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Abstract

The underwater sound environment in shallow water area was complicated by time and depth under the
influences of the biological and artificial noises from land and sea, e.g., trains, cars, feeding, cruising boats, efc. The
purpose of this study is to clarify the underwater noise background and the underwater sound environment
weighted by auditory sensation of fish in Kagoshima Bay.

The emitted noise by drifting and cruising vessels has the largest influence on the underwater sound environ-
ment in shallow water area. There were recorded the vertical underwater noise by drifting vessel and approaching
noise by cruising vessel. The transmission rays of underwater noise by drifting vessel have two directions, i.e.,
direct and reflected rays; interference occurs while receiving the two direction sound waves with a hydrophone
simultaneously. As an interference theory of underwater sound in shallow water was obtained as an equation
with the range of transmission rays from drifting and cruising vessels to hydrophone for the reflection number.
A comparison between theoretical and actual interference was made with a measurement of the ambient noise and
traffic value in the heavy traffic area of Kagoshima Port. It was confirmed that the main noise was emitted by
vessels, and the characteristic noise was temporal and sharply increased.

In the biological noise, the underwater sounds measured in net cages at a culture ground were analyzed by the
zerocrossing method to obtain the period change, power, and continuation time of swimming sounds by fish. The
audiogram of a bastard halibut Paralichthys olivaceus was measured by a classical respiratory conditioning
technique. The hearing response of bastard halibut was also measured by sweeping sound, and clarified the upper
limit frequency of hearing.

The lowest threshold of bastard halibut was at about 100 Hz and the threshold increased rapidly at 200-400 Hz.
The ambient noises are mainly broadband and appears under 3 kHz of fine auditory sensation in fish. The hearing
ability differs among fishes, thereby the underwater sound environment also differs. Arrangement was made on
the frequency-weighted characteristics for auditory sensation of fish, “fish weighting” using these audiograms, in
comparison with the underwater sound environment and underwater noise level of each fish.

The fish weighting of bastard halibut is a type of low frequency with narrow band; the underwater noise level
is strongly affected by emphasis on the interference level of low frequency. The fish weighting of a Japanese horse
mackerel Trachurus japonicus is a type of high frequency with wide band; the underwater sound environment is
influenced by the interference with wide band, but a small effect on variation of the underwater noise level.
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Fig. 2-1 Recording sites and bathymetric map of the innermost area of Kagoshima Bay.
Numbers on the lines show depth in meters. A, off Mifune; B, C, off Oosaki-ga-hana; D, off Shirahama; E,

Central; F, off Fukuyama; G, Yojirou-ga-hama.
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Fig. 2-2 Map of the recording sites of underwater noise
(H~N), and the observation sites of marine traffic
value (P) and tracks (O) in the Kagoshima Port.
Numbers on the lines show depth of water in
meters.
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Fig. 2-3 Block diagram of recording instruments of
ambient noise.

Fig. 2-4 Recording method of the diurnal variation in

underwater noise at Yojirou-ga-hama (G).

Table 2-1 The recording conditions of ambient noise in the innermost area of Kagoshima Bay

. . Time Term Depth Wind speed "
Recording site No. Date (h-m) (min) (IE) (m /; Weather*!
Mifune A 1995.6.23 10—38~54 16 138 7 b
Ooski-ga-hana B 1995.5.30 12—24~5656 31 145 6 bc
Oosaki-ga-hana C 1995.5.31 14—27~51 24 137 2.5 c
Shirahama D 1995.7. 7 12—31~50 19 132 6 b
Central E 1995.7.21 13—10~26 13 145 3 b
Fukuyama F 1995.5.31 12—25~44 19 149 calm [¢
Fukuyama(drift) F 1995.5.31 12—44~13—-07 23 149 calm c
Yojirou-ga-hama G 1994.7.12~7.13 10—45~9—45 3 calm b

*!'b, Blue sky; be, Fine but cloudy; c, cloudy.

