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Fig.2-5 Difference of the pressure level in case of flat bottom and that including a
seamount as a parameter of the seamount height. A seamount is arranged at
the range of 100 km from the sound source. Height of seamount is1000m(a),
1500m(b), 2000m(c), 2500m(d) and 3000m(e). Sound source is set on the
channel axis depth of 1000 m, the frequency of the sound is 50 Hz.
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Fig.2-5 Difference of the pressure level in case of flat bottom and that including a
seamount as a parameter of the seamount height.(Cont.)
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300(b) and 400 km(c). The height of seamount is 1000m.
Sound source is set on the channel axis depth of 1000 m, the
frequency of the sound is 50 Hz.
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Fig.3-2 Waveform and frequency spectrum of atone burst wave.
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Fig.3-11 Received pulsefor 5-cycle source pulse at 3000 km.
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Fig.3-14
A /20 A /24(Fig.3-14 (@)) M /20(Fig.3-
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55 Hz 7000 km A/
8 A /20 A /24
3.3.2
A /36
6800 km 7000 km 1 km
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Transmission loss (dB)

Transmission loss (dB)

-110+

115+

| V;VV 1l

-120

-70

-75 A o f F
i

L WY ' 'a\j |! H\w“ |

-90

_95 -

6800 6840 6880 6920 6960 7000
Range (km)

Fig.3-13 Propagation loss curves of range from 6800 km to
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Table 3-1 Standard deviation of each step size.

Horizontal step size

A /2 A /4 A /8 A /12 A /16 A /20

A /4 7.2480  6.2712  7.2350  7.7589  7.7352  7.7361

A /8 7.2359 6.3842 5.7890 5.6100 5.5629 5.5580
o A /12 6.8960 6.0686 5.5851 5.4107 5.3467 5.3379
g A /16 7.5999  5.9918  5.2181  5.1058  5.1267  5.1212
2 A /20 7.7149  6.1205  4.9832  4.5911  4.5779  4.5785
< N /24 6.7130  5.7633  4.3235  4.2475  4.2377  4.2355
T\ /28 7.4304  5.4153  3.5977  2.9254  2.7803  2.7589
> A /32 7.4105 4.8432 1.9408 1.6333 1.4522 1.4245

A /36 7.3566 4.7708 1.9408 0.3939 0.0569 -

Table 3-2 Cdculation time of each step size.
(sec)
Horizontal step size
A /2 A /4 A /8 A /12 A /16 A /20

A /4 254.47  530.50  982.37 1714.66 2285.21 2451.07

A /8 497.52 1043.33 1916.03 3363.26 4501.81 4789.07
8 A /12 751.13 1549.47 2877.66 5037.06 6731.59  7150.07
o A\ /16 1000.83 2067.17 3891.49 6720.66 8951.79 9668.76
% A /20 1255.37 2597.35 4873.00 8416.11 11394.81 12121.59
S A /24 1512.83 3139.03 5819.74 10238.50 13586.91 14582.00
E A /28 1752.57 3630.85 6724.40 11794.98 15810.59 16873.96

A /32 1993.01 4155.69 8693.74 13456.25 17912.21 19124.97

A /36 2260.57 4715.00 8775.98 15343.54 20469.24 21909.13
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Hz 7000 km 2200
A /8 A /20 7000 km
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2 10
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Fig.3-15 Received pulse of 6 cycles sound source.
(a8 Range: 4000km H:A /2 VA /4
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oy +2|koa‘f 8"’+|<0(n Dy =0 (3.10)

[8]
8 / 1 0

Pzg . Q= koaz (3.11)
Eq.(3.10)

(P+ik, =ik Q)(P+ik, +ik,Q)y —ik,[P,Qly =0 (3-12)

[P,Qly = PQy —QPy

1 2 3

3
Py =ik,(Q-1y (3.132)

0 1 0°
a_lf"k()(\/ o7 1]"’ (3.130)

1 0°

e=n"-1, “:EQ’ g=¢+u (3.14)
Q Eq.(3.11)
Q=41+q (3.15)
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Fig.3-17 Sound speed profile from Ogasawarato Hawaii.

