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The western boundary current east of the Ryukyu Islands™'

Yaochu YUAN*?, Jilan SU**, Zigin PAN **, Hong CHEN **, Hiroshi ICHIKAWA *?,
g

Shiro IMAWAKI™, Kazuo KAWATATE **, Kenzo TAKANO*®
and Shin-ichiro UMATANI**

Abstract: With hydrographic data in Sept. 1992 and moored current meter records from
Nov. 1991 to Sept. 1992, a modified inverse method is used for computing the western bound-
ary current east of the Ryukyu Islands (WBCE) and the Kuroshio in the East China Sea.
The WBCE has two cores, of which the depths vary seasonally. There is a southwestward
abyssal boundary current under it throughout the year. Through a transect southeast of
Okinawa, the volume transport (VT) of the WBCE is 30.8 X10°m?/s and the VT of the south-
westward current is 6.0X10°m?*/s, so that the net northward VT is 24.8X10°m®/s. Through
a transect northwest of Okinawa the total VT of the Kuroshio and Taiwan Warm Current
is 32.1X10°m?*/s and the VT of a southwestward countercurrent is 3.7X10°m?/s, so that the
net northeastward VT is 28.4X10°m?/s, slightly larger than the VT southeast of Okinawa.
The amount of water exchanged between the east and west sides of the Ryukyu Islands is
discussed. The salinity minimum water in the mid-layer flows northwestward from the
east of the Ryukyu Islands to the East China Sea through a gap of the Ryukyu Ridge. Its

VT west of Okinawa is about 2.4X10°m?*/s.

1. Introduction

The current east of the Ryukyu Islands, some-
times called the Ryukyu Current (WANG and
SuN, 1990), was first discussed by NITANI
(1972). He pointed out that a narrow counter-
current flows just southeast of the Ryukyu Is-
lands, on the offshore side of which flows a
northeasterly current. However, so far there
have been few studies on it.

YUAN et al. (1991a, b) first showed the subsur-
face core structure of the Ryukyu Current, a
southward undercurrent below it and a south-
ward countercurrent to its east, which is often
associated with a mesoscale anticyclonic eddy.
The volume transport (hereafter abbreviated to
VT) of the Ryukyu Current was computed with
the inverse method (YUAN et al., 1991a, b) and
the modified inverse method (YUAN et al., 1992,
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The study on the Ryukyu Current is of primary
importance for wunderstanding the western
boundary current system in the northwestern
Pacific Ocean, especially because it is one of the
principal sources of the Kuroshio transport
southeast of Kyushu (YUAN et al., 1991; Yuan
et al., 1993b). Previous studies were based on
hydrographic, GEK and/or onboard ADCP data
which are confined into surface layers. Very few
direct current measurements have been done
with moored meters in this region. CHAEN et
al. (1993) made deep and bottom current meas-
urements at three mooring sites southeast of
Okinawa from Nov. 1987 to May 1989.

In the framework of a China-Japan coopera-
tive study, long term current measurements
with moored current meters were made south-
east of Okinawa (TAKANO et al., in prepara-
tion). Hydrographic data were obtained during
two cruises by the R/V Shijian, one for the de-
ployment of the moorings in Oct. to Nov. 1991
and the other for recovery in Sept. 1992. The
current velocity and the volume transport are
obtained with the modified inverse method to-
gether with the current meter data.
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2. Calculation

Figure la shows hydrographic sections in Oct.
to Nov. 1991 with mooring stations OA, OB and
OC and isobaths, and Fig. 1b hydrographic sec-
tions in Sept. 1992. The modified inverse method
is applied to boxes (1) to (4). The result for

Oct. to Nov. 1991 is presented in another paper
(YUAN et al., 1994). The computation points
(hereafter abbreviated to Cp) are at the middle
of nearby two hydrographic stations. The
boundary sections of each computation box are
divided into five layers according to 0., -1iso0-
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Fig. 1. Locations of hydrographic sections and moorings OA, OB and OC. a: in Oct.-Nov.
1991; b: in Sept. 1992; 1: Okinawa Is.; 2: Amamioshima Is. Isobaths are shown in (a).
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Fig. 2. Isopycnal surfaces in Sept. 1992. a: along PCM 1-2-W and WE-1; b: along PCM

1-2-E.

pycnal values of 25, 27, 30 and 33. At Sections
PCM1-2-W and WE-1 in Sept. 1992, depths of
o, = 25, 27, 30 and 33 lie between 60m and
136m, 177m and 315m, 646m and 696m, 1231m
and 1409m, respectively (Fig 2a). At PCM 1-2-
E they lie between 102m and 120m, 313m and
328m, 690m and 700m, 1193m and 1206m, respec-
tively (Fig. 2b).