Table 2-2 The recording conditions of ambient noise around the Kagoshima Port

Time Depth Hydrophone Wind Wind Weather Velocify of
Recording site No. Date (JST) depth Speed Direc- Tidal Stream
(h:m) (m) (m) (m/s) tion (knot)
East of Kagoshima Hon-Ko ~ H 1996. 8. 2 12:16—12:56 39 5 —* — be*? —
Center of Sakurajima Strait 1—1 1996.11.19 12:16—12i48 38 10 8 NW b*® 0.5
1—-2 1996.11.19 13:12—13:20 38 34 8 NW b 0.5
North of Kamoike Ko J 1996.10.15 11:69—13:17 234 7 NwW b -
South of Kamoike-Ko K—1 1997. 423 12:49—-13:22 22 5 6 N be 0.8
K—2 1995. 531 13:54—14:32 22 225 6 N bc 0.8
West of Okoga Shima L—1 1996.10.29 11:.04—11:29 147 10 2 w c* 0.3
L—2 1996.10.29 11:45—12:05 147 100 2 w c 0.3
South of Okoga Shima M—1 1996.11. 7 12:35—12:48 183 10 3 w b 0.1
M—-2 1996.11. 7 13:01—13:11 836 100 3 w b 0.1
East of Taniyama Ko N 1996.10.14 14:02—14:27 43.7 10 w bc -
—*! no data.

bc*? fine but cloudy weather.
b**% fine weaher.
c** cloudy weather.
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Fig. 2-5 The sound spectrograms (0~ 10 kHz) of vertical variation in ambient noise by 6 scales.
Scale refers to Fig. 2-7. A~F, recording sites in Fig. 2-1; a, passing train; b, ¢, cruising small boat.
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Fig. 2-6 The sound spectrogram (0~2 kHz) of vertical variation in ambient noise (0 dB re 1« Pa/Hz"?).
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Fig. 2-7 The sound spectrogram (0~10 kHz) of ambient

noise in a hydrophone depth of 100 m off
Fukuyama (F) (0dB re 1« Pa/Hz"?).

Fig. 2-8 The sound spectrogram (0~2kHz) of ambient
noise in a hydrophone depth of 100m off
Fukuyama (F) (0dB re 1« Pa/Hz"?).
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Fig. 2-9 Frequency histograms of the sound spectrum level
(SL) in Fig. 2-5 and Fig. 2-7 (0 dBre 1 #Pa/Hz"?).
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Fig. 2-10 The sound spectrograms (0~ 10 kHz) of vertical variation in ambient noise by 3 scales (under 60
dB, 60~65 dB, over 65 dB; 0 dB re 1 » Pa/Hz"?).
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Fig. 2-11 The sound spectrogram of diurnal variation in

ambient noise and relationship of the sound
pressure level ([7,0 dB re 1 # Pa) and the number
of snaps (@) to time of day at Yojirou-ga-hama
(G).
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Fig. 2-13 Temporal variation of one week average marine
traffic value.
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Fig. 2-14 Temporal variation of total traffic value by five
vessel styles for 7 days.
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Fig. 2-12 Temporal variation of traffic value crossing on PP’ line from July 22 (10:00), 1997, to August 3 (06:00), 1997.
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Fig. 2-17 Density chart of tracks in the Kagoshima
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Fig. 2-18 Distribution chart of tracks by time zone in the Kagoshima Port.
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Fig. 2-19 Comparison of the percentage of passed boat on three traffic lanes (TL).
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Fig. 2-20 Comparison of the relative frequency of cruising speed for three traffic lanes (TL).
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Fig. 2-22 The sound spectrograms of ambient noise at H~N.
Closed triangles, closest point of approach (CPA) of cruising vessel (0 dB re 1« Pa/Hz"2),
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Table 2-83 Type of passed vessels during the recording

