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Particle Size Distribution and Light
Scattering in Akita Bay*

Ryohei TsuDA** and Kisaburo NAKATA***

Abstract: The volume scattering function and the size distribution of particles were measured
in water samples which were taken from the surface and several layers of water in Akita
Bay, northern Japan. Observed distribution over the size range of 2.3-18.8 #m approximated
an exponential curve in June and a hyperbolic in November. Using these size distributions,
the cross-section concentration in consideration of particles smaller than 2.3 gm was calculated,
and the correlation between the cross-section concentration and the scattering coefficient was
examined. As the result, it was found that the mean efficiency factor Q was in the ranges
of 1.0-2.0 in June and 0.25-1.0 in November. From the correlation between the scattering
coefficient computed from the size distribution and the volume scattering function, the indices
of refraction of particles were estimated to be 1.02-1.05 in June and generally 1.05-1.10 in

November. The percentage contribution of particles smaller than 2.3 gm to light scattering
was computed as about 29 % in June and 33 % in November.

1. Introduction

The size of suspended particles in the sea
varies over an extremely wide range of up to
several hundred microns, and the size and
quality of particles are closely related to light
scattering. BEARDSLEY Jr., et al/. (1970) found
that both the light scattering at 45° and the
total scattering coefficient were linearly related
to total cross-section concentration of particles
in the eastern equatorial Pacific. CARDER ez al.
(1971) related the particle concentration to the
volume scattering function, fs5 with depth and
stated that the significant part of light scattering
is due to small particles. As a result of measur-
ing the volume scattering function and the size
distribution of particles for certain surface
waters of the North Pacific Ocean, SUGIHARA
and TsubpA (1979) suggested that the major
optical effect is due to particles smaller than
2.4 pm. On the other hand, JErRLOV (1976)

summarized measurements by several workers
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and argued that most of the optical effect results
from particles larger than 2.0 pm in diameter.
GORDON and BROWN (1972) and ZANEVELD
and PAK (1973) presented methods for determin-
ing the refractive index from the observed data
of size distribution and volume scattering func-
tion at 45°. CARDER et al. (1972) have also
presented a technique for the estimation of
indices of refraction of marine phytoplankton.

Particle size distribution measurement is
simplified by using the Coulter Counter. BADER
(1970) reported that cumulative distribution of
particle number closely approximated a Junge
curve and similar results were obtained in Osaka
Bay by MATSUMOTO (1975) and in the Kuro-
shio region by MATSUIKE and MORINAGA (1977).
On the other hand, PLANK et al. (1971) showed
that the size distribution of particles in the North
Pacific Ocean corresponds to an exponential
function, and in the eastern equatorial Pacific
CARDER et al. (1971) showed that the distri-
bution of particle number approximates an ex-
ponential curve, but could be described better
by the Weibull distribution.

In this paper, the volume scattering function
and size distribution of particle numbers of
water samples which were taken from the sur-
face and several layers in Akita Bay near the
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Oga Peninsula were measured to obtain the
characteristics of size distribution and the re-
lation between particles and optical properties.

2. Measurements

Water sampling was made in June and No-
vember 1978. Measurements of particle size distri-
bution were made with a Coulter Counter (Model
Type ZB) with 100 ym aperture which counts
particles between 2.3 and 36.2 #m in size. The
measurements were made four times for each
sample and an average value was adopted.
The volume scattering function was measured
with a photometer similar to the Brice-Phoenix
light scattering photometer. The volume scat-
tering function of the sample water at the
wavelength of 546 nm was measured at intervals
of 5° in the angular ranges of 25°-140° and

the scattering coefficient b, was estimated ac-

cording to the method reported by SUGIHARA
and TSUDA (1979) (see Appendix).

3. Results and Discussion

(1) Particle size distribution

As shown in Fig. 1, the stations are located in
areas south of the Oga Peninsula in Akita Bay.
As examples of cumulative distribution, the results
obtained at Stns. 2 and 6 are shown in Fig. 2.
In the range of 2.3-18.1 ym, the distribution at
Stns. 2 and 6 in June is almost linear but at
the same stations in November it becomes con-
cave on a semi-log scale. Accordingly, the
cumulative particle size distribution is assumed
to fit the following expressions respectively:

N>p(D)=Ne-e™*P (1)
N> p(D)=Nh+D? (2)

where N>p is the number of particles having
diameter larger than D, and Ne, Nh, a, and b
are parameters to be determined from the ob-
served distribution above 2.3 pm. The values
of the parameters determined from the observed
distribution over the size range of 2.3-18.1 yum
by means of the least squares method and cor-
relation coefficient are shown in Table 1. The
calculated correlation coefficient, r, is over 0.95
in both June and November. In June, the
observed size distribution fits an exponential

139%as’ 1401’

/
"

Oga Peninsula

4050'

Akita Bay

/:/-—f\—’\_\/ { Funakeshi
hnnﬁ( | _— \
AN sie
\*vsﬁa\\,}.s N T
' U [
Akita Bay 1
N \ \

-,
O 2 4km

)

Fig. 1. Location of sampling stations in Akita Bay.

distribution described by Eq. (1) rather than a
hypabolic one described by Eq. (2), except at a
depth of one meter above the bottom where it
becomes hyperbolic. This suggests that the
number of small particles below 2.3 gm increases
near the bottom. On the other hand, the ob-
served distribution in November fits a hyper-
bolic shape better than an exponential, suggest-
ing that a large number of small particles are
present in Akita Bay. This problem will be
discussed in the next section.

(2) Particle scattering and properties

The particle scattering is closely related to
the particle number and the cross-section concen-
tration of particles. It is important to examine
the relationship between particle and optical
properties. In the case of a polydispersed
system, the scattering coeflicient is yielded by

1 n
bp:ZzZ Qii\riDig; ( 3)
i=1
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Table 1. Values of the parameters and the correlation coefficient (r)
determined by the least squares method.
June 1978
T~p=Negee @D N>p=NhD?
Sen Depth N>D=Ne+e @ ) N>p=Nh*D

(m) a Ne r b Nh r
0 0.334 28957 —0.992 2.462 199638 —0.968
2 1 0. 338 31705 —0.992 2.508 229749 —0.973
4 0.272 16271 —0.99%4 2.026 81442 —0.979
0 0. 337 37433 —0.993 2.461 251557 —0. 960
3 5 0. 346 44006 —0.992 2.594 352208 —0.983
14 0.275 7581 —-0.972 2.118 44046 —0.991
0 0. 335 33141 —0.994 2.432 214266 —0. 955
1 0.326 28498 —0. 986 2. 460 208481 —0.985
3 0.321 34212 —0.997 2.349 212332 —0. 966
5 5 0.317 25969 -0.997 2. 296 150911 —0.957
10 0.335 24480 —0.991 2.525 188402 —0.989
12 0.324 16080 —0.994 2.420 111065 —0.983
15 0.234 15521 —0.989 1.768 65250 —0.991
0 0.323 38888 —0.997 2.342 234954 —0.958
6 5 0. 305 26254 —0.996 2.257 155941 —0.977
10 0.314 18878 —0.987 2.374 129865 -0.989

November 1978
N>p=Ne-e @D rsp=Nh Db
st D(epth N>p=Ne-e 2 1}>D Nh+D

(m) a Ne ” b Nh r
0 0. 368 26586 —0. 968 2. 867 296904 —0.998
2 1 0.344 34097 —0.971 2.674 320992 —0. 998
3 0. 347 28467 —0.970 2.688 268862 —0.993
4 0.371 46929 —0.979 2,855 499577 —0.997
0 0.335 20054 —0.961 2.603 178366 —0.989
3 5 0.453 20192 —0.957 3. 560 418091 —0. 996
12 0.330 16691 —0.959 2.556 141735 —0. 984
0 0.310 14804 —0.939 2.486 129101 —0.997
1 0.331 22975 —0.962 2.600 209278 —0.999
3 0. 332 21504 —0.972 2.581 187447 —0 999
5 5 0.339 28666 —0. 980 2.604 246408 —0.994
10 0. 350 35267 —0.990 2.624 290283 —0.993
12 0.312 23145 —0.979 2.372 160687 —0. 985
13 0.293 21324 —0.967 2.278 144804 —0.996
0 0.395 37118 —0.981 3.027 452116 —0.99
6 1 0.4C6 36197 —0.985 3.099 459317 —0.994
5 0.322 15430 —0. 946 2. 567 141853 —0.998
9 0,323 47203 —0.998 2.377 303822 —0.998
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Relationships between the cross-section concentration of particles

larger than 2.3 yum and the scattering coefficient estimated from partial
scattering coefficient for the wavelength of 546 nm.

where (Q; is the efficiency factor of the i-th
particle and depends on the particle size, the
refractive index and the wavelength of the
scattered light.

The total cross-section concentration, 2 Sexp,
which can be calculated from the measured size
distribution of particles is:

1 2 )
= ’i"TFZ NiD2, (4)

where N; is the number of particles of diameter
D; per unit volume. Fig. 3 shows the relation-
ship between the total cross-section concentration
of particles 2 Sexp and the scattering coefficient
b, estimated from b&," at the wavelength of
546 nm (see Appendix). The correlation be-
tween b, and Xexp is not good. The straight
lines in the figure are drawn on the assumption
that 2 Sexp is proportional to b, for different
efficiency factors. It is clearly seen from Eq.
(3) and Eq. (4) that

bp: =l 'ZSGXI!:Q'ZSexp: (5)

where  is the mean value of the efficiency
factors. The points in June fall between two
lines having slopes of 1.5 and 2.5 and those in
November, 2.0 and 4.0. The value Q:; ap-

proaches 2 with increasing particle diameter and
fluctuates between certain values as the particle
size becomes smaller. Even if the refractive
index of particles is 1.20, Q; cannot take a
value of more than 3.7 (SUGIHARA and TSUDA,
1979). The values in both June and November
lie well within the prescribed range. We must
also take into consideration the presence of
particles smaller than 2.3 gm in the seawater.
In the present case, the distribution of particle
size is not known {for particles smaller than
2.3um, It is evident from Table 1 that the
observed size distribution between 2.3 and 18.1
#m is approximately hyperbolic or exponential
in shape. Accordingly, these curves were as-
sumed to be applicable for the calculation of
particles smaller than 2.3 g#m. From the ex-~
trapolated distribution thus obtained, we com-
puted the number of particles smaller than 2.3
pm. The computation was carried out down
to 1.0pgm and the contribution of particles
smaller than that was neglected. The relation-
ship between the total cross-section concentration
of particles larger than 1.0 #m computed by
Eq. (4) and the scattering coefficient estimated
from measured partial scattering coefficient at
the wavelength of 546 nm is shown in Fig. 4.
The total cross-section concentration in No-
vember increases considerably with the contri-
bution of small particles and most of the points
are located between the two lines having slopes
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Relationships between the cross-section

of 0.25 and 1.0, whereas those in June, 1.0 and
2.0. Judging from the fluctuation of Q, it is
plausible that Q is less than 2. But the figure
shows a considerable dispersion of plots. This
is attributed to the over- and under-estimation
in the number of small particles and also to
the difference in the refractive index of the
particles. The latter is especially relevant to
scattering by particles.

