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The long range transmission of sound
in the sea is carried out through the sound
channel which is determined by the bottom
topography and the distribution of sound
velocity, so that the sound channel trans-
- mission (so called SOFAR) is different for
different regions of the sea. In a previous
paper the author? discussed the structure
of SOFAR in a marginal sea which is very
small as compared with the oceans and
examined it in a practical example of the
Japan Sea. Adjacent to the Japan Sea, an-
other marginal sea—the Okhotsk Sea—com-
municates it through shallow straits. It
has nearly the same dimension as the
Japan Sea, but has many different features.
In a cold sea like the Okhotsk the axis of
a sound channel lies, if any, usually in a
shallow superficial layer. This situation
is different from a warm sea and deserves
attention. Basing on observational mater-
ials in the Okhotsk Sea, the author examin-
ed the character of SOFAR in this area.

Preliminary remarks

1. Effects of surface noise. In a cold
sea, the depth of the axis of a sound
channel is very shallow. In the northern
part of the Okhotsk Sea, for example,
it lies in a 50m layer and the top of
the sound channel is very near the sea
surface. According to Anderson® (1950),
the top of a sound channel is defined to
be a depth near the sea surface where the
sound velocity reaches a maximum. In
Okhotsk Sea the velocity maximum usually
appears on the sea surface in summer,
though it is locally seen in a 10m layer,
and entirely disappears in the superficial
layer in winter. When the velocity maxi-
mum is on or very near the sea surface,

the layer between the axis of a sound
channel and the sea surface will form a
part of the sound channel and any sound
generated in the surface layer will be
transmitted through it and disturbs the
sound channel transmission.

The noise in the sea was studied by
Knudsen® et al (1948), Kuyama® (1953)
and others. The sound pressure of the noise
by the motion of the sea water is about
0.4 dyne/cm® and 2.8 dyne/cm® on a calm
day and moderately rough day respectively.
According to Kuyama, the mean sound
pressure of natural noise and fish sound
is of the order of 1072 and 10*> dyne/cm? in
the minimum and maximum respectively.
The noise from a ship gives a pressure
of 10* dyne/cm® at a point nearest the
engine, the corresponding sound energy
being 6.5X10% erg/cm® The sound energy
is equal to the square of the sound pres-
sure divided by impedance (density times
sound velocity). If we use 1kg of TNT
for SOFAR signal, its energy is 4.2X10®
erg and about half of it is transmitted by
the compressional wave. Then, the sound
intensity at a distance of 100 m from the
point of explosion is 2.1X10° erg/cm?® on
the assumption of spherical wave. In
SOFAR propagation the damping of a
sound wave is ascertained to be only 10db
per 1000km, so the sound energy at a dis-
tance of 3000km from the origin becomes
2X10% erg/cm?.

Inferring from these materials, the
natural noise or ordinary artificial sound
in the surface layer will not materially
affect the sound channel transmission—a
fact which is also supported by the record
of SOFAR™ of Myojin volcanic eruption
obtained at the coast of California.
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2. Practical top of a sound channel. The Sound velocity in m/sec.
sea surface where velocity maximum oc- 0t KO D HED K1 B0 KD IS0 _isto
curs may be assumed as the top of a P emeerm e LT '
sound channel, because any sound ray gy Y
emanating upwards from the axis which 200} (‘ —— Mininum Velocify
is refracted at the surface and can proceed s00} \ o~ Maximum Velodty
without reflecting at the bottom is as- i . .
sumed as a limiting ray. But, owing to ) 400} l,_.
the irregular undulations of the surface E so0} k
by wind waves, the enery of such a ray 8 oot
may be scattered and reflected and will g
lose the character of a limiting ray. Be- & 799
side waves, air bubbles and sea ices also %00}
disturb the sound transmission. In this goo} \
respect, it may be reasonable to fix a %
practical limit of the top in a layer where 7000 1
such actions have no appreciable influence. 1100 {
As the Okhotsk Sea has a limitted fetch, j200} 1
the height of wind waves will not exceed
10n.1 in this sea anq the 'alr bubbles en- Fig. 1. Vertical distribution in the maximum and
trained by wave actions will not penetrate minimum sound velocity at each depth in the
much deeper than the wave height. Okhotsk Sea. , .
The thickness of the sea ice in e s i5o° ST ’g5.
this area is 1~1.5m and even the * / ~ b
thickness of icefield in the arctic
sea does not exceed, according to .
N. N. Zubov, 3~5m. The suspension L3k 33 5
in the sea occasionally scatters the o S ”\J/ AN o
sound waves as pointed out by ‘ \\/
Raitt® (1948) and Dietz” (1948), but . . . . . O
in a superficial layer the effect may .. 2 1.
be negligible. N . . \ ; .\"" H “
Considering these points, the au- sl wp | B
thor tentatively fixed a 20m layer as . .
a practical limit of the top of a sound
channel in the case where the
velocity maximum occurs on or very
near the sea surface.
Character of the sound channel s s0°
in the Okhotsk Sea
Using the observational materials
of the Okhotsk Sea obtained by a
joint survey of the Japanese Hydro-
graphic Office and the Central Mete-
orological Observatory on board the
Ryofumaru from June to August, s A "
1942, the sound velocity was calcu- "517/ f /;/ 4
lated by the sound velocity diagram Hokkaido 9“0' / \1/
prepared by the present author®. e 5 — 150° P ,,,‘:'