Recording site Vessel No. TCPA™! Vessl's type G/T** Couse CPA*®
H a 12:19 ferry boat(S)** 993 E 04
b 12:27 ferry boat(S) 655 E 0.1
c 12:32 ferry boat(S) 586 W 0.05
J 12:35 fishing boat —*6 N 0.05
d 12:35 cargo boat 498 N 0.1
e 12:47 fishing boat - N 0.05
f 12:65 ferry boat(S) 586 E 0.05
I-1 g 12:17 jetfoil 166 N 0.1
h 12:25 cargo boat 681 N 0.3
i 12:28 ferry boat 2213 N 0.08
12:46 cargo boat 498 N 0.1
-2 j 12:01 cargo boat 498 N 0.1
J k 12:04 ferry boat (T)*® 1498 w 0.1
1 12:13 jetfoil 166 N 0.6
m 12:25 ferry boat(T) 1498 E 0.1
n 12:34 ferry boat(T) 1503 w 0.1
12:38 tug boat — N 0.05
o 12:57 ferry boat(T) 1503 E 0.1
13:04 liner 64 S 0.05
P 13:05 jetfoil 166 S 0.6
q 13:08 ferry boat(T) 1196 W 0.1
13:15 liner 776 N 0.8
K—1 12:58 cargo ship 499 N 0.05
13:06 liner 64 S 0.5
13:07 jetfoil 166 S 1
13:18 ferry boat(T) 1503 w 0.5
K-2 14:06 cargo ferry 903 N 1
14:07 liner 776 N 1
14:14 cargo ferry 2213 S 1
14:15 ferry boat 3392 N 1
14:16 ferry boat(T) - W 05
14:24 cargo ferry - N 1
14:41 cargo boat - S 0.1
L—1 11:10 chemical tanker 499 S 0.1
11:24 ferry boat(T) 1473 E 0.2
11:24 ferry boat(T) 1498 W 0.3
11:26 tanker 355 S 0.1
L-2 11:55 ferry boat(T) 1503 A" 0.3
11:56 ferry boat(T) 1498 E 0.2
12:01 jetfoil 163 N -
M-—1 12:38 ferry boat(T) 1196 w 0.3
12:42 ferry boat(t) 1498 E 0.3
M—2 13:04 ferry boat(T) 1503 W 0.3
13:07 ferry boat(T) 1473 E 0.3
N r 15:39 fishing boat 1297 SE 0.1
s 14:27 fishing boat 860 NW 0.05

TCPA*": time to closest point of approach.
G/T** gross tonnage (ton).

CPA** closest point of approach.
ferry boat (S)** Sakurajima ferry.
ferry boat (T)*® Tarumizu ferry.

—*% no data.



52 BRBREKELMLE  5548% (1999)

150 32 Hz
140

130 -

120 \MWW
110

100

150 63 Hz
140

130
120
110

100
150

140 125 Hz
130
110

100
150

140 250 Hz
130
120 MW\
110

100
150
140 500 Hz

130
120
110

100
150

140 1 kHz
130
120

110
100

1/3 octave band level (dB)

30 40
-y
e f

1

2:48

0 10 20
| a b c d
12:16 Time (min)
Fig. 2-23 Temporal variation of the 1/3 octave band level
(0dBre l1pPa) atH.
Closed triangles, CPA of cruising vessel; fre-

quency, center frequency of 1/3 octave band at
intervals of one octave band (32 Hz~1 kHz).
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Fig. 2-24 Temporal variation of the 1/3 octave band level
(0dBrelpPa) atl.
Legends as in Fig. 2-23.
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Fig. 2-25 Temporal variation of the 1/3 octave band level
(0dBre 1¢Pa) at].
Legends as in Fig. 2-23.
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Fig. 2-26 Temporal variation of the 1/3 octave band level (0 dB re 1« Pa) at K.

Legends as in Fig. 2-23.
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Table 3-1 Principal particulars of Nansei-Maru and recording conditions

Recording site

A B B C

Hull Steel

G.T (Gross tonnage) 8297t

L.. (Length overall) 26.00m

Buu (Breadth moulded) 5.70m

Duia (Mould depth) 2.55m

dmie(Moulded draft) 2.10m

Main engine Diesel/400ps 600rpm 1100rpm 1100rpm 590rpm
Main motor Diesel/70ps 1720rpm 1760rpm
Electric generator 50KV A 1720rpm 1760rpm

Fig. 3-1 Training ship “Nansei-Maru”.
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Fig. 8-2 Map of the recording sites (A~C) of underwater
noise emitted by drifting vessel “ Nansei-maru” in
Kagoshima Bay.
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Fig. 3-3 Recording methods of the underwater noise emit-

ted by drifting vessel “Nansei-Maru”.
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b, = Bsin{wt) (1)

b, = kR sin{w(t+17)) (2)
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Nansei-Maru

Sea surface

__ Direct ray

[ Hydrophone

" Reflected ray

Fig. 3-4 Direct and refrected rays of underwater noise
emitted by a drifting vessel.