In order to estimate the refractive index of
particles in Akita Bay, we assumed the particles
of non-absorbing spheres with refractive indices
of 1.02, 1.05, and 1.10. The particle scattering
coefficients were computed from the size distri-
bution of particles by Egqg. (3) and estimated
from the partial scattering coefficient 5,* (see
Appendix).
scattering coefficients estimated from size distri-

Fig. 5 shows the relation of particle

bution to those estimated from a partial scatter-
As is evident from Fig. 5, the
refractive index in June is located in the range
of 1.02-1.05 and it can be supposed that the
suspended matter in Akita Bay contained a
greater amount of organic matter as the values

ing coefficient.

(1 - June

refractive index:
546nm x:1.02
*:1.05

W

N

bp computed from size distribution

z 1 ! i
© { 2 3 (m)
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ar refractive index: 546 nm
x:102
*:1.05 ¢
°:1.10 !

O
T

bp computed from size distribution
N
R )

1 1 1
| 2 3

(m™)
bp computed from B(8)

Fig. 5. Particle scattering coefficients computed
from the size distribution of particles against
those estimated from the partial scattering
coefficient.

of the refractive indices approach unity. In
November, it was considered nearly 1.05, but
was not so clearly indicated as in June.

‘When refractive indices in June and November
are assumed to be 1.02 and 1.05, the partial
scattering coefficient, bp,, can be computed from
the observed size distribution of particles be-
tween 2.3 and 36.2pum. The contribution of
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particles smaller than 2.3 yum to scattering was
estimated from by, and the scattering coeflicient,
by, was computed by Eq. (A-4) as follows:

bp_bpo

dby= 21

(6)

The ratio takes the average value of 29 9%
(6=0.133) in June and 33% (6=0.149) in No-
vember. The effect of particle scattering due
to smaller particles in November is stronger
than in June. OCHAKOVSKY (1966) found that
about 709 of the optical effect is caused by
particles smaller than 1.0 gm, and similar results
were also reported by LYSITSYN and BAGDA-
NOV (1968) and BEARDSLEY, Jr., et al. (1970).
The results of this study support those of pre-
vious studies that small particles have a signifi-
cant optical effect and that the contribution of
small particles to the scattering is significant.
Accordingly, in order to clarify further the
relationship between the optical properties and
particles it is important to obtain more accurate
information concerning the size distribution of
small particles and the refractive index of those
particles.
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Appendix
The scattering coeflicient b, is obtained by
integration,
by=2z\ 8(6) sin 0 do . (A-1)
0
The partial particle scattering coefficient b,*
in angular range 25° and 140° is calculated by
subtracting the theoretical value for pure water

Bo(0) which was reported by MOREL (1974)
from volume scattering function 5(#). Thus,

140 140
bpy* =27\ B(0)sin 0d0~2n5 Bo(0) sin 6d6.
25 25
(A-2)
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And if we assume that b, and b,* are linearly
related, b, is then given by
bp=k X by*. (A-3)

The estimation of ratio b,/b,* was made using
the values of volume scattering function observed

in various regions by PETzZOLD (1972). The
computed values of b,/b,* were in the range
from 5 to 6.5 with an average value of 5.7.
Using this average value, the scattering coefflcient
b, was estimated and given by

bp=>5.7T X by*, (A-4)

MHWBICE T 2 BRI DT &R

B H R B 4 oHBFE 2 OB

TEE: 1978F 6 AR L 11 A, MEBIC BN THEAINAZZREZAWT, Kb EYKESH
AT EL B O T R FT - 720 hifE 2.3~18.8 um OHIFEHA TR, ZTONBEDMIZ 6 A THEH
575, 11 B TREENGEE L CGLUHNRZ, Th bONESHZHAWT 2.3 m LTONET%2E
BOU R BELIT AL A5k, S & MILIRERE OB R N, FOME, i O PHREEQ
O, 6 A3 1.0~2.0, 11 B2 0.25~1.0 OFPHTH D Z L M3boh - 7o, KR & R
EE D HRD 2 BEL R O A DIREY DA EITRE H~5 &, 6 A1 1.02~1.05 (TFicd %
LHEETERLR, 11 AIRITIE L05~1.10 & E2 5N 5, =7, 2.3pm UTOPMNTONILICES
TAHEESVEKEETEE, 6 T 29%, 11 AT 33% &ic-7z,
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Current Measurements off Iriomote Island*
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Abstract: Current measurements by using Aanderaa current meters were carried out from
early November 1978 to early March 1979 near Iriomote Island. A mooring line equipped
with current meters at 300 and 700m below the sea surface was buoyed upward from a
weight on the sea bottom by a buoy cluster, Two timed releases were attached to the lower
end of the line. A back-up rope on the ground was attached above the releases and was
moored by a mushroom anchor.

Spectral analysis of the current variations shows that the most prominent peak corresponds
to the semidiurnal period and the secondary peak corresponds to the diurnal period. Almost
no inertial period is found. Harmonic analysis of the four major tidal constituents shows the
order of magnitude of the amplitude to be M:>S,>K,>0Q,, just as the order of the amplitude
of the surface elevation at Ishigaki Harbor near the mooring location. The phase difference
of the My constituent between 300 and 700 m was about 90°, suggesting that the tidal structure

in this area was internal mode. The current speeds averaged over 25 hours varied greatly
from 0 to 1.5 knots with periods from several days to a month,

1. Introduction

One of the most famous boundary currents
of the great oceans, the Kuroshio, flows into
the East China Sea through the strait between
Taiwan and Yaeyama Islands. In order to
investigate the characteristics of current vari-
ations, i.e. mean current and tidal current, in
the sea near the Kuroshio path at the southern-
most part of the FEast China Sea, current
measurements by moored current meters were
carried out in the sea to the northwest of Iri-
omote Island, one of Yaeyama Islands. A study
of current pattern in the sea near the present
mooring location was based on the estimation
from the distributions of temperature and salinity
(UpA, 1934), though particular attention was
not paid to this area. Vertical profiles of cur-
rent speed between Taiwan and Yaeyama [slands
from dynamic calculations were studied by CHU
(1976). According to his result, the Kuroshio flows
with considerable width between Taiwan and
Yaeyama Islands, and the axis of the Kuroshio

* Received May 28, 1981

** Institute of Oceanic Research and Development,
Tokai University, Orido 1000, Shimizu, Shizuoka,
424 Japan

is fixed near Taiwan and there frequently exist
eddies or countercurrents of the Kuroshio near
Yaeyama Islands.

The details of the measuring methods and the
outlines of the obtained results will be described
in this paper. The present investigation was
carried out as a part of KER (Kuroshio Exploi-
tation and Utilization Research).

2. Methods of measurement

a) Location, depth and duration of measure-

ments

The location of the measurements is shown
in Fig. 1. As can be seen in this figure, the
location is to the northwest of Iriomote Island.
The mooring location is about 1000 m deep.
Its latitude and longitude are 24°24.2'N and
123°36.0’E. The topography near the mooring
station is not flat; the depth increases down-
stream.

The current meter depths were 100, 300 and
700 m. Unfortunately, the current meter at
100 m flowed away before the recovery of the
mooring system; therefore, the depths of the
current measurements were 300 and 700 m. The
current measurements were continued for 121
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days from November 3, 1978 to March 4, 1979.

by Mooring system

The mooring system is illustrated in Fig. 2.
The outline of the system is that two mooring
lines, line A and line B, provide buoyancy by
a buoy cluster and are connected to each other
with a back-up long rope.

Line A is buoyed upward (270 m from the
Two timed
releases linked in parallel are attached to the

sea surface) by a buoy cluster.
lower end of the line. The buoy cluster con-
sists of nine ABS resin floats. Its buoyancy
is 321 kg. The rope between 300 and 700 m
depths consists of a stainless wire rope of 6 mm
A nylon rope of 20mm in dia-
meter and 200 m in length is used below 700 m
depth. To decrease the inclination of the
mooring line at the current meter depth, two
small buoys are attached just above the current
meter at 700 m. The weight of rails, an anchor
and a chain is about 600, 75 and 90 kg, re-
spectively.

in diameter.

Line B, similar to line A, is buoyed upward

(80 m from the sea surface) by a buoy cluster:
a timed release is attached to the lower end of
the line. The current meter is attached at a
depth of 100 m. The buoy cluster consists o
eight ABS resin floats. Its buoyancy is 286 kg.f
The rope between 100 and 300 m depths is a
nylon rope of 16 mm in diameter and 200 m in
length. The rope below 300m depth consists
of a nylon rope of 16 mm in diameter and 650 m
in length. The weight of rails, an anchor and
a chain is about 500, 75 and 90 kg, respectively.

A back-up rope on the ground was a pylen
rope of 20 mm in diameter and 2,580 m in length,
and was attached above the releases of lines A
and B.
anchor (100 kg) at the middle and cement-mor-
tar-block weights were attached at about 300 m
intervals. The back-up rope on the ground
could be retrieved with a grapnel if two re-
leases acted before the preset time or if we

The rope was moored by a mushroom

could not arrive at the mooring position because
of prohibitive sea conditions.
¢) Instruments
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o SW «— o — NE .
E — 1 80
270 ——
0 ! Buoy cluster Buoy cluster
‘ (buoyancy 356.6 kg) (buoyancy 305.0 kg)
300 — Current meter Current meter —- 100
j Aqnderqq> Aqnderqa)
RCM-4A RCM-4A
Wire rope Wire rope
(400m 6¢ (2(_)Om 69 )
stainless steel stainless steel
‘ Small buoy
| 8 — 300

700 — D__( Current meter
; <Aanderqa
; Nylon rope RCM-4A Nylon rope
| (100m 20 ¢) (595m 16 ¢)
800 —
Pylen rope .
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1000 i Weight weight Weight 955
(600 kg) (70kg) (470 kg)
Chain Chain Chain
Anchor Anchor Anchor
(75kg)  (90ka) (100kg)  (200kg) (45kg) ™ (75 kg)

The three current meters, Bergen model-4,
were equipped with temperature, salinity and
pressure sensors. ©hey measured average speeds
over the sampling intervals (30 minutes in the
present case) and instantaneous current direc-
tions, temperature, salinity and pressures.

The timed releases, model KT-1, were manu-
Kaihatsu-Kogyo Co., Ltd. Two
timed releases at line A and one at line B were
used.

d) Deployment and recovery of the mooring

system

The mooring system was deployed on No-
vember 3, 1978, from the Tokai Daigaku Maru
I (702 ton), research and training ship of Tokai
University. The deployment operation was done
by lowering the buoy cluster first, followed by
mooring lines and current meters of line A into
the sea, while the ship was moving slow in the
NE direction against the wind. The weight of
line B was cast into sea and freely fell to the
sea bottom, while the mooring rope of line B

factured by

Schematical sketch of the mooring system.

was quickly cast out. The buoy cluster at the
upper end of line B was tightly held and pulled
up by the ship going in the NE direction against
the wind; finally, the buoy cluster was released
and cast into sea.