54

Chen and

1000



Eq.(3.1) Munk €

163.5 27.5
SOFAR € =0.0095 € =0.00575
SOFAR € 0.0085, 0.0090, 0.0095, 0.0100, 0.0105
SOFAR 5
2000 m Fig.3-18

1536.25, 1539.50, 1542.75, 1546.00, 1549.25 m/s

5500 m 1549.25 m/s
€ 0.0105
Eq.(3.4) Fig.3-18
(1000 m) 6216 km
55 Hz 8
S(w)

400

800

Depth (m)

1200 ||

1600

2000 i L L L
1480 1490 1500 1510 1520 1530 1540 1550

Sound speed (m/s)

Fig.3-18 Munk-type sound speed profile used ssimulation.
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Fig.3-19 Tone burst wave and frequency spectrum of source sound.
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Fig.3-20 Transmission loss of Tappert and Clearbout.
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Fig.3-21 Transmission loss of Tappert, Clearbout and LSS mode.
Solid line:Clearbout, Dotted line: Tappert, Broken line: LSS model

58



c,=1509.0 [m/q]
0.7 ‘I ¢,=1505.0 [m/g]
8 06- | . |Ill )
2
é o0 1500.0 [m/9]
c= ) S
< 04 °
0.3 bbb bbb kb d kb ddd H||“|H]
02" 1 ¢,=1495.0[m/g]
0.1}
. Ao bbbk bbb LdLdLLLALLLL
0 5 10 15 20 25 30 35 40
Time(s)
Fig.3-22 Received pulse when value of k;was changed.
Munk
Fig.3-18
5 Munk K,
Ko

ks
0.0095, 0.0100, 0.0105
1509.230, 1509.392, 1509.776 m/s Fig.3-23
0.0090, 0.0095, 0.0100, 0.0105
4160 0
€ € =0.0105
£ SOFAR
€ =0.0085 £
SOFAR
SOFAR
1509.0 m/s

59

€ =0.0085, 0.0090,
c,=1508.908, 1509.070,
€ =0.0085,



Amplitude

0 5 10 15 20 25 30 35

Time(s) (+4160s)

40

=0.0105

=0.0100

=0.0095

=0.0090

=0.0085

Fig.3-23 Received pul ses corresponding to sound speed profileof Fig.3-17.
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Fig.3-24 Received pul ses corresponding to sound speed profile of Fig.3-17. ¢ is

average speed of each sound speed profile.
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4.1

(Fig.4-1)
[1-3] 30 m 150
B.m. intermedia
1964 1000
2003

90 [4]
(Bule whale) (Fin whale)

(Minke whale) (Gray whale) (Bryde’ s whale)

(Humpback whale) 30

Blue Whale
Length: 25-26 m, Weight: 100-120 ton

Fin Whale

Length: 19-20 m, Weight: 40-43 ton

Minke Whale
Length: 8 m, Weight: 5-10 ton

Humpback Whale
Length: 13-14 m, Weight: 30 ton

e

Gray Whale Bryde's Whale

Fig.4-1 Baleen whales.
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4.2
Fig.4-3
20
1 ( 111 km)
2000 m 250 m

[>-8]

6 60.5
4532 km
Fig.4-4
45 (Levitus Data)
1500 m 100 m
2000 m 500 m

Prince Williams

Revilla N
Gigedo Is.

(Fig.4-2)

150

[9,10]
1500 m

Fig.4-2 Baleen whales migration.
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Fig.4-3 Propagation path(Distance 4532km).
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Prince William Sound Hawaiian ocean
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Fig.4-4 Sound speed profile in a propagation path.
(46 profiles about every 111km)
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PE D.Lee and M.H.Schultz

[11]
4500 km Hz 100 Hz
1000 m
Im 1 km Im
Fig.4-5 Table 4-1
Fig.4-6 NOAA  SOSUS
[12] 20 40 Hz
Transmitting area Receiving area
Prince WiI!iam Sound 4532 km Hawajifm ocean
(The sound fields were calculated for every 1m at distance)
Depth™ "= = "= = ._ € _ __ _
Soundchanne \ T TTTr =i mimia ivi
axis Cylindrical >3 Resving
spreading (The sound fields
. were calculated for
Sound speed profiles sope every 1m on depth)

(46 profiles every 100km)

‘Illlllllllllllll

A
Under thte—blttom 1km 1600 m/s

A

Fig.4-5 Simulation conditions.