0, sound source; Q, hydrophone; d, depth from
the sound source to sea bottom; h, depth of
hydrophone from sound source; At, recording pe-
riod.
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Fig. 3-5 Interference of the two sound waves effected by
variation of transmission distance and frequency.
f, frequency; ¢, difference of transmission dis-

tance; T, term; h, depth of hydrophone.
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Fig. 3-6 The sound spectrogram of interference of config-
ured by Eq. (11).
All inital spectrum level, 0 dB; # = 0.5;d=25m;
c=1500m/s (0 dB re 1 x Pa /Hz"?).
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Fig. 3-7 The sound spectrum of underwater noise emitted
by drifting vessel at A.

O (600 rpm), @ (1100 rpm), harmonics (line
component spectrum) corresponding with main
engine revolution; [J (1720 rpm), with dynamo
revolution (0 dB re 1 ¢ Pa/Hz"?).
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Fig. 3-8 The sound spectrograms of vertical variation in
underwater noise emitted by drifting vessel.
Top, sound spectrum level at B in a depth of 3 m
(0 dB re 1« Pa/Hz"?).
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Fig. 3-10 Calculation method of vibration number of inter-
ference.
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analysis; ¢, power of spectrum.
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Fig. 3-11 Average vibration number of interference in frequency bands.
A\, vibration number of interference obtained by Eq. (16).
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Fig. 4-1 Map of the recording sites (A~D) of underwater
noise emitted by cruising vessel “Nansei-maru” in
Kagoshima Bay.

A~D, anchor positions of recording boat; arrow
lines, course of the cruising vessel” Nansei-maru”.
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Fig. 4-2 Recording method of underwater noise emitted by cruising vessel “Nansei-Maru”.
CPA, closest point of approach; r, distance of CPA.
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Table 4-1 Recording conditions of the cruising vessel

. Speed Main eng. Propeller Generator Depth Hydrophone Closest point
Recording site revolution pitch angle revolution depth of approach
(knot) (rpm) (deg) (rpm) (m) (m) (CPA)
A Full 9.0 1,100 19 1,720 24 5,10,15,20,24 10m
B Full 9.0 1,100 i 19 1,720 70 5,10,20,40,60,70 10m
Full 9.9 1,100 19 1,720 135 10 10m
Half 7.7 1,100 12 1,720 135 10 10m
C Slow 5.3 1,000 7 1,720 135 10 10m
Dead slow 34 1,000 4 1,720 . 135 10 10m
Astem —2.1 1,000 -7 1,720 135 10 10m
~ Full 9.0 1,100 19 1,720 140 10 0.017,0.1°0.2°,0.3’
D Full 9.0 1,100 19 1,720 140 50 0.01,0.170.2",0.3
Full 9.0 1,100 19 1,720 140 100 0.017,0.1°0.2",0.3’
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Fig. 4-3 Geometry of the image problem by surface sound
souce.

h, hydrophone depth; d, depth of water; Q,
hydrophone; O, sound souce; Omn, image souce; m,
reflection number of sea bottom; n, reflection num-
ber of sea surface.
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Fig. 4-4 Direct and reflected rays of underwater noise emitted by cruising vessel.
0, sound source (cruising vessel); Q, hydrophone; Q', CPA to recording boat; r,
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cruising vessel to CPA; |, direct ray; I, ~1;, reflected rays.
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lated by Eq. (26).
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Fig. 4-7 The sound spectrogram of interference configured

by Eq. (26) at hydrophone depth (%) 10 m.
Top, variation of interference level in 300 Hz;
i=6;r=0m; c=1500 m/s; ¢« =0.3.
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Fig. 4-9 Comparison of perpendicular variations of maxi-
mum and minimum interference level with Eq.
(26) by frequency (f).
d=25m; i=6;r=0m; c=1500m/s; # =0.3.
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Fig. 4-10 The sound spectrograms of vertical variation configured by Eq. (26).
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Fig. 4-12 Comparison of sound spectrograms of underwa-
ter noise emitted by cruising vessel for water
depth at A~C.