The timed releases had been preset to 10:00
a.m. on March 4, 1979. The buoy cluster of
line A was discovered 10 minutes after the
preset time, but the buoy cluster of line B
was not discovered immediately. Line A was
buoyed upward to the sea surface and half of
the back-up rope on the ground was recovered
easily, but the remaining half of the back-up
rope on the ground and the weight of line B
were recovered with hardship due to the weight
of line B. Unfortunately, no current meter on
line B at 100 m depth was found due to the
breaking of the mooring line just below the
current meter. One month before the recovery
of the mooring system, Bosei Maru II (1,218
ton), another research and training ship of
Tokai University, had come to the mooring
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station and sonic signals of. the current meters
were recovered with a hydrophone receiver.

3. Results of measurements

a) Time series of currents

The time series of the eastward and north-
ward components at 300 and 700 m are shown
in Figs. 3and 4.
tidal current dominate through the whole period,

Fluctuations of the semidiurnal

accompanied with long-term variations. The
amplitude of the tidal current changed remark-
ably with the phase of the moon. The phase

1 6 1

of the semidiurnal constituent of the current at
700 m seems to lead that at 300 m by about 90°.

As to the mean current, the eastward and
northward components are, though very weak,
always positive. The mean currents at 300 and
700 m are in the NE direction.

b) Time series of temperatures

The time series of temperature at 300 and
700 m are shown in. Figs. 5 and 6. Fluctuations
of the semidiurnal tidal frequency dominate
through the whole period, accompanied with
long-term variations, similar to the fluctuations

21 .26 31

Nov. ‘78 D

°C

Dec. D O
19.0(:

« ®

17.0 WNMNV\WW\NVWWMWW‘NWW

Tan. '78 D O

°C

a ®

Feb. D O q ®
190 F ANAANANAANANASANAAANAAAN NAAANAAAANMAAAANNN Y
17.0
Mar.
°C
SIE WA Temperature 300m
Fig. 5. Time series of the temperatures at 300 m.
1 .6 i 21 26 31
Nov. '78 D a [ ]
°C
Dec D O a [

Temperature 700m

Fig. 6. Time series of the temperatures at 700 m.
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of the current. The semidiurnal tidal amplitude
at 300 m is much larger than that at 700 m.
The phase of the semidurnal constituent of the
temperature at 700 m seems to lead that at
300m. The fluctuations of mean temperature
become large in February and March.

¢) Time series of salinities

The time series of salinity at 300 and 700 m
are shown in Figs. 7 and 8.
seen in each figure that fluctuations of the

It can easily be

La mer 20, 1982

current and the temperature.

d) Pressure data at 300 m

Most values of the depth data were distri-
buted between 281.19 and 306.63m. Very few
values were much larger than 2380.40m (56
samples out of 5808). Those at 700 m were
distributed between 697.29 and 713.31 m, most
of which are between 697.29 and 704.15m.
Very few values are larger than 713.13m (26
samples out of 5808). The influence of the

semidiurnal tidal frequency dominate through depth fluctuations on the current and the
the whole period, accompanied with long-term temperature is thought to be very small.
variations, similar to the fluctuations of the
a1 6 A 16 21 26 31
’ Nov. '78 D (o) q [ ]
34.8“ I A e e N A A P N M NPANAAL NN NN AN P AN P NP AN st At P
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Fig. 7. Time series of the salinities at 300 m.
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4. Frequency distributions of the current
speed and direction

The relative frequency distributions of the
current speed and direction at 300 m are shown
in Fig. 9. The current speeds from 10 to 15
cm/sec were dominant, though they varied from
0 to 65 cm/sec. Current directions from 30 to
40° were dominant; the opposite directions were
seldom found.

The relative frequency distributions of the
current speed and direction at 700 m are shown
in Fig. 10. The current speeds from 5 to 10
cm/sec (about 409%); they
varied between 0 and 30 cm/sec. The current
directions from 50 to 60° were dominant, but

were dominant

those in opposite directions were found. It is
the mean current that was dominant at 300 m.
The tidal current was dominant at 700 m.

5. Spectral structures of the current, temper-

ature and salinity

Spectral analyses of the time series of the
current, temperature and salinity were carried
out by BT method in order to find the dominant
periods of each variable. The spectra of the
eastward and northward components of current
at 300 and 700 m are shown in Figs. 11 and 12.
The spectra of the temperature and salinity at
300 and 700 m are shown in Figs. 13 and 14.
The energy density distributions have significant
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features common to all of the calculated spectra. and there exist a few peaks; their frequencies
The most prominent peak corresponds to the and powers differ from each other. The spectral
semidiurnal period and the secondary peak cor- density in the frequency range higher than tidal
responds to the diurnal period. The shallow- frequencies decreases with frequency according
water tides (Ms, My) are clearly found in the to the minus-five-thirds power law.
spectra of the current, temperature and salinity
at 700m. The inertial period at 24°N is about 6. Tidal variations of the current and the
29 hours, but no distinct peak is found in these temperature
spectra. The spectral density in the frequency The harmonic analyses for the four major tidal

range lower than tidal frequency is very large constituents, Mz, Sz, Ky and Oy, of the current,
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Table 1. Harmonic constants of the four major tidal constituents of currents.

Amplitude H (cm/sec, °C, %c) Phase Lag K(°)
M, Ss K, O Me Ss K, Oy
Current E 3.57 0.64 1. 80 0.36 276 143 101 355
N 12. 14 4.01 2.13 0.91 211 35 67 163
300 m Temperature 0.542 0.118 0.072 0.037 80 76 65 198
Salinity 0. 029 0. 006 0.007 0. 008 309 249 18 193
Current E 6. 83 2.61 0.77 0.17 116 282 9 111
N 4. 10 1.14 0. 46 0.70 99 275 194 63
700m  Temperature 0. 109 0.071 0. 063 0. 006 273 231 47 291

Salinity 0. 004 0. 002 0.003 0. 001 293 338 320 92




18 La mer

temperature and salinity are carried out by the
least square method and are shown in Table 1.
The phases of the maximum are measured from
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Fig. 15. Tidal ellipses of the four major
tidal constituents at 300 m.
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20, 1982

the time of meridian passage of the fictitious
heavenly bodies (125°E). As can be seen in the
table, the amplitudes of semidiurnal constituents
for three elements (current, temperature and
salinity) are larger than those of the diurnal
tidal constituents. The harmonic constants of
the four major tidal constituents for the surface

Table 2. Harmonic constants of the four major
tidal constituents for the surface elevations at
Ishigaki Harbor (NAKANO, 1940).

Constituent Amplitude (cm) Phase (%)
M. 46 193
Sy 20 220
K 20 220
O 17 200
N
cmisec
5
Depth : 700 m
t : a % €
-10 -5 ST 10
v cmisec

Fig. 16. Tidal ellipses of the four major
tidal constituents at 700 m.
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elevations at Ishigaki Harbor are shown in
Table 2 (NAKANO, 1940). The order of the
amplitude of tidal constituents for all elements
is equal to the order of the amplitude of the
surface elevations at Ishigaki Harbor. The phase
difference of the M; constituent of current be-
tween 300 and 700 m is about 90°; it is inferred
that the tidal structure in this area is somewhat
baroclinic.

The tidal ellipses of the four major tidal con-
stituents at 300 and 700 m are shown in Figs.
15 and 16. The tidal ellipses of the M: con-
stituents are dominant at 300 and 700 m. The
tidal ellipses of the four major tidal constituents
are somewhat flat due to the influence of the
coast line. The rotation of the tidal constituent
is clockwise.

7. Long-term variations of the current

Figs. 17 and 18 show the current speeds
averaged over 25 hours of the eastward and
northward components at 300 and 700 m. The
time series at 300 m shows larger fluctuations
of several days to a month but seldom has the
minus values for either component. The time
series denotes smaller fluctuations at 700 m than
at 300 m of several days to a month.

8. Summary

Current measurements by using self-recording
current meters were carried out from early
November 1978 to early March 1979. The
location of the measurements is to the north-

west of Iriomote Island, between Taiwan and
Yaeyama Islands, and is about 1,000 m deep.
Current meters, Bergen Model-4, were set at
300 and 700 m. The current direction and
speed, temperature, salinity and pressure were
measured. A mooring line was buoyed upward
from a weight on the sea bottom by a buoy
cluster which consists of nine floats. Two timed
releases were attached to the lower end of the
line. A back-up rope on the ground was at-
tached above the release and was moored by a
mushroom anchor. The back-up rope could be
retrieved with a grapnel if two releases acted
before the preset time or if we could not arrive
at the mooring position because of prohibitive
sea conditions.

The power spectral analysis of current varia-
tions shows that the most prominent peak cor-
responds to the semidiurnal period and the
secondary peak corresponds to the diurnal. The
shallow-water tides (M3, M4) were clearly found
in the spectra at a depth of 700 m. Almost no
inertial period (29 hours at 24°N) was found in
these spectra. The harmonic analysis of the
four major tidal constituents, M., S., K; and
Oy, shows the magnitude of the amplitude of
each constituent to be in the order of M:y>S,
>K; >0y, just as the order of the amplitude of
surface elevations. The phase difference of the
M, constituent between 300 and 700 m was
about 90°, suggesting that the tidal structure
in this area was baroclinic.

The current speeds averaged over 25 hours
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varied greatly from 0 to 1.5 knots with period
from several days to a month.
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Distribution and Seasonal Changes of
Metals in Water of Lake Biwa*

Akira KURATA**

Abstract: Distribution and seasonal changes in concentration of 13 kinds of metals were
investigated at the designated stations in the north and south basins of Lake Biwa. Concen-
trations of the dissolved form of Li, Sr, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Sb and Pb
ranged 0.03-0.19, 20.9-49.2, 0.26-2.84, 1.6-21.5, 17.1-133.2, 0.98-3.13, 3.5-17,6, 2.2-19. 3,
3.2-31.9, 0.4-6.0, 0.21-1.02, 1.8-9.8 and 1.0-8.3 p#g/l, respectively, in water during the
investigation period (April 1978-March 1979). In Zn and Mn, concentrations of the particulate
form were higher than those of the dissolved form. In Cu and Co, on the contrary, concen-
trations of the particulate form were lower than those of the dissolved form. In the south
basin, seasonal changes in the concentrations of 11 kinds of metals had a similar pattern at

each station. In the north basin, concentrations of a few kinds of metals were rather higher
at the easterly stations than at the westerly stations. Such a distribution pattern suggested
a prominent supply of these metals by river water at the east coast of the lake.

1. Introduction

In recent years, heavy metal pollution has
proceeded extensively in Lake Biwa, especially
in the south basin of the lake. Therefore, the
heavy metal contents in bottom sediments and
in different kinds of invertebrates and verte-
brates have been investigated by many resear-
chers in the coastal region of the lake. How-
ever, the concentrations of metals, except for
major elements, in water of Lake Biwa and
‘their seasonal changes have not yet been made
clear owing to very low level of the concen-
tration of each metal, in spite of the quality of
water being a matter of great significance for
13 million people in Kyoto, Osaka and Kobe
districts receiving water supply from this
lake.

In the present study, an attempt was made
to make clear the concentration and distribution
of 13 kinds of metals in water of Lake
Biwa.

* Received June 3, 1981
This work was financially supported by the
Environment Conservation Bureau of Prefectural
Government of Shiga.