The average wind speed and direction observed
aboard the R/V Shijian are 2.3m/s and 335° in
Sept. 1992. Because no reliable wind data are
available over the whole survey region, this av-
erage wind is assumed as the wind forcing which
is constant in time and space. The minimum
and maximum upward surface heat fluxes are
prescribed to be —1.05x10"J/(m? day) and 1.26
X 107J / (m*day) according to 10-year long
climatological data for September (Institute of
Oceanography and Geography, 1977). The com-
putation is done in such a way that the calcu-
lated surface heat flux comes between these two
bounds. The vertical eddy diffusion coefficient
is 10™*m?*/s for momentum and 107°m?*/s for heat
and salinity. The horizontal eddy diffusion is
neglected because it is very small with the diffu-

sion coefficient of the order of 10'm?/s or less.
Hydrographic and current meter data in Sept.
1992 are used. The mooring stations OA, OB
and OC are located along PCM 1-2-E.

Usable data are obtained at a depth of 1980m
at OB, and depths of 2000m and 4500m at OC.
The low-passed current velocities averaged over
1 to 6 Sept. 1992 are listed in Table 1. Figures 3a,
b, ¢ show progressive vector diagrams for Nov.
1991 to Sept. 1992. The low-passed currents are
fairly steady in Sept. 1992.

As shown in Fig. 1, Stn OC is not exactly lo-
cated on any Cp but Stn OB is on Cp 1 at PCM
1-2-E, so that the average velocity at 1890m
depth at OB is used as a known value for the
computation. The velocity at 2000m depth of Cp
2 is interpolated from the average velocities at
1890m depth of OB and 2000m depth of OC, and
used as a known value.

The depth of the reference level is determined
as 2500m with a method by FIADEIRO and
VERONIS (1982). It is assumed to be the water
depth if the bottom is shallower than 2500m.
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Table 1. Low-passed current velocities averaged over 1 to 6 Sept. 1992.

Mooring Location Water meter v' 6 v
station depth(m) depth(m) (em/s) D) (em/s)
OB 25°48' N, 128°03' E 2020 1890 3.6 263 -2.8
oC 25°34’' N, 128°20'E 4630 2000 3.1 193 —2.7
ocC 4500 2.0 200 -1.9

* Speed. ** measured clockwise from the due north.
* * * yelocity component normal to section PCM 1-2-E. negative: southward.

50 100
L N r N
B Sept. 6,92 _
E of i Nov. 13,91
£ 0 i Nov. 14 Nov. 4,91 ok ’
: | Nov. 23
L a i
—50t |
[N IR SR SS VUK VRONS AT ST (NN SN NN (NN SN SO TS T ST TN NS Y T T § —100
— —50 |
100 R 0 50 5
600t —200F
I L
r C
400+ — 300+
g i
i L Sept. 6,92
2001 T N R N O N
L —100 0
- km
L
0 Nov. 13,91
.NOY‘ 2;3 T VAT SR NS SN WU YN TS NN SO NSO IUU SR N S |
0 200 400 600

km
Fig.3 Progressive vector diagrams of the observed currents. a: 1890m depth at Stn OB; b:
2000m depth at OC; c: 4500m at OC. Time interval between two dots: 10 days.

3. Result in September 1992 maximum velocity is 172cm/s at 50m depth.
(1) Velocity distribution There is a weak southward countercurrent in
(a) Sections PCM 1-2-W and WE-1 deeper layers below the Kuroshio. There is an-

The Kuroshio flows northeastward through other southward countercurrent east of the
PCM 1-2-W. Its core is located above the conti- Kuroshio with maximum velocity of 3lem/s at

nental slope (Fig.4). The velocities are greater 150m depth at Cp 11.
than 100cm/s in the upper 200m at Cp 8. The Section WE-1 is mostly occupied by an almost
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westward flow coming into box 1 except in the
upper 200m at the northern end (Cp 1) and the
upper 800m at the southern end (Cp 3).