h =10m; v = 9 knots (0 dB re 1 # Pa/Hz"?).
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Fig. 4-13 Comparison of sound pressure level variation for
water depth at A~C.
h=10m; v=9 knots (0 dB re 1 # Pa).
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Fig. 4-15 Comparison of sound spectrograms of underwater noise emitted by cruising vessel for hydrophone depth.
Top five figures, d=24 m (B); bottom six figures, d=70 m (C); h, hydrophone depth (0 dB re 1« Pa/Hz"?).
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Fig. 4-16 Comparison of variations of sound pressure level
by cruising vessel for hydrophone depth at A
and B (0 dB re 1 # Pa).
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. 4-17 Comparison of the sound spectrum of underwa-
ter noise emitted by cruising vessel for cruising
speed at C.
1=50m (0dB re 1 xPa/Hz"?).

Fig. 4-18 Comparison of sound sprctrograms of underwater noise emitted by cruising vessel for speed at C.
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Fig. 4-19 Comparison of variations of sound pressure level by cruising
vessel for cruising speed at C (0 dB re 1 2 Pa).
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Fig. 4-20 Comparison of sound spectrograms of underwater noise emitted by cruising vessel for CPA at D.
h, hydrophone depth (0 dB re 1 # Pa/Hz"?).
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Fig. 4-21 Comparison of sound pressure level variations
for CPA at D (0dB re 1 ¢ Pa).
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Fig. 5-1 Location of the Hayato culture ground (A) and
recording site (B) of ambient noise.

Table 5-1 Fishes of which swimming sounds were recorded
in respective net cages

Species Body weight(g) Individual number
Pagrus major 1,500 10,000
Seriola quinqueradiata 1,500 3,000
Seriola lalandi 170 7,000
Seriola dumerili 650 6,000
Tokifugu rubripes 600 5,000
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Fig. 5-8 Period-frequency spectra of swimming sounds.
Prax, the maximum power level (V?) in a period.
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Fig. 6-4 Fitting method of bipolar electrode and Piezoelec-
tric sensor to the test fish.
PS, Piezoelectric sensor; BE, bipolar electrode;
SA, to signal analyser, ES, from electric shock
generator; EC, to Electrocardiograph.
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Fig. 6-5 Sound wave forms of each frequency pro-
jected at the fish hold position.
The sound pressure level, 110dB (0dB re
1 #Pa).
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Table 6-1 Classical conditioning and measuement

Experiment 1

Experiment 2 Experiment 3 Experiment 4

tilapia tilapia, bastard halibut ~ bastard halibut  bastard halibut
Preparation Operation X X X
Recoverning interval (h) 0 0 S0
Conditioning Conditioning stimulus Waveform Tone burst Tone burst Tone burst Tone burst
(sound) Frequency Same as measurement Same as measurement 100 Hz 100 Hz
frequency frequency
Sound pressure level (dB) 130 130 130
Continos time (s) 1 1 1
Unconditioning stmulus Amplitude DV2a20Vv DC15V DC15V DC15V
(Electric shock) Continos time(s) 0.1 0.1 0.1
Delay form conditioning stimulus (s) 0.1 0.1 0.1
Method Number of times 7 7 7
Conditioning interval {min) 5 5 5
Rest (h) 1 1 1
Measurement Conditioning stmulus Waveform Tone burst Tone burst Tone burst Sweeping sound
Frequency 100Hz—1.5kHz 200Hz— 1kHz 70—500kHz
First sound pressure level 80—95dB 67—92 dB Estimated threshold—5 dB
Continos time (s) 1 1 20

Method Projection Ascending method Ascending method Up-down method Up-down method
16 steps 20 steps
Rate of increase 2.5 dB/times 2.5 dB/times 2.5 dB/times
Interval (s) 30 60 60

Electrocardiogram Respiratory activity Respiratory activity Respiratory activity
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Fig. 6-6 Method of auditory threshold of determination.
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Fig. 6-7 Projecting method of sweeping sound (1 kHz— >
100 Hz), and relation between the audiogram of
bastard halibut (bold solid line) and sound pres-
sure level's curves (solid lines) of sweeping
sounds for five sound steps (0 dB re 1 ¢ Pa).