** Department of Fisheries, Faculty of Agriculture,
Kyoto University, Kitashirakawa-Oiwake-cho,
Sakyo-ku, Kyoto, 606 Japan

2. Materials and methods

(1) Collection of water samples

Samples of lake water were collected with a
Van Dorn water sampler during the period
from April 1978 to March 1979 at the designated
stations in the south and north (main) basins
of Lake Biwa (Fig. 1A and B). In both basins,
sampling was made once a week during spring
and generally once a month during the other
seasons.

(2) Determination of metals

Water samples collected were immediately
brought to the laboratory, filtered through What-
man GF/C glass fiber filters and adjusted the
pH value to 1-2 with conc. HNO;. Before the
filtration, the glass fiber filters were soaked in
3N-HNO; for 24 hr and washed thoroughly with
deionized distilled water in order to avoid the
contamination by trace metals contained in the
filters. After this pretreatment, the filters were
always checked for the metal concentrations.
Since the concentrations of many kinds of metals
in water samples were very low, a large volume
of water (4-61) was sampled and concentrated
to approximately 10 m/ by evaporation under
reduced pressure at 60°C for the determination
of dissolved metals. Separately, metals contained
in the particulates collected on the glass fiber
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Fig. 1A. Location of the stations in the south
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Fig. 2. Seasonal changes in the concentrations
(ug/l) of dissolved metals in water at Stations —
S1 (O), S2 (A) and 83 ([J) in the south basin
of Lake Biwa from April 1978 to March 1979.
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Table 1. Concentrations (#g/l) of particulate metals in water in
the south basin of Lake Biwa. Average values in parentheses.
Stn. S1 Stn. S2 Stn. S3
Fe 64.4 ~132.5 (105.4) 10.3 -199.1 (122.5) 36.8 -192.3 (123.5)
Zn 18.6 - 80.3 ( 34.6) 5.2 -136.1 ( 54.0) 11.8 -203.9 ( 54.4)
Ni 0.1- 29 ( L2 0.03- 2.5 ( 1.3) 0.3- 2.4 ( LD
Cu 0.6 - 3.8 ( 1.7 0.2 - 42 ( 1.6) 0.3- 2.6 ( 1.4
Mn 13.6 - 38.4 ( 25.1) 9.1 -73.9 (39.3) 5.0-39.3 (230
Pb 1.3~ 5.2 ( 3.2 0.4- 52 ( 2.9 1.8 - 6.9 ( 3.6
Mo 0.9 - 53 ( 37 0.4 - 6.0 ( 4.1 1.4~ 7.4 ( 3.8
Co 0.01- 0.72 ( 0.24) 0.01- 0.48 ( 0.14) 0.01- 1.01 ( 0.29)
Cr 0.74- 2.30 ( 1.14) 0.06- 2.52 ( 0.92) 0.75- 2.86 ( 1.43)
Cd 0.07- 0.68 ( 0.23) 0.04- 0.79 ( 0.30) 0.01- 5.54 ( 0.69)
Sh 0.57- 5.70 ( 2.78) 0.42- 5.46 ( 2.66) 0.57- 4.98 ( 3.06)
Table 2. Concentrations (¢g/l) of dissolved metals in water in
the north basin of Lake Biwa. Average values in parentheses
Stn. N1 Stn. N2 Stn. N3 Stn. N5
Fe 24,5 -57.8 (44.5) 17.2 -62.5 (39.5) 17.1 -46.5 (33.6) 23.9 -56.9 (34.3)
Zn 6.3 -18.5 (10.7) 6.1 -18.8 (9.9 6.2 -25.6 (11.6) 4.9 -11.8 (8.8)
Ni 6.0 -11.8 ( 8.8) 6.1 -9.9 (7.9 4.1 -12.8 (8.1 51-10.3 (7.6)
Cu 3.8-6.4 (4.9 2.2 -7.1 (4.6) 2.7-6.7 (4.3 2.9-51 (4.5
Mn 1.2 ~11.4 ( 4.5) 0.6 -57 (2.6) 0.9-35 (1.7 0.8 -3.5 (L7
Pb 1.2 -3.7 (2.5 1.0 - 4.4 (2.6) 1.3-3.6 (2.1 0.8 -3.1 (2.2
Mo 1.6 - 5.3 (2.9 1.3 -4.2 (2.5 0.4 -3.8 (1.7 0.9 -26 (13
Co 1.11- 1.96 ( 1.49) 1.19- 2.51 ( 1.64) 0.98- 2.63 ( 1.66) 1.04- 1.96 ( 1.52)
Cr 0.51- 1.44 ( 1.01) 0.62- 1.51 ( 1,13) 0.26~ 1.34 ( 0.85) 0.51- 1.52 ( 1.0L)
Cd 0.20- 0.78 ( 0.43) 0.15- 0.48 ( 0.27) 0.22- 0.49 ( 0.36) 0.15- 0.69 ( 0.41)
Table 3. Concentrations (#g/l) of particulate metals in water in
the north basin of Lake Biwa. Average values in parentheses.
Stn. N1 Stn. N2 Stn. N3 Stn. N5
Fe 60.5 -162.5 (91.2) 25.6 65.8 (49.7) 14.5 -53.7 (28.8) 13.3 -52.9 (23.5)
Zn 26.0 - 80.2 (47.0) 17.3 -92.2 (45.5) 21.1 -83.6 (33.9) 12.3 -48.3 (30.9)
Ni 1.5 - 10.6 (4.5) 1.8 -10.5 ( 3.9) 0.9-52 (3.2 1.5-6.9 (3.8
Cu 0.5- 2.3 (L4 0.5-16 (0.9 0.4 -1.3 (0.7 0.4 -24 (0.8
Mn 6.2 -19.9 (10.7) 1.9 -8.1 (5.6) 3.0 -83 (4.6) 2.6 -8.2 (4.0
Pb 0.9- 4.2 (19 0.8 -28 (L7 0.8-2.2 (15) 0.5~-54 (1.8
Mo 2.0- 7.0 (3.4 1.3-4.3 (2.3 0.5-34 (L7 0.5-3.4 (L4
Co ND- 0.95 ( 0.41) 0.09- 0.81 ( 0.40) 0.13- 0.73 ( 0.31) 0.12- 0.71 ( 0.30)
Cr 0.45- 3.73 ( 1.34) 0.45- 1.92 ( 1.14) 0.40- 1.44 ( 0.86) 0.23~ 1.69 ( 0.80)
Cd 0.05- 0.94 (0.21) 0.04~ 1.02 ( 0.25) 0.03- 0.16 ( 0.09) 0. 04- 0,39 (0.23)
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filters were extracted with 3N-HNQO;. The
concentrations of Li, Sr, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Mo, Cd, Sb and Pb were determined
by the atomic absorption spectrophotometric
method described in the previous paper (KURA-
TA, 1974).

3. Results and discussion

Patterns of seasonal changes in the concen-
trations of 11 kinds of metals are shown in
Fig. 2. During 12 months from April 1978 to
March 1979, the concentrations of Fe, Ni, Mn,
Cu, Zn, Sh, Pb, Mo, Co, Cr and Cd ranged 22.0-
133.2, 6.5-26.8, 2.1-21.5, 3.8-19.3, 3.4-18.0,
1.8-15.8, 1.5-8.3, 0.3-6.0, 1.07-2.11, 0.53-2.84
and 0.21-1.02 pg/I, respectively. According to
reports on the bottom sediments of the south
basin of the lake, the maximum content of Ni,
Mn, Cu, Zn, Pb, Cr and Cd amounted to 70,
2450, 116, 736, 306, 74.6 and 26 pg/g dry matter,
respectively (ITASAKA et al., 1971, TATEKAWA
etal., 1971, NAKAMURA et al., 1972, NAKAMURA

et al., 1974, KOBAYASHI et al., 1975). However,
the concentrations of metals in water have not
been made clear in these reports. The concen-
trations of Fe, Mn and Zn fluctuated considerably
during the investigation period. On the other
hand, the concentrations of Ni, Cu, Co, Cr and
Cd remain little changed excepting a few cases
for Ni and Cu. The concentrations of Fe, Mn,
Sb and Pb were fairly low from spring to
summer and fairly high from autumn to winter.
Generally, seasonal changes in the concentrations
of all kinds of metals at each station showed
similar patterns.

Concentrations of the particulate metals in
water at each station from April to August of
1978 are shown in Table 1. It was thought
that the greater part of particulates must be
composed of -phytoplankton. At these stations,
in average, 105.4-123.5 ug of Fe, 34.6-54.4 pg
of Zn, 23.0-39.3 ug of Mn, 2.9-3.6 ug of Pb,
1.1-1.3 pg of Ni, 1.4-1.7pg of Cu, 3.7-4.1 ug
of Mo, 0.14-0.29 pg of Co, 0.92-1.43 pg of Cr,

Cu concentration (ug/l)

8 25 1 8

15 22 29

y
4 N

8 25 1 8 15 22 29

Fig. 3. Variations of dissolved (O), particulate (@) and total (A) Cu concentrations
in the north basin of Lake Biwa from May to June 1978.
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0.23-0.69 pg of Cd and 2.66-3.06 ug of Sb were
contained in 1/ of water as particulate form.
The particulate form of Fe, Zn and Mn was
at higher level than the dissolved form of these
metals. This corresponds to rather low level
of dissolved form of those metals during the
growing season of phytoplankton as shown in
Fig. 2. On the contrary, the particulate form
of Ni, Cu, Co and Sb was at rather lower level
than the dissolved form. In the cases of Pb,
Mo, Cr and Cd, there is little difference between
the particulate and the dissolved form.
Concentrations of 10 kinds of metals in water
at each station in the north basin of the lake
are shown in Table 2. The concentrations of
Fe, Zn, Ni, Cu, Mn, Pb, Mo, Co, Cr and Cd
ranged 17.1-62.5, 4.9-25.6, 4.1-12.8, 2.2-7.1,
0.6-11.4, 0.8-4.4, 0.4-5.3, 0.98-2.63, 0.26-1.52
and 0.15-0.78 ug/I, respectively. The concen-
trations of Fe, Ni, Mn, Pb and Mo were nearly
half compared with those in the south basin of
the lake. However, the concentrations of Zn,
Cu, Co, Cr and Cd were almost the same as

1208~ /

those in the south basin of the lake. From
these data, it may be supposed that the dis-
charge of some kinds of metals from the rivers
flowing into the south basin of the lake was
more intense than in the north basin.

The concentrations of particulate metals in
water at each station in the north basin of the
lake are shown in Table 3. The concentrations
of Fe and Mn in this form were considerably
lower than those in the south basin. It may be that
the amounts of these metals taken up by phyto-
plankton were affected by lower level of these
metals in water of the north basin than in water
of the south basin.
of particulate form of other metals were almost
the same as those in the south basin.

Relative proportion of the dissolved and the
particulate forms in the total amount differed
with metals in the north basin as well as in the
south basin. In the cases of Zn and Mn, par-
ticulate form occupied greater part of the total
amount irrespective of seasons and sampling
On the contrary, in the cases of Cu

However, the concentrations

stations.