8 &

Frequency (Hz)
N
o

Time (s)

Fig.4-6 Frequency spectrum of blue whale call.
(http://mww.pmel .noaa.gov/vents/acoustics/specs whales.html)
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4.3

Fig.4-7(1)
1000 km
1000 km 800 m
Fig.4-7(2)
U
100 m
Fig.4-7(a) ( fc=20 Hz)
( 4532 km) 100 m 76 dB(re 1p Pa)
Fig.4-7(b) (fc=22 Hz) 77 dB(re 1p Pa) Fig.4-
7(c) (fc=100 Hz) 82 dB Fig.4-7(d) (fc=110 Hz) 85
dB Fig.4-7(e) (fc=128 Hz) 87 dB
Fig.4-7(f) (fc=178 Hz) 93 dB
[13]
4.4
Table 4-1 [14-19]
PE (L)
(RSL) 188 dB(re 1y Pa)
(SL) 0.46 dB(0.0001 dB/kmx 4532 km)
(RSL)  Table 4-1 [20]
RSL=SL-TL=188-77-0.46=110.5 dB (re 1p Pa)
Table 4-1
S/N  (SNR) 20 200
Hz (NL) 70 dB/V Hz [21] (Bw)
(SPL)
12 Hz SPL

SPL=NL+10log(Bw) 70+11=81(dB).
S/N  (SNR) (RSL)
SNR=RSL-SPL=110.5-81=29.5(dB).
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0 1000 2000 3000 4000 4460 4480 4500 4520
Range (km) Range (km)

(&) Fin whale (fc=20 Hz)

0 1000 2000 3000 4000 2460 4480 4500 4520
Range (km) Range (km)

(b) Blue whale (fc=22 Hz)

1000

-100

4000

5000

0 1000 2000 3000 4000 4460 4480 4500 4520
Range (km) Range (km)

(c) Mink whale (fc=100 Hz)

(1)Range: 0-4532 km (2)Range: 4460-4532 km
Fig.4-7 Simulated results of attenuation loss.
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Depth (m)
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4480 4500
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(d) Gray whale (fc=110 Hz)

Depth (m)

2000 3000 ’ 4460 4480 4500 4520
Range (km) Range (km)

(e) Bryde'swhale (fc=128 Hz)

0 1000 2000 3000 4000 4460 4480 4500 4520
Range (km) Range (km)

(f) Humpback whale (fc=178 Hz)

(1))Range: 0-4532 km (2)Range: 4460-4532 km
Fig.4-7 Simulated results of attenuation loss.
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S/N Table 4-1
10 Hz Hz
[21,22]

)
S/N 0 dB

[23] S/N

Table 4-1
S/N 20 dB

SN -30 dB

4.5

300 m
SOFAR
Fig.4-8 @) (b)
25 Hz
4500 km
Fig.4-8(a)
300 m
Fig.4-8(b) 500 m
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Fig.4-8 Simulated results of attenuation loss (25Hz).
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5.1

[9-13]

[8,16,17] 2
[20] wvarying density model[21]

[22] Rogers
Gillette

[1]

[5]

[7.8]

[7,14,15]
[18,19]

75

Wedge

[2]
[3.4]

[6]

Oceanic wedge

Consolidated sediment model

Collins

[23]



[24]

PE  [25]

[26-28]

5.2

Fig.5-1
(h=20 [n])

10 km

Table 5-1 Table 5-2 Table 5-3

1 0.1 0.2 dB

20 500 Hz
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Range (km)

0 5 910
Source | Water layer | |
®
h,c.p 4
—~ 1 H ! 20m
E Sediment layer; e
= g et
o hy,Cup i -7
a P
-------------- (01
Basement half space Thickness
hy o P 3 Sound speed: ¢
Density: p
\ 4

Fig.5-1 Propagation model with asediment |ayer.