tl‘he-observation stations are shown Fig. 2. Distribution of sound velocity (m/sec) at the
in Fig. 2 by dots. The observations depth of 25m.
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reached the depth of 1200m

In order to get a general picture
of the distribution of the sound velo-
city, the vertical distribution of the
maximum and minimum sound
velocity in each level of the Okhotsk
Sea are shown in Fig. 1.

Below 200m level, the difference
of the maximum and minimum
velocity is relatively small, but it
is greater as compared with the
Japan Sea and amounts to 4m/sec
even at a 1000m layer.

In Fig. 2 the horizontal distribu-
tion of sound velocity at a 25m
layer which nearly represents the

top of the sound channel is shown.

As is seen from the figure, equal
velocity lines indicate several curly
patterns and the sound velocity
changes from 1460m/sec of the
southern part to 1440m/sec of the
northern part. A high velocity
region develops into the central
region of the sea from north Kurile.

The distribution of the sound velo-
city on the axis of a sound channel
and the depth of the axis are shown
in Fig.3. The sound velocity gradu-

141°E 148" 180°

M. OUTI

ne®
0

/3. 0
24,8

85

A
B 7 G .
/‘tq: -4 /
2N i

vy }oyPwDy)

"

50

45

o°

Ty
141°E [ZInd

TV

vy

e 200

3

ik

L2 ad

vy }oybuivy

”1e

4
/85° "z

”$50 788 ”e*

Fig. 3. Distribution of sound velocity
(m/sec) on the axis of sound channel
and the depth (m) of the axis.

ally decreases from the maximum
value of 1448m/sec around north Ku-
rile towards north and reaches 1436
m/sec in the north of 55° N. The
area contained between 1438m/sec
and 1436m/sec iso-lines occupies the
major part of the central region of
the Okhotsk Sea where the velocity
gradient is most gentle. The axis of
a sound channel is usually found in
the layers of 50, 75 and 100m. In
Fig.3 a shadowed zone represents
the part where the axis lies below 75
m, while the other region represents
the part where it is found in a 50m
layer.

The thickness of a sound channel
which is the distance between the
top and the bottom of the channel
is shown in Fig. 4, together with
iso-bathymetric lines of the sea. In
this figure the distance between a 20

Fig. 4. Distribution of the thickness (m)
of sound channel and bathymetric chart
(depth in m, dashed line) of the Ok-
hotsk Sea.
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layer and a lower layer of the same velo-
city is shown. The thickness of the sound
channel varies from 100m to 700m and is
generally large in the southern part and
decreases towards the north.

In Fig. 5 vertical section of the sound
channel along the parallel circle of 52°30/N
and the vertical distribution of the sound
velocity in the same section (line ab in
Fig. 3) are shown. The equal velocity lines
of wavy form run symmetrically with
respect to the axis and their phases vary
in a reverse direction with the depth.