St.N2

E,

2

c

1S

g St.N3 St.N5
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3

g 120

© A
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Fig. 4. Variations of dissolved (O), particulate (®) and total (A) Fe concentrations
in water in the north basin of Lake Biwa from May to June 1978.
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Fig. 5A. Averaged values of the total (dissolved
+particulate) concentration of metals in water
in the north basin of Lake Biwa during the
investigation period. @, Fe; A, Zn; [], Mn.
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Fig. 5B. Averaged values of the total (dissolved
+particulate) concentration of metals in water
in the north basin of Lake Biwa during the
investigation period. [, Mn; @, Ni; A, Cu;
0O, Mo; X, Pb; ©, Cr; &, Co; A, Cd.

Table 4. Concentrations (#g/l) of dissolved
metals in water of Lake Biwa from April
1978 to March 1979.

Range Average
Fe 17.1 -133.2 43.6
Sr 20.9 - 49.2 15.8
Zn 3.2 -31.9 9.9
Ni 3.5 -17.6 10.1
Sb 1.8 - 9.8 4.7
Mn 1.6 - 21.5 3.4
Cu 2.2 -19.3 5.4
Pb 1.0 - 8.3 2.6
Mo 0.4 - 6.0 2.6
Co 0.98- 3.13 1.63
Cr 0.26- 2.84 1.33
Li 0.03- 0.19 0.70
Cd 0.21- 1.02 0.42

and Co, dissolved form occupied the major
portion of the total. While, in the cases of Fe
and Mo, the proportion of both forms varied
significantly in accordance with the sampling
days. It is supposed that the fraction of par-
ticulate form in the total reflected the require-
ment of these metals by phytoplankton during
the investigation period. Variations in dissolved,
particulate, and total Cu and Fe at each station
in the north basin of the lake during the growing
season of phytoplankton are shown in Figs. 3
and 4.

Distribution of the averaged values of total
amount of each metal in water at each station
from the east to the west in the north basin
of the lake during the investigation period is
shown in Figs. 5A and B. The concentrations
of Fe, Zn and Mn showed a marked trend to
be higher at the easterly stations than at the
westerly stations. However, the concentrations
of other metals had not such a striking tendency
at these stations. It is suggested from such
distribution pattern that the major elements
must be mainly supplied through the rivers in
the east coast of the lake from paddy fields,
domestic waste water and discharge of many
factories.

Variation in the concentrations of 13 kinds of
metals in water of the lake during the investi-
gation period is summarized in Table 4. Com-
paring with the concentrations of metals in other
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lakes, the concentrations of Cu, Zn and Cr in
water of Lake Biwa were less than one-fifth of
those in Lake Orta (GERLETTI and PROVINI,
1978). The concentrations of Mn, Cu and Zn
in water of Lake Biwa were at the same level
as those of Lake Michigan (ROSSMANN and
CALLENDER, 1969), glthough the concentration
of only Ni in the former lake was slightly higher
than that in the latter.
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1883 Krakatoa Tsunami in a Scope of Numerical Experiment*

Shigehisa NAKAMURA**

Abstract:

1883 Krakatoa tsunami around the Sunda Strait was studied by using a simple

numerical model for finite difference method. The author tried to find properties of tsunami

front, arrival time and tsunami height on the basis of the numerical experiment.

Estimated

value of the wave energy trapped in the Sunda Strait was about 54 % of initial increase of

an equivalent potential energy at the tsunami source area being due to a vertical displace-

ment-of the water surface.

This result seems to be successfully applicable to a tsunami

in a strait or channel of similar dimension, e.g. the Kii Channel in Japan.
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Fig. 4. Computed mareograms of 1883 Krakatoa tsunami model for W=0.1 m.
(a) T=400sec, (b) T=200sec and (¢) T=100 sec.
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Table 1. Arrival time of Krakatoa model tsunami.
P (arrival of disturbance) Q
Station displacement time Qs (h) Qi (h)
(m) (h) [[H!=10"m] [|H|=10"m]
Jakarta 1.32%x107* 0.134 1.57 1.97
Telukubetung —7.23x1077 0.0574 0. 0957 0. 153
Radjabasa —8.09%x 1072 0.172 0. 383 0. 498
Balimbing —1.03x1078 0. 0766 ~0.11 ~0.15
Panaitan Island —6.89x 107 0. 0957 ~0.22 ~0.3
Tinji East —1.06%x1077 0.172 ~0.53 ~1.1
Christmas Island 9. 14X 107 0.421 ~0.88 ~1.8
Table 2. Height of Krakatoa model tsunami.
Duration time
Station
T=100sec T'=200 sec T=400 sec T=800 sec

Jakarta 6.52%x107* (m) 1.30x 1073 (m) 3.25%107% (m) 7.08%107% (m)
Telukubetung 4.06%x1073 8.11x107¢ 2.01x10°° 4.27%1072
Radjabasa 1.16x 1073 2.32%x1073 5.68%x1073 1.14%x1072
Balimbing 1.10x1073 2.17x1073 5.17%x107° 9.28x107°
Panaitan Island 4.87x107* 9.52x107* 2.14% 1078 3.40x107°
Tindji East 3.86x107* 7.81x107* 1.92%x107° 3.23x10°®
Christmas Island 2.32x107* 4.44x107* 9.85x107* 1.89%x 1073
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The First JECSS (Japan and East China Seas Study)
Workshop (Introduction)*

Takashi ICHIYE**

1. Background

It seems ironic that political and economical
interest is focused on marginal or adjacent seas
of the world as manifested in declaration of 200
miles economic zones by many countries when
oceanographers start in the seventies to cooper-
ate in big projects for studying deep sea oceano-
graphy of the North Atlantic and Pacific Oceans,
and the Southern Ocean. Although the marginal
seas are considered important economically, the
natural processes predominant there are more
complicated than those in deep oceans because
of effects of coastal and bottom boundaries, thus
usually they have shunned these areas except
for a special process such as coastal upwelling.

We cannot emphasize too much that oceano-
graphers should cooperate for studying the
marginal seas in the eighties for several reasons.
One reason is purely scientific. Nearshore and
shallow water processes are predominantly non-
linear but provide major roles in energy dis-
sipation (and probably supply, too) for the
Other reasons are econom-
Aside from obvious political

oceanic circulation.
ical and political.
and economical importance of these seas (such as
transportation and resource exploitation), oceano-
graphers will encounter difficulties in going out
far into the interior of the ocean owing to fuel
shortage and in doing field study of these seas
by political interference of some coastal coun-
tries.

There are great differences in geographic
features among the marginal seas of the world
oceans, although the gross features of ocean
circulation have similarity at least between the
North Pacific and North Atlantic Oceans. The
adjacent seas of the western North Pacific Ocean

* Received December 22, 1981
** Department of Oceanography, Texas A & M
University, College Station, TX 77843, USA

have a broad continental shelf as those of the
western North Atlantic Ocean but the similarity
seems to end there. Particularly the former
seas are more complicated not only in the coast-
lines but also in hydrographic characteristics,
in a sense that the Japan Sea interrupts the
continental shelf of the South and East China
Seas with a deep semi-enclosed basin and the
two large rivers, the Yantze (Changiang) and
the Yellow (Huanghe), transport enormous
amounts of sediments together with fresh water
into the East China Sea and Bohai Bay, re-
spectively. There are many interesting and
important oceanographic problems to be studied
in these areas. Since before the WW II many
oceanographic activities were taken in the East
China Sea and the Japan Sea mainly by Japan.
Since early sixties these activities have been
accelerated particularly by Japan Meteorological
Agency, Fisheries Agency and Hydrographic
Department of Japan and also have been aug-
mentented by researchers from USSR, Korea
and China, partly through CSK (Cooperative
Study of Kuroshiro) Program, though China
was not an official member of the program.
The hydrographic data mainly with Nansen
bottle casts, collected by the Japanese oceano-
graphers in these areas surpass those in any
other parts of the world oceans in their frequency
and density, according to assessment by Dr.
Choule SONU of TEKMARINE in California.
Only lacking is the synthetic analysis of these
data for general understanding of ocean dynam-
ics and for identification of specific processes.
After completion of scientific assessment of these
data, there will emerge need of new cooperative
programs for collecting additional data or for
carrying out new experiments. Two examples
may be cited. Routine hydrographic cruises of
the East China Sea were extensively carried out
seasonally and sometimes bimonthly by Nagasaki
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Marine Observatory and Fisheries Agency of
Japan since early fifties (Ko1zumi, 1964), but
there is no work which correlates the discharge
from the Yantze to water mass distribution and
circulation there. There was a good review by
MORIYASU (1972) on the Tsushima Current, but
it is still unknown why this current branches
from the Kuroshio at the T'sushima Straits with
a wide shelf less than 100 m in depth interrupt-
ing the two currents west of Kyushu. A paper
by MINATO and KIMURA (1980) is the first step
for rational explanation of generation of the
current as a result of pressure difference be-
tween the Tsugaru and Tsushima Straits due
More
elaboration of this mechanism will be discussed

to the wind-driven oceanic circulation.

including the non-linear effects in a paper to be
included in the proceedings which will combine
papers published in this journal.

2. Development of the Workshop

I was marginally interested in the Tsushima
Current as described by comparing it with the
Loop Current in the Gulf of Mexico in my paper
published in an obscure journal almost twenty
years ago (ICHIYE, 1962). Early last year SONU
called my attention to his study on the Tsushima
Straits hydrography by combining satellite in-
frared (IR) images with extensive hydrographic
data collected by the Japanese oceanographers.
He also mentioned that Dr. Dennis CONLON
of Louisiana State University just finished his
dissertation on hydrography of the Tsugaru
Straits. He suggested that [ could contact the
Japanese physical oceanographers who might be
interested in cooperative study of hydrography
of these straits, the Japan Sea and the East
China Sea. 1 attended UNESCO-WESTPAC
Workshop on Coastal Transport of Pollutants
convened by Prof. Toshiyuki HIRANO, Ocean
Research Institute, University of Tokyo in late
March last year.
days for interviewing some physical oceano-

I stayed in Japan for several

graphers for potential participation in a joint
This activity
was facilitated by my attendance of the national
meeting in April of Oceanographical Society of
Japan in Tokyo.

cooperative study of the two seas.

During summer and fall of
last year I had extensive discussion with SONU

and CONLON who moved to the Office of Naval
Research in Mississippi as well as with Dr. Ya
HSUEH who was at the National Science Foun-
dation at the time and Prof. Kenzo TAKANO
of Tsukuba University about convening some
preliminary meeting in Japan next year on
physical oceanography of the two seas. At first,
one faculty member of Tokai University, Shi-
mizu, appeared to be interested in such a meeting.
Thus in late October I sent a preliminary letter
of a symposium to be convened in the spring,
1981 possibly at that campus on dynamics of
marginal seas of the western North Pacific
Ocean to potential participants of Japan, U.S.,
People’s Republic of China, Korea and USSR.
I received more than twenty favorable answers
to my letter before the end of November.