(&l
Fig.5-1 10 km 10 m
A /2 A4 A
PE
[29]
[30]
PE [31] 100 Hz
C1’ p 17

Fig.5-1
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Table5-1 Parameter of propagation model without sediment layer

Water Layer | Sediment Layer Basement
Thickness [m] 5-20 0 [
Density [kg/m?] 1000 - 1500
Sound speed [m/g] 1500 - 1600
Attenuation [dB/A ] 0 - 0.1

Table 5-2 Parameter of propagation model with sediment leyer

Water Layer | Sediment Layer Basement
Thickness [m] 5-20 20 [
Density [kg/m?] 1000 1500 1700
Sound speed [m/g] 1500 1600 1700
Attenuation [dB/A ] 0 0.1 0.2

Table5-3 Parameter of propagation modd with various sediment layer

Water Layer | Sediment Layer Basement
Thickness [m] 5-20 5-30 [
Density [kg/m?] 1000 1500 1700
Sound speed [m/g] 1500 1550 - 1700 1650 - 1800
Attenuation [dB/A ] 0 0.01 0.1




¢,=1500, c,=1600, c,=1700 [m/s], p ,=1000, p ,=1500,
p ,=1700 [kg/m*], B =0, B ,=0.1, B ,=0.2 [dB/A ], h=20, h=20, h=0 [m]

PE
A /2 A /4
A /10
PE 5 km dB
A /10 9 km
dB PE
9 km A /20
100 Hz
5.3
h,=0 [m]
500 Hz Fig.5-2 Table
5-1 -15 -20 dB -35
dB
2 km
5 km
8 km
400 Hz
Fig.5-2 6 km
300 Hz 8 km
100 Hz Fig.5-3
5 km
50 Hz
() [32]
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La« M"l l

Range (km)

Fig.5-2 Distribution of propagation |osswithout sediment layer.
Freguency; 500 Hz.

£ 4
£
o3
a |
&0 | 1| i
l1 .
D |
jloJim———— B[S B
0 2 8 10

Range (km)

Fig.5-3 Distribution of propagation losswithout sediment |ayer.
Freguency; 100 Hz.
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(2n-1c,

an =
AH 1- (21 c?) G-

c, c, n H Fig.5-
2 2 3 4
fc,=107.8, fc,=161.6, fc,=215.5 Hz 200 Hz 1 3
5.4
5.4.1
Fig.5-1 1
Table 5-2
500 Hz Fig.5-4
2 km
69.6
5 km
400 Hz Fig.5-4 300 Hz
8 km
200 Hz
100 Hz Fig.5-5
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Fig.5-4 Distribution of propagation loss. Frequency; 500Hz, Thickness of
sediment layer; 20 m, Sound speed of sediment layer; 1600 m/s.

Depth (m)

Range (km)

Fig.5-5 Didtribution of propagationl oss. Frequency; 100Hz, Thicknessof sediment
layer; 20 m, Sound speed of sediment layer; 1600 m/s.
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5.4.2

Fig.5-1 Table 5-3

5
5m 1550 1700 m/s
m/s 100 m/s
300, 200, 150, 100, 50 Hz 20 Hz 6
300 Hz Fig.5-6 Fig.5-7 Fig.5-6
Fig.5-7
10 km
Fig.5-8
5 30 m 5m 4.5 m
10 dB
5 Fig.5-7
150 Hz 200 Hz 300 Hz
100 Hz Fig.5-9 Fig.5-10 Fig.5-9
Fig.5-10
9 km
4 m Fig-5-11
1550, 1600, 1650 1700 m/s
20 m
dB
6 km
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30 m
50

1550 m/s
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Fig.5-6 Distribution of propagation |loss. Frequency; 300Hz, Thickness of
sediment layer; 5m, Sound speed of sediment layer; 1550m/s.