Figures 4c, d show the salinity distribution.
In the upper 350m there is a salinity maximum
tongue (8>>34.60%), which extends to the shelf
break. The salinity minimum water (S<34.30
%) appears in the mid-layer between 500 and
800m depths as pointed out by YU et al.(1994).
The flow below 500m depth at WE-1 is mostly
westward as mentioned above. Salinity mini-
mum water in the mid-layer flows westward
through WE-1 (Figs. 4b, d).

(b) Sections PCM 1-2-E and WE-2

Figure 5b shows that the greater part of PCM
1-2-E is occupied by a northeastward current
with two cores, as in Oct.—Nov. 1991 (YUAN et
al., 1994). One of the two cores lies between
200m and 700m depths above the maximum
slope of the bottom, where the velocity is 23.0
cm/s at 400m depth and 22.6cm/s at 500m
depth. The other is located above 200m depth

further to the east, where the maximum velocity
is 32.5¢cm/s at the surface. Below the northeast-
ward flowing Ryukyu Current, there is a south-
westward flow with the maximum velocity of
5.1cm/s at 2500m depth. This is compatible
with the result of the current measurement at
OC showing that the average velocity compo-
nent normal to PCM 1-2-E is 2.7cm/s at 2000m
depth and 1.9cm/s at 4500m depth, both south-
westward (Table 1). At the eastern part of
PCM 1-2-E there is another southward flow be-
tween 50m and 750m depths.

In short, these current features are similar to
those in Oct.~Nov. 1991 (YUAN et al., 1994).

Section WE-2 crosses a gap of the Ryukyu
Ridge between Cp 2 and Cp 3 (Fig.5a). While
northward and southward flows alternate in the
upper 400m, it is occupied mostly by a north-
ward flow in the mid-layer between 400m and
800m, especially over the Ridge.

Figures ¢, d show the salinity distribution.
The salinity maximum (34.50<7S<(34.93 %)
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water lies in the upper 400m. The salinity mini-
mum (34.14<5<(34.50%0) water lying between
400m and 1000m depths extends into the gap at
WE-2 with slightly higher minimum value. The
salinity is higher than 34.50%, in the deep layer
below 1000m depth. These salinity features were
also reported by YU et al.(1993).

An important point follows from the above
result: a part of the salinity minimum water in
the mid-layer east of the Ryukyu Islands flows
northwestward through the gap of the Ryukyu
Ridge, then westward through WE-1, probably
merging into the Kuroshio afterwards. With a
hydrograhic data analysis YU et al.(1994) also
pointed out that a part of the salinity minimum
water of the Kuroshio in the East China Sea is
related to the intrusion of the salinity minimum
water east of the Ryukyu Islands through the
gap. Here we draw a similar conclusion from
the velocity distribution computed with the
modified inverse method.

(c) Section Pu

Section P is located southeast of Kyushu
(Fig. 1b). Because there are no other sections
nearby, the modified inverse method cannot be
used. The velocity distribution across the sec-
tion is obtained as the sum of the surface
Ekman drift and the geostrophic current calcu-
lated with an assumed reference level 2500m
deep. The wind stress is calculated with wind
data collected aboard the R/V Shijian at Section
P.. Figure 6a shows the most part of the sec-
tion is occupied by a northward flow with a core
above the maximum slope of the bottom. There
is a southward flow at its eastern end.

Figure 6b shows the salinity distribution. The
salinity maximum (34.50<CS<(34.93%¢) water
occupies the most part of Pu in the upper 400m.
There is the salinity minimum (34.14<7S<(34.50
%) water in the mid-layer between 400m and
1200m. The salinity is higher than 34.50%, in the
deep layer below 1200m depth. Comparison of
Fig. 6b with Figs.4c and 5d shows that the
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salinity distribution at P is similar to that at
PCM 1-2-E and PCM 1-2-W. However, the salin-
ity minimum water area at Px is much wider
than that at PCM 1-2-E and 1-2-W, suggesting
that the salinity minimum water in the mid-
layer of Pu comes from both PCM 1-2-E and 1-2-
W. This point will be discussed later with the
volume transport.
(2) Volume transport