The distribution of the limiting angle
which is the angle between the limiting
ray and the axis is shown in Fig. 6.

It changes from 4° to 10° and, as a whole,
its pattern is very complicated. The
limiting angle is given by the following
formula,

where ¢y, V and v, denote the limiting
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Fig. 5. Distribution of sound velocity

(m/sec) in the vertical section shown
by the line ab in Fig. 3.

angle, the velocity at the top and
axis respectively. Denoting the
mean value of v, as v,,, and putting
V—uv,=0v, we get from (1)

Vom

vo+ov> ......... @)

In the Okhotsk Sea v, varies from
1436 to 1448m/sec and Jv is less
than 40m/sec. In Fig. 7, the rela-
tion between 6, and dv as given by
(2) is shown graphically. This dia-
gram may be used to calculate the
limiting angle for different levels of
the top with the assumed 20m layer
and is also useful for the estima-
tion of the horizontal bending of a
sound ray from the horizontal dis-
tribution of the sound velocity.

The average sound intensity Z,, of
sound channel is given by the for-
mula

f,=arc cos<

limiting angle
(degree) of sound channel.
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where % means the thickness of a sound
channel. In Fig. 8 the distribution of Z,,
is shown. It increases from 5X10 %/m of
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the southern part to 12X10%/m of the
northern part. With respect to the sound
channel characteristics hitherto consider-
ed, the Okhotsk Sea may be divided into
several regions and the author provisional-

ly divided it into two regions A and B.
The region A occupies the part where
the sound velocity at the axis lies between
1436 and 1438m/sec, while the region B
indicates the part south of 1438m/sec iso-
line and has a larger sound velocity. The
parts other than A and B occupy a major
part of the region shallower than 200m
and have little meaning for SOFAR. The
regions A and B may be further divided
into subregions which have the same level
of the axis and are denoted by Aj;y, As;; and
By, Bio where suffix means the level of
the axis. The mean sound velocity at each
level of these subregions is shown in Table 1
and is also graphically shown in Fig. 9. In
every subdivision an inflection

58"
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v
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point is clearly found at a depth of
150m. In Table 2, an average charac-
ter of the sound channel derived
from Table 1 is outlined. As is
seen from Table 2, the subregions
A;o, and A;; have similar character,
while the subregions B;; and By
indicate a different character.
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Table 1. Average sound velocity classi-
fied by sound channel axis in
the Okhotsk Sea

% Region
w % Aao Au ‘ Bvs ’ Bloo
?’% T N\t 0] 14825 | 14789 | 14770 | 14720
z /N ‘&o 10| 788 | 720 | 731 704
- sor 25| 486 | 517 | 535 | 563
q 50 | 368 | 387 | 442 | 483
¢ 75 | 37.8 | 367 | 409 | 462
.o 100 | 408 | 392 | 451 | 453
150 | 47.6 | 476 | 473 | 469
; ‘ 200 | 499 | 502 | 503 | 496
I 300 52.8 53.3 53.4 53.3
N 400 | 557 | 560 | 563 | 57.2
* . ~ 500 | 593 | 604 | 598 | 605
600 | 628 | 641 | 634 | 635
Hokhaido 800 | 69.1 | 69.2 | 689 | 6938
v pre prom prym w1000 | 731 | 731 | 728 | 732
Fig. 8. Distribution of intensity (10-%*/m) of sound 1200 76.5 76.6 76.3 76.5

channel.
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Table 2. Character of sound channel in the Okhotsk Sea.

On the

Region

top and
bottom

of S.C.

Sound velocity

On the

axis
of
S. C.

Limiting Angle

Velocity gradi-
ent (per m)

Half wave Propa- | Propa- ‘ Propa-
length of L. R. | gation | gation | gation

Thickness of C.S.

Upper
side
of

axis

Lower
side
of

axis

time time | time of
Upper | Lower | for one| of aray |, .