Table 6-2 Sweeping speed of sweeping sound

Sweeping start frequency Sweeping end frequency ~ Sweeping speed
(Hz) (Hz) (octave/20 s)

400 200 1

300 100 12/3

400 100 2

500 100 21/3

600 100 22/3

800 100 3

1,000 100 31/3

1,600 100 4
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Fig. 6-8 Acoustic characteristic of water tank in acoustic
chamber.
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Fig. 6-9 Background noise level for measurements of audi-
tory threshold in Japan (0 dB re 1 x#Pa/Hz"?).
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Fig. 6-10 Respiratory activity measured by the piezoelec-
tric sensor.
Top, respiratory activity of a resting test fish;
mid, respiratory activity of a conditioned test
fish respond to sound projected (130 dB); Max,
maximum amplitude during 10s before the
sound projection.
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Fig. 6-11 An examples of conditioned responses in the
respiratory activity and ECG recorded by simul-
taneous measurement.
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Fig. 6-12 Conditioned respiratory responses of the tilapia
to sound stimuli.

@, response in respiratory activity; the bar “—”,
auditory threshold. Projected sound pressure
level was increased by 2.5dB 20times at an
interval of 30 s. The right hand figure compares
the response in respiratory activity “4” and ECG
“>” at 300 Hz (0dB re 1 #Pa).
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Fig. 6-13 Comparison between auditory threshold values
obtained by the piezoelectric sensor “O” and an
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The dodted area indicates the range of auditory
threshold by ECG (0dB re 1 # Pa).
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Table 6-3 Individual auditory threshold for tilapia Table 6-4 Individual auditory threshold for bastard halibut
Total length Frequency (Hz) Fish No Frequency (Hz)
(cm) 100 200 300 500 700 1,000 1,500 ) 70 100 150 200 300 400 500
24.0 109.0 104.0 1005 a 96.5* 89.2 949 1033 118.0 119.0 1175
24.0 1175 103.5 b 101.2 854 91.1 94.7 108.2 1098 111.1
195 110.5 1320 c 99.1 91.7 1045 1033 113.1 1145 115.1
19.5 100.0 1165 117.0 1195 d 965 966 97.3 1009 101.0 1122 1128
16.0 1135 102.0 1195 e 1094 99.1 1045 984 1034 116.7 1104
17.9 ) 1120 f 109.4 101.5 102.1 103.3 1058 116.7 115.1
185 107.5 100.5 110.0 116.0 g 965 94.1 925 1009 1010 1145 1198
215 107.0 1175 1170 121.0 Disparity 129 161 134 86 17.0 9.2 9.4
22.0 109.0 115.0 126.0 Medium value 99.1 94.1 97.3 1009 1059 1145 115.1
16.0 101.5 1220 1140 Background go o 471 438 427 459 402 387
225 100.0 113.0 85.0 noise level
22.0 109.0 99.0 *!I: Threshold in dB (0 dB re 1« Pa).
16.0 1145 *2: Background noise level in dB (0 dB re 1 # Pa/Hz"?).
19.0 109.5
19.0 109.5
19.0 1145
21.0 1115 984 106.0 1140 1195 1125
21.0 1135 1105 1045 1195
17.0 114.0 119.0 98.0 109.5
215 1145 104.0 1005 1120 1150 1125
Medium value 109.0 104.0 1035 113.0 1150 117.8 1120
Thresholds in dB (0 dB 1 x« Pa).
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Fig. 6-15 Individual auditory thresholds (QO) and audi- Fig. 6-16 The audiogram (solid line) of tilapia.
ograms (solied line) of tilapia (0 dBre 1 # Pa). O, individual auditory threshold; @, median of

individual auditory thresholds (0dBre 1 u« Pa).
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Table 6-5 Rate of increase of auditory threshold in bastard

halibut
Frequency 100Hz~300Hz 300Hz~400Hz
.band Increase Rate of increase Increase Rate of increase
FishNo. (dB) (dB/octave) (dB) (dB/octave)
a 28.8 17 1.0 3
b 22.8 14 1.6 5
c 214 13 14 4
d 44 3 11.2 34
e 4.3 3 13.3 40
f 4.3 3 10.9 33
g 6.9 4 135 41
Unit in dB (0 dB re 1« Pa).
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Fig. 6-17 The audiogram (solid line) of bastard halibut.
O, individual auditory threshold; @, median of
individual auditory thresholds (0 dB re 1 xPa).
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Fig. 6-18 The audiogram (solid line) of Japanese horse
mackerel.