Figure 7 shows the total VT across each sec-
tion. The total VT of the Kuroshio and Taiwan
Warm Current across PCM 1-2-W is 32.1 X 10°
m?®/s. The VT of the sothwestward countercur-
rents below, and east of, the Kuroshio is 3.7 X
10°m?®/s, so that the net northeastward VT
across PCM 1-2-W is 28.4 X10°m®/s. The north-

eastward VT of the Ryukyu Current, 30.8 X 10°
m?®/s, and the southwestward VT, 6.0X10°m?/s,
through PCM 1-2-E make a net northeastward
VT of 24.8 X10°m?/s, so that the transport of
the Kuroshio is almost equal to that of the
western boundary current east of the Ryukyu Is-
lands (hereafter referred to as WBCE). A nu-
merical simulation shows the annual average
VT is 22.8 X10°m?/s to the west of Okinawa and
about 30 xX10°m?%/s to its east (H. IsHIzAKI, per-
sonal communication). The model ocean is
driven by an annual average wind stress and sea-
sonally varying surface temperature and salin-
ity. Since the grid size, 1°X1°, is not fine, the
coefficient of eddy viscosity is large (10‘m?/s),
which broadens the western boundary current
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and turns out that the VT west of Okinawa de-
creases and the VT of the WBCE increases.
Therefore, the observed result appears consis-
tent with the simulated one. The total north-
westward VT through WE-2 is 2.9X10°m?/s, of
which the first layer about 100m thick trans-
ports 0.5X10°m?®/s and the deeper layer 2.4 X 10°
m?®/s. This indicates that a significant amount

of the salinity minimum water flows from the
east of the Ryukyu Islands to the East China Sea
through the gap. The total northwestward VT
through WE-2 is 0.8 X10°m?/s.

The total westward and eastward VT through
WE-1 are 8.0 X10°m?®/s and 4.3X10°m?/s, result-
ing in a net westward VT of 3.7X10°m?/s.

The total northeastward and southwestward
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Table 2. Two core depths (m) and maximum speeds (cm,s).

Cruise depth speed depth speed
Sept.—Oct. 1987 125~900 20 0~200 10<<
Oct.~Nov. 1991 390~700 15<C 0~200 10<<
Sept. 1992 200~700 20<C 0~200 20<C
Apr. 1988 550~1300 30<C 0~620 30

VT through Pux are 52.8 X 10°m?®/s and 3.8 X 10°
m®/s, resulting in a net northeastward VT of
49.0X10°m?/s.

4. Seasonal variability

Figure 8 shows the monthly average of the
low-passed currents obtained with the three
moored meters. At 2000m depth of OC, the flow
is northeastward from Dec. 1991 to June 1992
and southwestward in Dec. 1991, Aug. and Sept.
1992, which suggests a seasonal change in the
vertical extent of the WBCE.

The flow at OB is northeastward in May and
June 1992 and southwestward in Nov. and Dec.
1991. The flow at 4500m depth of OC is south-
ward for all the months. The maxima of the 10-
day and monthly averages are 4.5cm/s and 2.6
cm/s, respectively, which indicated the presence
of a fairly steady southward flow under the
Ryukyu Current. This is also reported by
CHAEN et al. (1993). They showed an abyssal
boundary current of depths greater than 3000m
in the Ryukyu Trench southeast of Okinawa.
The observed velocity averaged over Nov.
1987 to April 1989 at 4170m at their Stn RT:
(25°24° N, 128°18’ E, water depth: 4570m)
located 18.8 km apart from OC was 4.3cm/s and
southwestward in agreement with our result.

Features over the whole section PCM 1-2-E
common to the three fall cruises in Sept. to Oct.
1987, Oct. to Nov. 1991 and Sept. 1992 are as fol-
lows (Figs. 5b, 9a, b). (i) The greater part of
the section is occupied by a northward flow with
two cores. One is in the mid-layer above the
maximum slope of the bottom. The maximum
core velocity is about 20cm/s or greater. The
other is located above 200m depth further to the
east. (ii) There is a southward flow at 2000m
depth around OC, which agrees with the direct
current measurement.