Next few months I was engaged in writing
to various foundations in Japan for possible
funding for the proposed symposium as well as
in finding a suitable acronym for the symposium,
which is said to be most important for promotion
of any project, according to some top scientists
in the U.S. It turned out that all the founda-
tions contacted by me could not support the
Further in
late January the faculty member of Tokai Univer-
sity informed me of unavailability of the campus
for the meeting because of some objection from
Fortunately TAKANO saved
the day by offering his university as a meeting

meeting for one reason or other.

the administration.

place and his service as a co-convener. More-
over, he contacted Prof. Koji HIDAKA for finan-
cial support for the meeting through HIDAKA
Foundation which graciously provided the sum
of ¥ 400,000 in spite of an extremely short notice
of application. As for the acronym, the first
choice was MIDAS/JESUS (Multinational In-
vestigation of Dynamics of Adjacent Seas/Japan
and East China Seas Unified Study). However,
this was too long and besides as several friends
of mine pointed out, combination of names
related to objects of material and spiritual wor-
ship might offend some people, though there is
no intention for my part for allusion. Thus
finally JECSS was chosen and the official invi-
tation letter for the workshop was sent to
potential participants around the middle of Feb-
ruary.
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The letter stated that the workshop would be
held at Tsukuba University from 1 June to 4
June. Its three main objectives are: (1) identi-
fication of hydrographic data sources and de-
scriptive reviews of the circulation in the two
seas; (2) critical appraisal of mathematical and
experimental models on dynamics of the area,
and (3) discussion on planning of future study
including field experiments with ships, drifters,
mooring systems and satellites.

3. The Meeting

All participants from U.S., Korea and P.R.C.
and some from Japan were housed in guest
houses of Tsukuba University. The program of
the workshop is listed in the appendix. Twenty-
four papers were presented at the meeting.
Centents cf papers presented will be summarized

with names and affiliation of participants else- "

where (ICHIYE, 1982). Therefore, here only
synthetic discussion on the last day of the pro-
gram is descrited based mainly on notes taken
by Ncel PLUTCHAK of Interstate Electronics,
Anaheim, California.

First, the Steering Committee for JECSS was
established in order to facilitate cooperative
study of the two seas, exchange information of
progress and organize and publicize the future
meetings. Each country elected a representative
for the committee except Japan which may
elect two representatives. Voice votes confirmed
TAKANO as one representative of Japan, Dr.
Kuh KiM of Seoul National University as the
representative for Korea and ICHIYE as the
chairman and representative for the U.S. Mr.
Y. YUAN of Second Institute of Oceanology,
P.R.C. wished to postpone about the repre-
sentative until consulting with his colleagues.

The main items decided in this session are:
(1) the second workshop will be held in April
1983 in Japan; (2) some participants will make
effort for IOC to recognize and support JECSS
as one of its working group, (3) invitation will
be sent to Taiwan before next meetng, (4)
cooperative calibration and standardization of

data will be developed, (5) cooperative field
surveys, for instance in the East China Sea for
Fall of 1981 and Spring of 1982 between U.S.
and Korea will be scheduled and the plan and
the results will be disseminated through the
steering committee, (6) the First JECSS Work-
shop papers will be published in ‘‘La mer’’,
(7) the fields covered will be limited tenta-
tively for physical aspects including chemical and
geological oceanography, (8) meeting review
may be published in Japan in JOS]J and in the
U.S. in EOS of AGU.

It is noted that personal contacts among the
participants were superb during and after ses-
sions each day because of relatively small
numbers of participants, closely located lodging
and meeting places and excellent assistance by
staff and students of the university. Such con-
tacts were further enhanced at the get-together
evening cf the first day on campus and the
barbeque party at Mt. Tsukuba in the after-
noon of the last day, both of which were
organized expertly by TAKANG and his group.
(I also acknowledge travel expenses of two trips
to Japan were partially provided by the Office
of Naval Research.)
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1. Estimation of the Kuroshio mass transport flowing out from the East
China Sea to the North Pacific soceererreeeniiiriiniieiiieiiiiiiiiiiiieiiiiae. NISHIZAVVA, J" E. KANIIHARA,

R. KUMABE and M. MIYAZAKI (Japan)
2. Seasonal and year-to-year variability of the Tsushima-Tsugaru Warm

Current System with its possible cause crevererrserecmmaiiiiii... ToBaA, Y., K. TOMIZAWA,
Y. KURASAWA and K. HANAWA (Japan)
3. TFormation of water masses in the Japan Sea:«-s-seeemsrrirmirmiminienii KM, K. (Korea)
Afternoon ) Chairman—Y. HSUEH
4. On the large internal fluctuations observed on the Korean coast of
the Japan Sea «-sr-ssererrrettmmmmiie i e e SEUNG, Y. H. (Korea)
5. Sediment transport in the East China Sea «--ceecererrererionamnmniice.e. MILLIMAN, J. (U.S.A.)
6. Current transport Of sediments --rerrererreementrettiiimiiiiiiiiiiei i "KOLPACK, R.L. (US.A)
7. Distribution of metallic elements in sea water in the East China Sea
................................................................................. SUGIMURA, Y. and Y. SUZUKI (Japanj
Tuesday 2 June
Morning Chairman—Y. TOBA
8. Water properties and currents around the Jeju Island in June, 1981:rereerereeeeee Km, K. (Korea)
9. Dynamics of flow in the region of Tsugaru Straits---CONLON, D. (U.S.A.) (Presented by SoNu, C.)
10. Three dimensional numerical model of the coastal circulation s-««cseeereereeeies HsueH, Y. (U.S.A.)
11. Calculation of three dimensional ocean current by exact solution—
finite element method creeecrrerrerricriiiiiiiiiiiiiiiiiieiiia, &7UAN, Y_, J SU and J 7ZHAO (pRC\
12. A single layer model of the continental shelf circulation in the East
CRina Sea s+eeesererssrsrurnnmummmnnnsintenenienseisesssaenareesseeisenisisasssnnan YUaN, Y. and K. HE (P.R.C.)
Afternoon Chairman—M. ENDOH
13. A tidal model of the Yellow Sea and the East China Sea :-c-c-eeereerreerecoeonecenens CHol, B. (Korea)
14, Note on currents driven by a steady uniform wind stress on the Yellow
Sea and the East China Ty B R LR R T R RTE R R S RP P CPIOI, B. (Korea}‘
15. Numerical modeling of the Japan Sea:----eeetsrsesuemssteiiiimiiiiiii e YooN, J. (Japan)
Wednesday 3 June
Morning Chairman—M. TAKEMATSU
16. Inventory of oceanographic data for sea straits around the Japan Sea «c+-----oee Soxnu, C. (U.S.A)
17.  Precaution for environmental monitoring in the shallow sea =:eorrereecersees PruTcHAK, N. (U.S.A)
18. Satellite observations of surface circulation patterns of the Japan Sea,
East China Sea and Yellow Sea: Fall, winter and spring seasons «srecscoeceenes Hun, O. (U.S.A.)
19. A case study of SST and water quality mapping by spacecraft data
---------------------------------------- MUNEYAMA, K., Y. SASAKI, I. ASANUMA and T. EMURA (Japan)
Afternoon Chairman—O. K. HUH
20. On the short-term variability of the Kuroshio and Tsushima Current:--- TAKEMATSU, M. (Japan)

21. Hydrographic study of the East China Sea -*BEARDSLEY, R. (U.S.A.) (Presented by MILLIMAN, D.)
22.  On the internal wave resonance in the Yellow Sea ‘- AN, H.S. (Korea)
23, A review of sea conditions in the Japan Sea:r-re«eeseesrrreoreeerreiraiiriiniiniiis SuuTo, K. (Japan)
24, The continental shelf waves in the eastern coast of Korear----=:--ereeerereerenet CHUNG, J. K. (Korea)

Thursday 4 June
Morning Chairman—K. KM

Synthetic IS CUSSION * v e o et ereseaesnnsuuetiinusneiuieeissssciecceestisestsacatiossssnssstasasoncasotonnesns all the participants
Closing TEIMATK 7vevtrecreroesacarsrncetnonoietiesiuoreiessecciconnaemmesessearsscresionstnsscrssasosconsse HSUEH, Y. (USAA)
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Seasonal and Year-to-Year Variability of the Tsushima-
Tsugaru Warm Current System with its Possible Cause*

Yoshiaki ToBa**, Kazumi TOMIZAWA**,
Yoshikazu KURASAWA** and Kimio HANAWA**

Abstract: The current transport entering the Japan Sea may be regarded as balancing with
that flowing out the Sea, in a time scale longer than the seasonal. Regarding the Tsushima
Current and the Tsugaru Current as the main warm current system passing through the
Japan Sea, the most plausible image of the variability and its possible cause are presented,
by synthesizing accumulated observational data. The average seasonal variation of the volume
transport is characterized by the minimum in February through May, and the maximum in
August through September. The annual average is 2.0X 10°m?® ™!
of 1.6x10°m®s™". It is inferred that the current system is driven and controlled by the
difference of sea level or 4D, between the shallow East China Sea where the temperature
variation by air-sea interaction is large, and the cold sea area east of Tsugaru which is the
westmost part of the subarctic gyre. The following formula is proposed for both the seasonal
and the year-to-year variability: V(10°m?s™")=2.0+0.14H (cm), where V is the volume
transport of the current system, 4H is the deviation from the average of the sea level
difference between the East China Sea and the area east of Tsugaru, and for seasonal vari-

with a range of variation

ability, there is a delay of phase of one to two months in the volume transport.

1. Introduction

The Tsushima Warm Current flows from the
East China Sea into the Japan Sea, forming the
major inflowing transport to the Japan Sea.
This water flows through the southern half of
the Japan Sea to the northeast, converging off
Akita and Aomori Prefectures to flow to the
north along the Japanese coast. The majority
of the transport then flows out through the
Tsugaru Strait into the Pacific Ocean as the
Tsugaru Warm Current, while a minor portion
flows further north and becomes the Soya
Warm Current emerging through the Soya
Strait to the Sea of Okhotsk. A part of the
transport flowing north in the eastern part of
the Japan Sea presumably flows back south-
wards through the western part as the cold
Liman Current. This part of the transport may
be considered as the circulating transport within

* Received August 31, 1981
Presented at the First JECSS Workshop, June
1981 (cf. La mer, 20: 37-40, 1982).

** Geophysical Institute, Faculty of Science, Tohoku
University, Sendai, 980 Japan

the Japan Sea. This is the primary description
of the current system through the Japan Sea

(cf. Fig. 1).

Tsugaru
\(/:thrm °N
urrent
40

Tsushima
Warm Current

A:Tsushima Strait
B:0ff Shimane &
Echizen
C:Off Akita & Aomor]
D:0ff Esashi
E:Tsugaru Strait
F:0ff Shiriyazaki
7 Gl: In the Japan Sea

30

130 140 150°E

Fig. 1. Schematic picture of the warm current
system through the Japan Sea. Key letters
A through G stand for location of stations
in Table 1.
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The Tsushima Current was regarded as one
branch of the Kuroshio departing from the main
current to the southwest of Kyushu. However,
it has been recognized that the Tsushima Cur-
rent is sometimes an ill-defined, diffuse flow of
water from the East China Sea through the
entire Tsushima Strait* (e.g. AKAMATSU, 1977).
The mechanism of the variability has not yet
been shown.