O, individual auditory threshold; @, median of
individual auditory thresholds (0 dB re 1 xPa).
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Table 6-6 Each measuring value and medium value of auditory threshold by the sound stimulus from dorsal and

lateral direction

Direction of Frequency Auditory threshold Medium
sound stimulus (Hz) (dB*) value
from dorsal direction 70 96.7 101.3 101.7 1026 106.3 1082 113.7 1179 104.5
100 86.0 954 96,5 1008 1029 96.5
200 875 938 957 101.2 1035 1149 1149 101.2
300 958 1004 1004 1004 100.4
500 746 851 889 900 923 946 1014 1056 1105 115.0 934
700 793 815 86.1 895 91.7 917 940 1006 1028 107.3 107.3 91.7
1,000 81.0 822 837 846 846 846 869 909 91.7 941 1107 84.6
1,500 670 730 750 770 87.0 75.0
from lateral direction 600 771 771 896 945 97.0 89.6
1,000 734 784 809 935 96.0 80.9
1,500 76.7 792 841 89.2 91.7 84.2
2,500 81.1 81.1 86.0 885 1082 86.0
3,000 97.1 1094 1143 1193 121.7 114.3
*Threshold in dB (0dB 1« Pa)
FOH4E, 1kHz T 80.9dB & 7 - 72, 300Hz Tl JH
Start Sweeping start Sweeping end

SEEAS 100.4dB & ML LB 5 Ly, 500Hz
~ 2kHz OEBHTIIEEREIE L C RVEIA A S
niz,

644 XA —TBIIHTBIESADRIS

B UHABRRICEbR S A DL —FE (600
Hz—100Hz) 25 % KIGHI% Fig.6—19 2R3, 22
T S5dBHB TS BREDORE T XTI L, A4 =7
BA4GT 8 ~15%0 (388Hz~221Hz) ¥ — 7 MR OEE
PROLN, ThibesriE, P—rN—2+F
[ L&D ICHeE ot LT b BT PICET
IR OIESEL B Z Edhdolze RIZAL —T&E
ECK T 524 — THEP S EORG T TCORM & ME
LERARBOBBRE Fig.6—20 12573 F, L)AL —
TEHIIXT B S, 200Hz~400Hz R 1289% A328 b
bR, AL —TREPENEE, RSB b5 EEHIC
EEEPRE CHb 2, SHICMELREREEFE
D% Fig.6—21 12583 F, AL —TE2HVHE,
MELREEMEEEOBRIEA T4+ 7T 6 ERAL
HEERE Lok, TRIZAL —THEDOBZEL NIV E
KEAT—EL LD LI BT 4= FNy 7 BIOWMEHR
O L Lo z/odT, FOoHABEREL
ETIERL, BEERLEZBRML TV 2TREL 55,

6.5 £ =

1) BEOF—F1FT 5L
BHOFERICET A58, FIE2FoOFER LT
LIAThNLTWa, FIZITEENEPERI LT RN
EFEADT 1 SETY RTF A9 TiX, ZO0TEE Ik
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Fig. 6-19 Examples of conditioned response to sweeping
sound in the respiratory activity measured by
the piezoelectric sensor.

A, response point.

HHiBAAS 1.5kHz BT Cd b, Zhiont LE & N 45
AN BEADT X a™ %, W E R HE A 50
Hz~ 5kHz L Ji <, #&/PBfE D 500Hz T 80dB & K\,
COL)IHEEIIBVTEVRE L ILFEIEYET 54
IT—HICEE A~ ¥ 1) 2 b (hearing specialists) &
Wb, FEICL)EELCECIRE RS AEIC
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Fig. 6-20 Relation between the response time to sweeping
sound and sweeping speed.
Solid lines, eight sweeping speed; @, response
time,