Range (km)
Fig.5-7 Distribution of propagetionloss. Frequency; 300Hz, Thicknessof
sediment layer; 30m, Sound speed of sediment layer; 1700nV/s.



(gp) sso| uossiwsue. |

Range (km)

Fig.5-8 Horizontal level of propagation loss at the depth of 4.5m. Frequency; 300Hz,

Sound speed of sediment layer; 1550m/s. Each curve displayed 10dB shift and

correspondsto the depth of asediment layer 5,10,15,20,25,30m from the top.

6 dB

9 km

Fig.5-11

9 km

50 Hz

Fig.5-12

5 km

100 Hz

50 Hz

50 Hz

20 Hz

5.5
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0 2 4 6 8 10
Range (km)
Fig.5-9 Distribution of propagation loss. Frequency; 100Hz, Thickness of
sediment layer; 5m, Sound speed of sediment layer; 1550m/s.
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Fig.5-10 Didtribution of propagation | oss. Frequency; 100Hz, Thickness
of sediment layer; 30m, Sound speed of sediment layer; 1700m/s.
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Transmission loss (dB)

. i i ;
%% 2 4 6

Range (km)

Fig.5-11 Horizontal level of propagation loss at the depth of 4m. Fregquency;
100Hz, Thickness of sediment layer; 20m. Each curveisshift 10dB and

corresponds to the sound speed to the sediment layer 1550, 1600, 1650
and 1700 m/sfrom thetop.

Range (km)

Fig.5-12 Distribution of propagation loss. Frequency; 50Hz, Thickness of
sediment layer; 10m, Sound speed of sediment layer; 1600my/s.

87



Fig.5-1 Table 5-2

1 10 Fig.5-13
Fig.5-13 400 Hz 200 Hz
100 Hz 400 Hz 1 4
5 9
5
1 6
2
200 Hz 3 100
Hz 2

(<< | e
10 -
| !
r' :
' ]
wo | ] -
\ [
£ 40 Y —
c. | ah
B ]
g :
60
70+ 1
8o}
90
100
o 1 2 3 4 5 6 71 8 9 10 11

Mode number
Fig.5-13 Mode pattern in shalow water with sediment layer. Thickness of
sediment layer; 20 m, Depth of sound source; 10 m.
Solid line; frequency 400 Hz
Dash-dotted line; frequency 200 Hz
Broken line; frequency 100 Hz
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c 0 1 P
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Sediment |
c, Basement half space Ps
Fig.5-14 Modeequivaent ray of sediment layer.
[32]
Fig.5-14
A B 2(n-Dmt  n:
sn’g,—(cc/c
tan(Zﬂf H, 00502]: pz\/ ,— (6 /c) 5.2)
G, p3\/1—Sin292 )
Fig.5-1 Table 5-2 87.5
77.1 90
87.5 1 5
[33]
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10

200 Hz 100 Hz 3

[34]

Mz — BH, —arctan| 2P2 tan(p,H, +¢2)}=o

2P1

Baps

g, =arctan—=—= | B2=p’/c’-a® , B,=I
2 ﬁgpz ﬂ ﬂ3 ﬂS
a B n
Eq-(5.3) Fig.5-15 c,
) Eq.(5.3) y=0
1 4

5.6

90

(5-3)

[35]

300 Hz

Fig.5-15



[36]
[37]

A /4
[38]

A /10
(FDTD: Finite Difference Time Domain) [39]
Fig.5-1 Table 5-3 Fig.5-11

i&\\ﬁ\

20

Vaueof characteristicequation

1 1
1 1.05 1.1 1.15

Normalized horizontal phasevelocity (v/c))

Fig.5-15 Phasevelocity curvefor m=1to 11 mode, for three layerswave
guidecong sted of water layer, sediment layer and basement ha f space.
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20 Hz
Fig.-5-16 Fig.5-11
Fig.5-11 Fig.5-16
Fig.5-16
5.7
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Fig.5-16 Horizontd leve of propageationlossby thefinitedifferencetimedomain

method. Frequency; 100Hz. Each curveisshift 10dB and corresponds

to the sound speed to the sediment layer 1550, 1600, 1650 and 1700 m/
sfromthetop.
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6.

