) is the mean RL without the fish school (only net cage), and
RL f ish_schools is the mean RL with the fish schools. IL was converted to α (dB/m) when the
net cage with fish school size was 1 m.

During the attenuation measurements, the seawater temperature was 13.4 ◦C, and the
salinity was 31.6 psu at a depth of 3.3 m. Thus, the sound speed was 1497.6 m/s. Table 2
lists the details of the transmitter, receiver, and measured environmental factors.

Table 2. Transmitter, receiver, and measured environmental factors for sound attenuation by
fish schools.

Transmitter

Frequency (kHz) 3, 4, 5, 6, 7
Pulse length (ms) 1

Ping rate (pps) 1
Total pings (ping) 100, 300

Receiver
Sampling frequency (kHz) 100
Hydrophone RVS (dB/V) −170

Gain (dB) 0

Environments
Water temperature (◦C) 13.4

Salinity (psu) 31.6
Sound speed (m/s) 1497.6
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3. Experimental Results

In this experiment, each live horse mackerel was determined to be in good condition
during the experiments. Figure 2 shows the received voltage signals (top), RLs (middle),
and histogram (bottom) of mean RLs of the direct path of Exp2 (only net, without fish),
Exp3 (100 ind. fish in the net cage), Exp5 (300 ind. fish in the net cage), and Exp7 (500 ind.
fish in the net cage) at 3 kHz. The blue and red areas show the received signals from the
direct and surface paths, and their time intervals were 3.5–4.5 and 5.5–6.5 ms, respectively.
The red lines of RL show the local minimum values.

Figure 2. Representative attenuation experimental results of (a) Exp2 (only net, fish without in the
net cage), (b) Exp3 (100 ind. fish in the net cage), (c) Exp5 (300 ind. fish in the net cage), and (d) Exp7
(500 ind. fish in the net cage) at 3 kHz; the top figures are the received voltage signals, middle ones
are received levels (RLs), and bottom ones are the histogram of the RLs from the direct paths. The
transmission losses in seawater were compensated for the RLs.



Appl. Sci. 2021, 11, 1944 6 of 12

As a result, the direct and surface paths were fully separated. The received voltage
signals of the direct path were approximately 0.32, 0.16, 0.1, and 0.07 V in Exp2, Exp3,
Exp5, and Exp7, respectively (Figure 2, top). The signals from the direct paths decreased as
the number of individual fish increased. For all 100–300 pings acquired in experiments,
the RLs were averaged for comparative analysis. The mean RLs of the cumulative sum
from the direct paths were 187.0 (Exp2), 181.0 (Exp3), 176.3 (Exp5), and 174.3 dB (Exp7)
(Figure 2, middle). The standard deviations (std) were 1.3–1.4 dB, and standard errors (SE)
were 0.08–0.14 dB. The histograms from all mean RLs showed the Gaussian distribution
(Figure 2, bottom). The RLs of all pings changed slightly in Exp2, but those of Exp7
fluctuated at 10 dB. The signals from the surface path varied with waves and the passing
ship. The RLs from the direct path were less affected compared with those from the
surface path. The RL of surface paths in all experiments was about 180 dB. However, the
surface path was not analyzed because this work focused on the effect of attenuation on
the direct path.

Figure 3 indicates the measured mean α and maximum α, which were dependent
on the frequency and number of individual fish. The mean α linearly increased with the
number of individual fish at the relatively low frequency of 3–4 kHz. At 3 kHz, the mean
α and maximum α were 6.0 and 6.5, 8.3 and 9.5, 10.7 and 11.7, 12.9 and 15.1, and 13.8
and 14.6 dB/m at 100, 200, 300, 400, and 500 ind., respectively. The ranges of mean α and
maximum α for all frequencies were approximately 6.0–15.4 dB/m and 6.5–21.8 dB/m,
respectively. At a low number of individual fish below 400 ind., the mean α and maximum
α increased with frequency. At a high number of 400 ind. and 500 ind., the mean and
maximum α and their variation with the number of individual fish peaked at 4 kHz.
The mean and maximum α did not linearly increase at 6–7 kHz and high density of fish
(400–500 ind.). The attenuation variation with the number of individual fish was small at
such high frequencies (6–7 kHz).