Table 6-7 Summary of reported threshold data in marine teleosts

k& 1X, Hawkins and Johnstone (2 & % Atlantic
salmon,® Chapman and Sand'? |2 X % Pleuronectes
platessa & Limanda limanda, B X UHES™ (2L 5T
RATVADF—FT 144+ 7F45E, Karlsen and Sand™
12 & A Pleuronectes platessa & Atlantic salmon @ 8
R IS 2 s & A7, Table6—T7 IZHBER
i 3T L EEAABOBEREFGEOMELRT, 2L 2
IETRRMEAY 100dB LA O JB] i £ BH % M40 & F AT
W42 &, Pleuronectes platessa, Limanda limanda™?
EIABIP AT LA p EOBEMRZ, T,
Y A6 5 51 I35 (R 3 v Clupea harengus'™
G EOFBAILAFRNZ EDr 5,

Sound step No

130 o S
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Fig. 6-21 Relation between the responded frequency and
sound pressure level to sweeping sound.
Bold solid line, audiogram of bastard halibut;
dotted area, range of auditory threshold (0 dB re
1pxPa).

Measurement frequency

Frequency range

Greatest sensitivity

Species range(Hz) below 100dB* (Hz) frequency (Hz) Reference
Paralichthys olivaceus 70—500 70—150 100
Pleutonectes platessa 30—250 110—160 110—160 Chapman & Sand, 1974
Limanda limanda 30—250 110—200 110—160 Chapman & Sand, 1974
Trachurus japonicus 70—3000 100,500 —2500 1000—1500 Chung et al., 1995
Pagrus major 50—1000 100—500 200 Ishioka et al., 1992
Gadus morhua 30—470 —470 60—380 Chapman & Hawkins, 1973
Clupea harengus 30—8000 —2000 100 Enger, 1967

*Unit in dB (0dB re 14 Pa)
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—&— Tilapia niloticus, Fujieda et al. 1995
—8— Paralichthys olivaceus, Fujieda et al. 1996
—&— Trachurus japonicus, Chung et al.1995
—{—Pagrus major, Ishioka et al. 1988

—A— Pleuronectes yokohamae, Zhang et al. 1998
—O—Theragra chalcogramma, Park et al. 1995
—X—Sebastes schlegeli, Ishizaki et al. 1992

Fig. 6-22 Comparison of the audiograms of fish by recent
studies (0 dB re 1 ¢ Pa).
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Fig. 7-1 Fish-weighting characteristic of bastard halibut for underwater noise emitted by cruising vessel.
Spectrogram data, Fig. 3-2, C;d=24m; h=24 m (0 dB re 1 ¢ Pa).
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Fig. 7-2 Fish-weighting characteristic of red sea bream for underwater noise emitted by cruising vessel.
Spectrogram data, Fig. 3-2,C;d=24 m; h=20m (0 dB re 1 # Pa).
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Fig. 7-3 Fish-weighting characteristic of Japanese horse mackerel for underwater noise emitted by

cruising vessel.

Spectrogram data, Fig. 3-1,C;d=24m; h=15m (0dB re 1 # Pa).
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Fig. 7-4 Comparison of underwater nosie level variation by
frequency weighting characteristics for auditory sensa-
tion of bastard halibut and red sea bream.
Sound data, C (Fig. 42); d=24 m; h=20 m (0 dB re 14 Pa).
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Fig. 7-5 Comparison of 300 Hz spectrum level of cruising
noise [l and 300 Hz soud pressure level calculated
by Eq. (26).

Initial level of calculation, 150 dB (0 dBrel1 ¢ P
a/Hz"); p =05; d=24m; h=20m; r=10m; ¢
=1500 m/s; exponential curve, spherical spread-
ing propagation with equation (150 - 20 Logio).
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Fig. 7-6 Comparison of interference level calculated by Eq. (9).
Interference level, 1/3 octave band level; frequency, center frequency of each 1/3
octave band; # =0.5;d=26 m, c=1500 m/s (0dB re 1 # Pa).
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Fig. 7-7 Fish (bastard halibut) weighted spectrogram and
underwater noise level variations by broad band
noise in shallow water,

All initial spectrum level, 0 dB (0dB re 1 « Pa/
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Fig. 7-8 Fish (red sea bream) weighted sound spectrogfam
of underwater noise for diural variation off
Yojirou-ga-hama (Fig. 2-1, G) (0dB re 1 x« Pa/
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