3]

al.

1

[4]

3700 km
3250 km
3515 km 5171 km

[1-

J. L. Spiesberger et al.
[5] P. F. Worcester et

[6]1 K. E. Wage et al.

[7]

Time Fronts

Time Fronts

SOFAR 6
SOFAR
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Levitus
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Fig.6-1 Simulated paths in west pacific ocean.
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Millero

6.3
6.3.1

111 km

[°]
2 m/s

Time Fronts

p(r,zt) = ijw S(w)p(r,z,w)e “'do
21 v~

S(w)

1000

2000

3000

Depth (m)

4000+

5000

600?

(r.2)

p(r, z,0)
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Fig.6-1

Levitus

[8] Chen and
Fig.6-2

[10]

(6.1)
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Fig.6-2 Sound speed profile of path-2(Ogasawara - Hawaii).
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2200

3
A /8 A /20 [3]
Fig.6-2
Munk
6
6212 km SOFAR 1000 m
Fig.6-4 SOFAR 3
6.3.2 Time Fronts
SOFAR

08+ ; -

Amplitude

0.4}

0 5 10 15 20 25 30 35 40
Time (s)

Fig.6-4 Received pulse of Munk-type profile at range of 6216 km.
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Time Fronts Munk
Time Fronts Fig.6-5
6.8 m 733

arrival pattern

6.4
Time Fronts
Time Fronts
Path-1( - )
Fig.6-6 (a) Time Fronts(b)

5106 km 120 m
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Fig.6-5 Time Fronts of Munk-type profile at range of 6216 km.

100

6000 km



Path-2( -

Fig.6-7

5000 m
30

Path-3(
Fig-6-8
2537 m

4592.6 m
SOFAR

Path-4( -

Fig.6-9

1500 m

Path-5( -
Fig.6-10

209 m

)
(a) Time Fronts(b)

393

4566 m SOFAR

Time Fronts

- )

(a) Time Fronts(b)

6993 km

Time Fronts

)
(a) Time Fronts(b)
1517 m

(a) Time Fronts(b)
2950 m

101

Time Fronts 3000 m

m
6216 km
Time Fronts

Time Fronts

888 km

7104 km 48 m

1000 m
SOFAR

Time Fronts

Time Fronts 3000



Path-6( - )
Fig.6-11 (a) Time Fronts(b)
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Fig.6-6 Sound pressure distribution (a) and Time Fronts (b) of Path-1

(Hachijo - Hawaii).
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Fig.6-7 Sound pressure distribution (a)
(Ogasawara - Hawaii).
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Fig.6-8 Sound pressure distribution (@) and Time Fronts (b) of Path-3

(Okinotorishima - Hawaii).
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Fig.6-9 Sound pressure distribution (a) and Time Fronts (b) of Path-4
(Okinawa - Hachijo).
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Fig.6-10 Sound pressure distribution (a) and Time Fronts (b) of Path-5
(Okinawa - Ogasawara).
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Fig.6-11 Sound pressure distribution (a) and Time Fronts (b) of Path-6
(Okinawa - Okinotorishima).
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Fig.6-12 Sound speed profile(Type-1).

Fig.6-13 Sound speed profile(Type-2).

Fig.6-14 Sound speed profile(Type-3).

Fig.6-15 Sound speed profile(Type-4).
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Fig.6-16 Auto-correlation of received pulse series (¢ =0.0095).
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Fig.6-18 Received pulse series of Type-2
sound speed profiles.

Fig.6-19 Received pulse series of Type-3
sound speed profiles.

Fig.6-20 Received pulse series of Type-4
sound speed profiles.
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Fig.6-22 Cross-correlation of received
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Fig.6-23 Cross-correlation of received
pulse series (Type-2).

Fig.6-24 Cross-correlation of received
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Fig.6-25 Cross-correlation of received
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