Figure 3. (a) and (b) are mean and maximum attenuation coefficients at 3–7 kHz for the different number of individual fish,
respectively (100 ind.: blue dotted line, 200 ind.: red straight line, 300 ind.: green straight line, 400 ind.: pink dashed line,
and 500 ind.: black dashed line).

4. Comparison with Previous Studies

The values of α from the in situ experiments were analyzed and compared with
those in previous studies. For comparison with the present and previous studies, σe was
calculated from α. α was normalized by density to yield σe, which differs from W and L
depending on fish species. Given that σe varies with the fish body, σe must be normalized
by W (σeW) or L (σeL) for comparison. σeW and σeL are as follows [6]:

σeW = σe/W2/3 (4)
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σeL = σe/L2, (5)

where σeW and σeL are m2/kg2/3 and non-dimension, respectively. The normalized σe
values were calculated from the measured α in the in situ experiments (see Equation (2)).
The present study calculated the normalized σe only for 100 ind., which was similar
to the ocean environments. The σeW values were 0.0033, 0.00041, 0.0048, 0.0046, and
0.0057 m2/kg2/3, while the σeL values were 0.0154, 0.0191, 0.0223, 0.021, and 0.0261 at 3, 4,
5, 6, and 7 kHz, respectively. All the calculated σeW and σeL values are shown in Table 3
and plotted in Figure 4.

Table 3. Summary and comparison of the attenuation experiments in fish schools; fish species, frequency, wet weight
(W), total length (L), relationship W-L (W/L3), number density (n), extinction cross-section (σe), normalized extinction
cross-section of W (σeW ) and L (σeL ), and references from previous and present studies.

Number Fish
Species

Frequency
(kHz) W (g) L (cm) W/L3

(kg/m3) n(/m3) σe(m2)×10−4 σeW
(m2/kg2/3)

σeL Ref.

1 Northern
anchovy 20 9.6 10.6 8.1 650 5.0 0.0111 0.0445 [5]

2 Japanese
anchovy 50 5.2 8.6 8.2 250 6.5 0.0217 0.0879 [14]

3
Yellowtail

25
50

100
200

4500 72.0 12.1 10

282.7
479.8
510.7
897.9

0.0104
0.0176
0.0187
0.0329

0.0545
0.0926
0.0985
0.1732

[15]
[16]

Sea bream

25
50

100
200

900 31.0 30.2 21

49.9
53.2
73.8

105.2

0.0054
0.0057
0.0079
0.0113

0.0519
0.0554
0.0768
0.1095

Spotted
mackerel

25
50

100
200

261 29.2 10.5 170

28.5
25.8
32.8
39.1

0.0070
0.0063
0.0080
0.0096

0.0334
0.0303
0.0385
0.0459

4
Saithe 38

120 375 35.1 8.7 100 30.0
50.0

0.0058
0.0096

0.0244
0.0406 [17]

Atlantic
herring 38 - 33.9 - - 22.7 - 0.0198

5
Yellowtail 50 - - 15.6 - - 0.0040 -

[18]Sea bream 50 - - 30.5 - - 0.0030 -

6 Pacific
herring 420 100 20 12.5 92

42.6
42.1
44.6

0.0198
0.0195
0.0207

0.1065
0.1053
0.1115

[19]

7
Japanese

horse
mackerel

3
4
5
6
7

217 27.7 10.2 100

12.1
14.9
17.5
16.5
20.5

0.0033
0.0041
0.0048
0.0046
0.0057

0.0154
0.0191
0.0223
0.0210
0.0261

This
study

Some of the previous extinction or attenuation experiments showed the relationship
between attenuation with the fish populations from several fish species at different fre-
quencies. The previous studies mainly focused on the high-frequency band at 38–420 kHz
for fishery acoustics or the scattering theory. Figure 4 shows the results of σeW and σeL
with frequency in the previous and present studies. Each symbol represents σeW and σeL,
and the black line shows the regression model from Furusawa et al. (1992) [6]. The σeW
values of sea bream and spotted mackerel were similar in spite of the apparent difference
in their body shapes, as demonstrated by W and L at 50 and 100 kHz [15,16]. However,
σeW of yellowtail using the direct method was considerably higher than the above result. It
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was similar to that of Northern anchovy at 20 kHz and Japanese anchovy at 50 kHz [5,14].
σeW converged to a regression curve even for different species and methods. The previous
regression model was not calculated for all σe values and only showed a regression formula
σeW for more than 25 kHz of the high-frequency band [6].