Also, it seems generally accepted that the
Tsugaru Current is caused by the difference in
sea level between the Japan Sea and the North
Pacific Ocean (e.g. HATA, 1973), but the cause
of the sea level difference had not hitherto been
elucidated.

Recently, MINATO and KIMURA (1980) have
treated the western boundary current penetrat-
ing into a marginal sea by use of a linear,
steady and barotropic model, and have shown
that about 2 9, of the volume transport of the
Kuroshio will penetrate into the Japan Sea.
This may give a rough interpretation for the
currents through the Japan Sea. However,
seasonal variation of the Tsushima Current is
not necessarily pzrallel to that of the Kuroshio,
and also the Tsushima Current is not an exact
branch of the Kuroshio, but consists of a mix-
ture of the Kuroshic water and the water of
the East China Sea. Further, the Tsugaru
Strait is not located along the western boundary
current, but at the west end region of the
subarctic gyre.

In this report, we have approached the prob-
lem with a working hypothesis that the vari-
ability of the warm currents penetrating the
Japan Sea is determined by the sea level differ-
ence between the shallow East China Sea, where
the sea level variation is large owing to the
effective air-sea interactions, and the cold and
deep subarctic region to the east of Tsugaru
Strait, where features of the air-sea interaction
and the sea level variation are different from the
East China Sea. It will be reported below that
we have reached a conclusion supporting this
hypothesis.

* In this report the term ‘‘Tsushima Strait’”’ is
used, for simplicity, as a combination of the
Korea Strait and the Tsushima Strait in the
narrow sense.,

According to the tidal records, the maximum
range of sea level fluctuation within one month
in the Japan Sea is 20 cm, which can be con-
verted to an average excess inflowing or out-
flowing transport of 0.1x10%m3s™'. The evapo-
ration and the precipitation correspond to the
These
values are one order of magnitude smaller than
the average transport of the Tsushima Current.

same order of magnitude or smaller.

Consequently, insofar as we consider the vari-
ability of the transport penetrating the Japan
Sea in a time scale longer than one month, or
at least a seasonal time scale, it may be assumed
that the inflowing and the outflowing transports
vary synchronously. This assumption seems to
have been postulated by MORIYASU (1972) in
his review paper on the Tsushima Current.

The transport of the Soya Current is not large
(AOTA, 1975), and according to HATA (1962)
and KIMURA (1978) 70 to 90 % of the transport
of the Tsushima Current flows out as the
Tsugaru Current. Consequently, we treat the
main element of the transport passing through
the Japan Sea in a time scale longer than the
seasonal variability as the Tsushima-Tsugaru
Warm Current System.

2. Variability of the current system synthe-
sized from the past data

Table 1 shows a list of studies up to the
present which estimate the velocity and/or the
volume transport of currents in relation to the
Japan Sea. Fig. 2 shows the synthetic time
series from these studies.

In order to draw a representative variability
of the current system, we choose the volume
transport off Akita and Aomori Prefectures,
where the warm current flows to the north
with a narrow cross section, and where the
assumption that the barotropic component is
small may be wused. This assumption has
actually data supported by CONLON (1981).
Data obtained by direct current measurement
are still scanty, so we should rely on accumu-
lated hydrographic data at the present stage.
Fig. 3 is an ensemble of the estimated seasonal
variability from various sources. Data points
from the present ‘éﬁtudy show the geostrophic
transport, which has been estimated with a
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Table 1. List of studies up to the present on variability of the warm currents in
the Japan Sea.

For location of observation sections, see Fig. 1.
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Author Location of section Period of estimation Reference level Remark*
Supa (1938) A 1932-35 bottom A%
. ; Two Layers
HIiDAKA & SUZUKI A !
7 (1950) (Korea Strait) 1926-41 <zero speed m) A%
lower layer
KUSUNOKI & KASHIMA
(1951) C, D 1921-47 \Y%
n ) 1935-40(A) bottom (A) .
Mryazaki (1952) A C D 1931-40, 48, 50(C, D) deeper than 400db (C, D) |
SUGIURA (1958) F V. T
., , 1957-58(C)
YASUI & HATA (1960) C, F 1050-58 (F) 400db T
HaTa (1962) C, D 1947-59 400db T
Y1 (1966) A 125db Vv, T
AKAMATSU (1974) C 1966-73 300db T
Aota (1975) D (from tid’e récords)
KiMURA (1978) B, G 500db T
AKABANE (1979) - 300db(C) )
AKABANE er al. (1979) & F 1966-79 200db (F) r
) ~ ; 1966-76 (A) bottom (A, E)
Present Study A,C,DE 1964-80(C) 300db(C, DY T
* V, velocity; T, volume transport.
TSUSHIMA STRAIT
ra . (1974)
i R . . 0 = AKAMATSU
toor & Py X @’5: 4 ° ﬂlﬁﬁ?ﬁxﬁ‘ﬁ%ﬁ?'ﬂ ssoy AKABANE (1979)
0 > YASUI & HATA (1960) « PRESENT STUDY ﬂ
K1ls 5 HATA (1962) x10°m’s
5
OE 1 1 - 1 1 1 l;u\fd"}\:'.;‘; ‘\:. 10
25 30 45 50 55 60 65 70 75 H
OFF AKITA & AOMORI PREFS. . .x10€r;\’/s
i %
x10%rs ! o
5 s P >
% 30 £ o w5 50 5 60
OFF ESASHI
x10%m’ls
5
E E a5 L5 .
0 3 00 %oy ©FT P ! P 1Ee S8 )
25 30 35 5 50 55 60
INTO THE TSUGARU STRAIT
x10°m’ls
5 s & a
E @ AA & S e L08 Lhe
0 L °o° - °opo 1 N 2O 1 1
2 30 35 40 45 50 55 60

Fig. 2.

* WEST
TSUGARU STRAIT PRESENT
© EAST STUDY

Synthetic time series from Table 1.
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reference level of 300 db, together with an as-
sumption that the waters warmer than 7°C
constitute the transport of the warm current
following the proposal by MIYAzAKI (1952).
The transport estimated by use of Q-value
defined by
R
0= SO (ADg—AD)dz

isTalso entered by closed triangles, where 4Dz
and 4Dy, are the dynamic depth anomaly from

the surface to the depth of R and Z, respectively,
and R is the assumed layer of no motion. The

R i R

-
S | 4 (Q)
2 . 7#‘
A ' -] | © MIYAZAKI(1952)
! i | = HATA(1962
L ! 4 B )
> AKAMATSU(1974)
. | = AKABANE(1979)
I N U O Y I |
1 2 34 567 8 9101112

month
Fig. 3. Seasonal variability of the warm current
system estimated off Akita and Aomori

La mar 20, 1982

Q-values for two stations A and B are corre-
lated with the volume transport V through a
section between A and B by

V=""(Qa— Qs

where f is the Coriolis parameter.
larger than the transport above 7°C.

In the present study the current transport has
been calculated by use of available data from
1965 to 1977, obtained by Fisheries Experiment
Stations of Aomori and Akita Prefectures. The
overall feature is characterized by the minimum
in February through May, and the maximum
in August through September. The annual

is estimated as 2.2x10°m’s™! with a
1

It is naturally

average
range of variation of 1.6Xx10®m3s~
present data. The value for December is rather
large, but the reason is yet to be elucidated.
The reason for choosing 7°C as the criterion
of warm water is qualitatively substantiated by
the temperature sections shown in Fig. 4, of

, from the

which the location of stations indicated at the
top is shown in Fig. 5. The second thermo-
cline is seen around 7°C in (a) for the section
off Aomori, and it approximately corresponds
to the sill depth of the west entrance of the
Tsugaru Strait, as seen in (b). The sectional
area above 7°C at the section off Esashi shown

Prefectures. in (¢) is much smaller than that shown in (a),
ST.09 010 on 012 013 01 E6 E7 E8 ES E10 Wi W4
o »\JI\\"\[ o
B \2@( B
15 N
100 - F
T 10
B L T\ L
A
AN
200 - =
5
°C
(Aug.) (a) N (b) (c)
300 \
Fig. 4. Temperature section to the south (a), to the north (b), and at the entrance

(c) of Tsugaru Strait.

For location of stations, see Fig. 5.
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indicating that most "of the water above 7°C
flows out through the Tsugaru Strait. The T-S
diagrams shown in Fig. 6 also support the above
criterion. Namely, the water entering the
Tsugaru Strait (b) has a temperature warmer
than 7°C, and the water just to the north of
the Strait (c) has almost the same characteristics
as the water proper to the Japan Sea (d).

Fig. 7 shows the baroclinic geostrophic trans-

port estimated at Tsushima Strait at its mouth

of the Japan Sea side. The present estimate,
obtained by use of data from Yamaguchi Pre-
fecture Open-Sea Fish. Exp. Station, is indi-
cated by solid circles with error limits.
the observation line did not reach the Korean
coast, the values are about 709 of the esti-
mates by MivAzaKl (1952) and by Y1 (1966)
who used sections covering the entire Strait.
The pattern of the seasonal variation is charac-
terized by minimum in February through April
and maximum in July through November, and

Since

' ( using values by MIYAZAKI (1952) and Y1 (1966)
" the average transport is estimated as 1.3x10%
Lz r ce m?s~! with the annual range of 2.0x108m3s™!.
= 0 Since the value is much smaller than the above
. estimated transport off Akita-Aomori, it is in-
= o ferred that the barotropic geostrophic or ageo-
strophic components do exist at the Strait,
w b R especially in winter through spring. This in-
ference agrees with MIIDA’s (1976) observation
%t from direct current measurements in the Strait
in summer.
It should be noted here that, according to
wk ¥ L Mivazakr (1952), the ratio of the transports
between the west part (Korea Strait) and the
. ) east part of the Strait is 3:1.
138 138 140 La1°E Fig. 8 shows the baroclinic geostrophic trans-
Fig. 5. Location of stations for Figs. 4 and 6. port at the west and the east mouths of Tsugaru
(a) (b) (c) (d)
=4 ST.01,02,03,013,04 W1 W2, W3 Wb E1,E2,E9,E10 £4 E5,E6,E7
7] B
T L P -
—~ : el
(S x
o
o~
W
o
S
5
x
wi -
a
b
w
=
9
& JAN. -
O MAR. e
14 MAY B e
o JuL. f e
X SEP. Ry: 8
o | x Nov. B 2
n o 32 0 3 e+ V7 Ly T
SALINITY (°/e0)
Fig. 6. T-S diagram for waters to the south (a), at the entrance (b), to the north (c) of

Tsugaru Strait, and for the water proper to the Japan Sea (d).

stations, see Fig. 5.

For location of
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x10°m’ls
° T
Tsushima Strait
4 = °  MIYAZAKI(1952)
o YI(1966)
3 =

B¢ #
'TL % i}*
oLiif‘i’

(I Y OO Y T I O O I

1 23 45678 9101112
month

Fig. 7. Baroclinic geostrophic transport at Tsu-
shima Strait, at the mouth of the Japan Sea
side (see the text).

X10°m’/s
5 ’- s Tsugaru Strait - East
4 = X Tsugaru Strait ~West
3 |
2 -
' b & ! }
0 - * b3 i é %

{ I T I S OO IO I DO O Y A |

1 2345678 9101112
month

Fig. 8. Baroclinic geostrophic transport at west
and east mouths of Tsugaru Strait.