T—AL
side side wave | L.R. | on the

Length| for |axisfor
of 100km | 100km
axis axis | L.R. | (1) | (An)

of of

(m/sec)

Ay | 14586
A,s | 14585
B, | 1460.1
Buo | 1461.1

(m/sec)

1436.8
1436.7
1440.9
1445.3

[
9.55

9.55
9.18
8.26

()
460

440

490
500

(mi/sec)

0.7267
0.3964
0.3491
0.1975

m/sec)]

0.0507
0.0566
0.0441
0.0372

) (m)] (sec; (sec) (8ec)| (sec)

690" 9910°] 7.398°| 6925 | 6960 | 037
1270 | 8870 | 7019 | 69.22 | 69.60 | 0.38
1350 | 10600 | 8318 | 69.08 | 69.40 | 032
2170 | 11300 | 9.347 | 6893 | 69.19 | 0.26

S. C. denotes sound channel, and L. R. limiting ray.

Sound velocity in m/sec.
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Fig. 9. Vertical distribution of the average
sound velocity classified by sound
channel axis.

Sound channel transmission in
the Okhotsk Sea

The long range sound transmission in
the Okhotsk Sea may be inferred from

the character of its sound channel. In the
Okhotsk Sea, as was discussed in the pre-
vious chapter, a sound channel is formed
in its entire region deeper than 200m. It
approaches most closely to Hokkaido at a
point about 5km off Shiretoko promontory.
In the region A which is enclosed by 1438
m/sec iso-line, an area of the minimum
sound velocity at the axis of the sound
channel is found. A sound wave, therefore,
will converge into the region A and the
energy loss will be small in the same
region. The region A is supposed to be
caused by anticyclones developed over
there. Although the horizontal distribution
of sound velocity in the vicinity of the top is
somewhat complicated, it will not apprecia-
bly affect the sound transmission, because a
large portion of the sound energy is confined
near the axis. The sound intensity in a
layer of 50m in thickness containing the
axis is about three times larger than the
mean intensity in the total layer of the
sound channel.

The sound transmission in winter deser-
ves special attention. As an example, the
vertical distribution of sound velocity in
winter is shown in Fig. 10. It is derived from
the observed temperature and salinity at
one station (Lat. 44°0% N, Long. 155°3¢’ E) in
the south of Kurile Islands obtained by
Tenyomaru—a survey ship of the Tokai
Fisheries Research Institute—on May 5,
1953. As is seen from this figure, the sound
velocity is minimum at the surface and
increases downwards. From December to
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April of the next year a similar condition
seems to prevail in the Okhotsk Sea. Dur-
ing this season the sound channel can not
be formed and the sound channel transmi-
ssion will be impossible. In the Okhotsk Sea
the horizontal extension of the sound chan-
nel is about 1000km which seems to be
short for this type of sound transmission.

330 332 334 336 28 M0 Mz u4 e (%) Salmity
——— rome ey

or 1 2 3 4_(%) Tenperature
o0 1 K D 10 1o 10 1570 () Sund Velog fy.

T Salmity

" Tempenture
Sound Ve(acif]

700
8§00}

Depth in m.

fo0F
1000}t
1100}
1200}
1300}
1400}t
1500}

Vertical distribution of sund velocity
at one station (44.°09' N, 155.°36’ E) in the
south of Kurile Islands.

Fig. 10.

Summary

1. In a cold sea like the Okhotsk, the
top of a sound channel, if any, lies on or
very near the sea surface and various
disturbances of the sea surface affect the
sound channel transmission. Considering
the acoustical and oceanographical condi-
tions, the author provisionally fixed a 20m
layer as a practical limit of the top.

2. In the Okhotsk Sea a sound channel
is formed in the entire region deeper than
200m except in winter and SOFAR trans-
mission is possible.

3. In the central region of the Okhotsk
Sea which is enclosed by 1438m/sec iso-line
the sound velocity decreases inwards, so
that a sound ray tends to coverge into
this region.

4. From December to April of the next

year the sound velocity is supposed to be
minimum at the sea surface. During this
season a sound channel can not be formed
and the use of SOFAR is hopeless.

5. The sound channel approaches most
closely to Hokkaido at a point Skm off
Shiretoko promontory.

6. The horizontal extension of the sound
channel in the Okhotsk Sea is about 1000
km which seemes to be short for this type
of transmission.
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