Figure 4. Results of normalized extinction cross-section of (a) the wet weight (σeW ) and (b) the total length (σeL ) of fish with
frequency in previous and present studies. The black line is the previous regression model [6], the blue lines are the new
quadratic regression models for mid-frequency from the present study, and the red lines are the total quadratic regression
models for all-frequency.

On the basis of the experimental results, the new regression models for the mid-
frequency range were suggested to normalize extinction cross-sections of W and L of fish.
The new regression model for the mid-frequency band from the present study is shown
as a blue line in Figure 4. Given that the study σeW and σeL are unknown, the regression
model was calculated using the measured data in the present study. Quadratic regression
analysis was performed for these well-converged data only for the mid-frequency band.
Thus, the regression curve of α with the mid-frequency band was proposed using fish
schools (Japanese horse mackerel) in the present paper (see Equations (6) and (7); Figure 4,
blue lines).

σeW(mid− f requency)

(
m2/kg2/3

)
= 1.94 × 10−3 + 4.20 × 10−4 f + 1.76 × 10−5 f 2

(
r2 = 0.84

)
, (6)

σeL(mid− f requency) = 1.09 × 10−2 + 1.66 × 10−3 f + 7.39 × 10−5 f 2
(

r2 = 0.87
)

, (7)

where f represents the frequency in units of kilohertz (kHz). The coefficients of determina-
tion (r2) are 0.84 and 0.87 from the regression curves of σeW and σeL, respectively [28].

Furthermore, when including the present study to the previous ones, the new regres-
sion models were calculated from all the data, ranging from the mid-to-high frequencies
based on the previous and present data (see Equations (8) and (9); Figure 4, red lines).
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σeW(all− f requency)

(
m2/kg2/3

)
= 6.92 × 10−3 + 3.60 × 10−5 f + 4.48 × 10−11 f 2

(
r2 = 0.39

)
, (8)

σeL(all− f requency) = 3.99 × 10−2 + 2.00 × 10−4 f + 4.60 × 10−13 f 2
(

r2 = 0.45
)

. (9)

In Figure 4, the curve of the Japanese horse mackerel (blue lines) differed considerably
from the curve of other fishes (black lines). In the results of previous studies, an increasing
tendency was observed for each frequency, but σeW and σeL varied depending on the
species even at the same frequency. In these results, the resonance effect was not considered
because the resonance of horse mackerel fish should be in the lower frequency band. The
results of the attenuation experiments in fish schools depending on fish species, frequency,
W, L, W/L3, number density (n), σe, σeW , σeL, and references from previous and present
studies are shown in Table 3. The attenuation of σeW and σeL slightly increased with the
frequencies of 3–420 kHz. Because r2 was low because of a broadband frequency ranges,
σeW and σeL should be used by each frequency band.

Comprehensively, σe and α can be calculated through Equations (6)–(9), the fish school
attenuation can be numerically calculated according to densities and frequencies.

5. Discussion

To accurately estimate the amount of fish biomass, it is necessary to conduct continu-
ous field investigation using acoustics. When using a scientific echo-sounder to investigate
biomass estimation with the current technology, quantitative biomass estimation is possible
only when many field surveys are performed. When estimating the quantitative biomass,
sound attenuation is important. The attenuation by fish schools must be elucidated for
variations in received acoustic signal and compensated in sound propagation in the water
column [29]. Estimation of fish biomass is possible through the correction factor of the
attenuation coefficient of fish schools [6], and will increase the efficiency of fishery surveys
and monitoring. The amount of biomass can be calculated more accurately by compensat-
ing the α from the scientific echo-sounder, which will be helpful in terms of quantitative
calculation of maximum sustainable fisheries.