Strait, obtained by use of data provided by
Fish. Exp. Stations of Hakodate and Aomori
Pref. It is inferred that the component other
than baroclinic geostrophic transport is much
larger here, especially at the west part of the
Strait. The pattern of seasonal variation seems
similar to that of the Tsushima Strait.

The year-to-year variability will be discussed
in section 4.

3. Comparison with sea level variability—the
origin of the current variability
Monthly mean tidal records, at stations shown

SN
L2 KL W 5 I PP
2 ;2 | 4C
N /.'" D |
’ 7 - l
l < FAN |
N
>
s R '3g°
N ‘ |
/ S
Y.
L ) ‘._A:‘,’JD
128° 130° 140° 150°E
Fig. 9. Tidal stations, and sub-regions of the

sea defined from the characteristics of tidal
records (see the text).
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15
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0 @ T -
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5 @
-15
L1 L1111
4

1 L1
1 2345678910111
{month)
o TIDE(B2)
cm & AD(B®)
15 28y
b 8 8 [ee
5 o i
0 - N 4
8 o X
-5 . a t’ sz‘
-10 - B®
-15 pat .
[ N T O N O | o7
123456 78910112
(month)

Fig. 10. Examples of comparison between tidal
variation and 4D variation.

in Fig. 9 along the coasts of Japan and Korea,
have been treated. Corrections for atmospheric
pressure, and for the crustal deformation as-
sumed by a linear trend, have been applied.
Patterns of variability of the sea level thus
obtained for these stations have made it possible
for us to define several sub-regions of the sea,
where the pattern of variation of the sea level
may be regarded as similar within the respective
sub-regions, as shown also in Fig. 9. The
detailed description of this part of treatment
will be published elsewhere by TOMIZAWA et al.

The variation of the sea level averaged over
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Fig. 11. Seasonal variation of sea level differ-

1
7

ences at Tsushima Strait. Top: in current
direction along Korean coast; middle: same
except along Japanese coast; bottom: across
the Strait.
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Fig. 12. Seasonal variation of sea level differ-
ences at Tsugaru Strait. Upper: in the
current direction; lower: across the Strait.

the sub-regions may be closely correlated with
the dynamic depth anomaly 4D near the coast,
which can be obtained from hydrographic data.
Some examples of the comparison between tidal
variation and 4D variation are shown in Fig. 10.
Tt should be noted that, if a comparison is made
between 4D far off the coast and tidal value,
the correspondence is not necessarily close.
Fig. 11 shows types of seasonal variation of
three kinds of sea level differences at the Tsu-
shima Strait in relative values. The sea level
difference in current direction may be regarded
as representing the cause of the flow through
the strait, whereas the difference across the
strait is related to the degree of attainment of
geostrophic balance. The top figure is the sea

cm
10

X <

-10
5
OE&M
-5
N N N Y O (N T O |
123 4 56 7 89101112
( month)

Fig. 13. Seasonal variation of sea level differ-
ences. Upper: between East China Sea and
sea area east of Tsugaru; lower: between
entrance and exit of the Japan Sea.

level difference in the current direction along
the Korean coast, i.e., between Bl and El in
Fig. 9, the middle figure that along the Japanese
coast, between B2 and E2, and the bottom
figure is the difference across the Strait, be-
tween E2 and El. Since the majority of the
transport of the Tsushima Current flows through
the Korea Strait as mentioned previously, we
regard the top figure rather than the middle
one as the sea level difference in current direc-
tion. The annual range is 10 cm. The bottom
figure shows a similar trend.

Fig. 12 concerns the sea level differences at
the Tsugaru Strait. The upper figure is the
difference in the current direction, i.e., between
the mean value of E3 and E4 and that of D, F1
and F2, and the lower is the difference across
the Strait (between the mean level of Asamushi-
Ominato and Hakodate). The shapes of the
curves are similar to the top figure of Fig. 11.
The annual range of difference in current direc-
tion is here also 10 cm.

The upper part of Fig. 13 shows the variation
of sea level difference between the East China
Sea and the sea areae ast of Tsugaru, i.e., be-
tween the average value of Bl and B2 and that
of D, F1 and F2, while the lower part shows
the difference between the entrance and the
exit of the Japan Sea, i.e., between the average
level of E1 and E2 and that of E3 and E4, in
relative values.

The upper part of Fig. 13 has a similar shape
to Figs. 11 and 12, but the lower part shows
no definite trend of seasonal variation; con-
sequently the upper represents approximately
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the sum of the top figures of Figs. 11 and 12.
The upper part of Fig. 13 is also quite similar
to the seasonal variation of 4D-difference be-
tween the East China Sea and the sea area east
of Tsugaru as shown in Fig. 14. The range of
annual variation is about 15cm for both.

From Figs. 11, 12 and 13, it can be seen that
the sea level inside the Japan Sea is in an
equilibrium state in a time scale of seasonal
variability, though it does not mean that the
Japan Sea is always in stationary level because
we have treated only relative values of variation
at each sub-region.

The pattern of seasonal variation of sea level
difference outside the Japan Sea, represented
by the upper part of Fig. 13, is quite similar
to that of the volume transport of the Warm
Current System shown in Fig. 3, except that
the latter has a delay of phase of one to two
months. One of the causes of the phase lag
may be attributed to the process of taking the
monthly mean, especially taking discrete hydro-
graphic observations, but other causes will be
more complicated, probably including relaxation
of the system, or inertia of the circulating part
of the current within the Japan Sea.

The range of variation of sea level difference
of 10 cm in current direction at the Tsushima
and the Tsugaru Straits should correspond to
the annual range of the warm current trans-

10

| |
9 10 11 12
(month )

- -

&

@ =

ki

S

7

Fig. 14. Seasonal variation of 4D-difference
between East China Sea and the sea area
east of Tsugaru, in relative values. Sea
areas for the estimation of 4D’s are shown
by shaded areas. From data by KURASAWA
(1980).

port of about 2x10®m3s~'. Since the mean ab-
solute value of the transport is also 2X10®m3s™!,
the mean absolute sea level differences will also
be 10 cm for both the straits, if a linear relation
is assumed. It is easy to verify that the trans-
port of 2x10°m?®s~! corresponds reasonably in
order of magnitude to the sea level difference
of 10 cm at these straits, if we assume a balance
between the pressure gradient in the current
direction and bottom friction, with a value of
friction factor, proportional to the mean current
velocity as used by KNAUSS (1978), of 1x10-3
s~! for 1x102m of the mean depth.

Thus it is concluded that the seasonal vari-
ability of the Tsushima-Tsugaru Warm Current
System is primarily controlled by the variability
of sea level difference between the East China
In the
former sea the variation of sea level is large
owing to the seasonally varying effective air-sea
heat exchange, since the sea is shallow and is
located at the margin of the continent where
the monsoon prevails over the sea in winter

Sea and the sea area east of Tsugaru.

season, and in the latter sea area the air-sea
heat exchange is rather small, and the sea level
is much controlled by conditions of the cold
subarctic gyre.

4. Year-to-year variability
The conclusion derived for the seasonal vari-

T T T T T
5 3
10°m1
0s L X10ml/s _i
-0.5 4 57
B MA/\//\V/N\/\/V\W//\/V\/ q°
cm
5= -5
0+ N\W ~
-5 -
1 I ' J 1
60 65 70 75 80
YEAR
Fig. 15. Year-to-year variability of the tran-

sport of the Warm Current System (top),
sea level difference between the East China
Sea and the sea area east of Tsugaru (mid-
dle), and sea level difference between entr-
ance and exit of the Japan Sea.
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ability is checked further for year-to-year vari-
ability. The top graph of Fig. 15 represents
the time series of transport of the Warm Cur-
rent System evaluated off Akita and Aomori
Prefectures, corresponding to Fig. 3. The graph
has been plotted by taking a thirteen-month
moving average after the mean annual variation
was subtracted from the original monthly values.
There are two to five months in a year when
data are not available. For these particular
months, values for mean seasonal variation have
been inserted. Values for 1974 to 1976 are
especially unreliable for this reason. The middle
graph is a time series of the sea level differences
between the FEast China Sea and the sea area
east of Tsugaru, corresponding to Fig. 13. The
bottom graph is the variation of sea level differ-
ence between the entrance and the exit of the
Japan Sea, corresponding also to Fig. 13. Here
also, thirteen-month average values are plotted,
after the crustal deformation assumed by a
linear trend for the whole period of the analysis
is subtracted.

It is seen that the correlation between the
top and the middle figures is good for a vari-
ability of two or three years, and it is especially
close for the period 1964 to 1971, supporting
the same conclusion with the case of seasonal
variation. On the other hand, disagreement in
variability with longer periods of about several
years is seen.
1972 to 1978. However, in the analysis of year-
to-year variability, the effect of crustal defor-
mation is crucial, and cannot reasonably be elimi-

It is especially conspicuous from

So the reason of
the above disagreement might be attributed to
the assumption of the linear trend crustal defor-

nated from the tidal records.

mation applied for each tide station.

The sea level difference within the Japan Sea
shown in the bottom figure seems comparable
in order of magnitude to that outside the Japan
Sea shown in the middle figure, in contrast to
Fig. 13. However, it is understandable since
the range of variability of the middle figure is
originally small compared to the seasonal one
by a factor of 3, and the effect of crustal defor-
mation must be included here also.

5. Formula for volume transport

In the preceding sections, it has been con-
cluded that the variability of the Warm Cur-
rent System in the Japan Sea is controlled by
the difference of sea level or 4D between the
East China Sea and the sea area east of Tsu-
garu.

Several numerical values obtained in Section 3
may be synthesized to get a self-consistent
picture as shown in Fig. 16, if a linear relation
is assumed. The figure is drawn in reference
to the sea level of the sea area east of Tsugaru.
The slope within the Japan Sea is unvaried,
but the absolute value is unknown, and it is
drawn here with an arbitrary slope.

The plausible values are: the average sea
level difference along both the Tsushima and
Tsugaru Straits is 10 cm with an annual range
of 8cm; the annual range of the sea level (or
4D) difference between the East China Sea and
the sea area east of Tsugaru is 16 cm; and the
average volume transport of the Warm Current
System is 2.0x 108m?®s™! with an annual range
of 1.6x10°m?3s~'. Thus we propose a formula
between the volume transport V' and the devi-
ation from the average of the sea level difference
between the East China Sea and the area east
of Tsugaru 4H:

V(10%m?s)=2.04+0.1 4H (cm).

Though this has been derived from the analysis
of seasonal variation, it may also be applicable
to year-to-year variability, as is checked by Fig.

East China Sea—+ +———— Japan Sea
Tsushima St

- East of Tsugaru
Tsugaru St.

Fig. 16. A synthesized picture of the relation-
ship among sea levels and volume transport
of the Warm Current System. The sea level
is drawn in reference to sea area east of
Tsugaru. The slope within the Japan Sea
is drawn with an arbitrary slope, since the
slope is unvaried, though the absolute value
is unknown.



50 - La mer 20, 1982

15 for the period of 1964 to 1971. For seasonal
variability, there is a delay of phase of one to
two months in the volume transport.
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