If large fish schools appear, the attenuation will be generally high. However, the
attenuation by the fish schools is related not only to the size but also to the volume density.
The fish school density per volume is generally about 145 ind./m3 when calculating the void
fraction (β = (4/3)πr3) [21,30], and about 126 ind./m3 based on the theoretical aggregative
packing model of fish school density (Vf ish = 0.6SL3) [31] of the mean standard length (SL)
of horse mackerel in this experiment. The previous study was compared intensively with
the Exp3 results of about 100 ind./m3 in this study (Figure 2b). However, attenuation as a
function of size and volume density needs to be further investigated as future work.

The scattering of sound mainly by swim bladders filled with air should be considered
in addition to attenuation. According to scattering theory, scattering is dependent on the
angles between the incident and scattered directions, the wavenumber (k), and the equiva-
lent spherical radius (a) of a fish school [4]. The attenuation coefficient (α) obtained from
our experiments linearly increased with the number of individual fish at low frequencies
but not at high frequencies. The reason for α fluctuations is thought to be an interaction
between the wavelengths (25 cm at 6 kHz and 21 cm at 7 kHz) and the fish L. Given a high
ka value in high frequency, forward scattering energy is high, resulting in low α [2,23,32].
The effect of multiple scattering on the gas-filled swim bladder and the density within
the fish schools should also be considered for accurate modeling and measurements of
scattering [33].

The mean α and maximum α were measured to be 6.0–15.4 and 6.5–21.8 dB/m at all
frequencies, respectively. α is mainly generated by L of the fish body or swim bladder. The
depth dependence of the target strength (TS) of a fish has long been recognized with the
adjustable size of the swim bladder. A previous study showed that the depth dependence
of TS of fish follows Boyle’s law [34,35], and α of fish schools is predicted to decrease
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as the depth increases. For the attenuation by the fish schools, the depth effects must
be considered.

There are some limitations to apply this result to the various fields, because the
fish schools are artificially located in the net cage, and the attenuation effects may differ
depending on the number of individual fish. Additionally, attenuation experiments were
performed using the cage size of 1 × 1 × 1 m, and the fish schools appeared densely, which
may be different from the actual marine environment in the case of high density. In order to
represent the ocean environment more accurately, experiments with different densities in a
larger net size are required. It was also not possible to reveal the resonance characteristics
of the fish schools. For the equivalent spherical radius of the swim bladder (1.71 cm) of
horse mackerel used in the experiments, the resonance frequencies for individual horse
mackerel and fish schools are estimated to be about 300 Hz and about 300 Hz to 1 kHz
assuming fish swim bladders clouds, respectively [36,37].

Attenuation by fish schools could act as a disturbing factor when detecting, inves-
tigating, and communicating using acoustic waves in the ocean, and the study of this
phenomenon is believed to be helpful in understanding the biological factors of under-
water acoustics. The results of this study can be applied to various fields and practical
applications for fishery acoustics, especially in developing scientific echo-sounder and
improving the accuracy of estimating fish biomass [38]. It will also be helpful for naval
acoustics of sonar operations and analysis, such as understanding signal loss reducing the
probability of detection or prevent identification with false targets.

Further studies on fish species that form schools in ocean areas, the ecological charac-
teristics of fish species, and the attenuation coefficients by fish species are needed in the
field of biological and acoustical research. It is necessary to analyze the sound attenua-
tion characteristics through experiments in a wider range of frequency bands including
resonance frequency with important commercial fish species and high densities of fish.
In addition, the effects of sound attenuation are required to study a large population of
organisms as well as large fish schools in the ocean.

6. Conclusions

This study proposes the characteristics of sound attenuation by fish schools of Japanese
horse mackerel at mid-frequencies measured in situ net cages. The experimental results
demonstrated that the ranges of mean and maximum attenuation coefficients for frequen-
cies of 3–7 kHz were measured to be 6.0–15.4 dB/m and 6.5–21.8 dB/m, respectively. The
attenuation coefficients from fish schools increased with the number of individual fish
and were influenced by their size and density at the low frequency. It was confirmed
that the attenuation coefficients were similar to those from previous studies using com-
parative analysis, and a new normalized extinction cross-section for the mid-frequency
band was proposed. The results of this study will provide a better understanding of the
attenuation characteristics of spatiotemporally varying fish schools that can be useful for
studying acoustic propagation in the ocean. These results could be used in the fishery and
naval sonar operations and analysis by knowing the sound propagation characteristics
of organisms.
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