The spring cruise in April 1988 gives following
results (Fig. 9c). (i) The Ryukyu Current has

also two cores, of which the locations are vari-
able with time. One is located in the layer from
the surface to 620m depth above the maximum
slope of the bottom. The maximum velocity is
at the surface layer, and an isotach of 20cm/s
reaches from the surface to 600m depth, while in
fall the maximum velocity is at the mid-layer.
The other core is located in the layer from 550m
to 1300m furtehr to the east. The core depths
and maximum speeds are summarized in Table
2. The cores are deeper and speeds are faster in
spring than in fall. (il) There is a northward
flow at 200m depth around OC. The velocities
at two Cp nearest to OC (¢ and d in Fig. 9¢) is
9.2cm/s and 3.0cm/s, giving an average of about
6cm/s, which agrees with the monthly average,
5.5cm/s, of the observed velocities at 2000m
depth of OC in April 1992.

5. Summary

The modified inverse method is applied to
hydrographic data in Sept. 1992 together with
moored current meter records from Nov. 1991 to

Sept. 1992 for computing the western boundary

current east of the Ryukyu Islands and the

Kuroshio in the East China Sea.

Following results are obtained.

(1) The WBCE has two cores. One is above the
maximum slope of the ocean bottom, and the
other is located further to the east.

(2) There is a seasonal change in the vertical ex-
tent of the WBCE. It is deeper in winter and
spring than in fall.

(3) Under the Ryukyu Current there is a south-
ward abyssal boundary current which is
fairly steady for all the months.

(4) The VTs of the Ryukyu Current and deep
southward countercurrent through PCM 1-2-
E are 30.8X10°m?/s and 6.0X10°m?%/s, result-
ing in a net northeastward VT of 24.8 x10°
m®/s.

The total VT of the Kuroshio and Taiwan
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Warm Current through PCM 1-2-W is 32.1 X
10°m?®/s, and the VT of the southwestward
undercurrent is 3.7X10°m?®/s, so that the net
northeastward VT is 28.4 X10°m?/s.

The northeastward VT through P is 52.8
x10*m?*/s, and the southwestward VT is 3.8
X 10°m?/s, so that the net northeastward VT
is 49.0 X 10°m?*/s.

(5) The salinity minimum water in the mid-
layer flows northwestward through a gap of
the Ryukyu ridge from the east of the
Ryukyu Islands to the East China Sea. Its
northwestward VT at WE-2 is 2.4 X 10°m?/s.
The westward and eastward VT through WE-
1 are 8.0xX10°m®/s and 4.3 X10°m?®/s, making
a net westward VT of 3.7X10°m?/s.
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Temperature-salinity frequency distribution of
the upper 10 m water of the Japan Sea”

Hideo Supo**

Abstract: The Japan Sea except the northwestern part is divided into four areas according
to seasonal variation pattern of sea surface temperature and salinity. Monthly
temperature-salinity characteristics at the sea surface and at 10 m depth are examined by
use of relative frequency distribution in bivariate class of 1°C X0.2 (% or psu) in salinity
for each of four areas and for the whole study area. Two modes are seen in the frequency
distributions nearly through a year because a frontal zone exists in the central area where
cold, low salinity water of the north contacts warm, high salinity water of the south. The
eastern part of the frontal zone occasionally extends northeastward along the Japan coast
and there occurs another weak mode representing a little warm water in the southeast of
the zone or in the west of northern Japan. The most frequently occurring water at 10 m
through a year has characteristics of 5-13°C, 34.0-34.2, partly 33.8-34.0 or 34.2-34.4 seen in
the south of the frontal zone mostly during January to May. Other significant waters are
the coldest water centered at the class of 2-3°C, 33.8-34.0 occurring during December to
April and the warm water of 17-21°C, 33.8-34.2 appearing mostly during July to December.

1. Introduction

The Japan Sea is a mid-latitude marginal sea
located in the northwest of the North Pacific;
large annual variations of sea surface tempera-
ture (SST) (exceeding 15°C) occur in the sea.
Besides, sea surface salinity (SSS) shows wide
variations, both annually and interannually, ac-
cording to the salinity value of the Tsushima
Warm Current water entering from the East
China Sea and to fresh water amounts supplied
by river discharges from the surrounding land.
If sufficient hydrographic data are provided, we
can estimate monthly means of both SST and
SSS with their standard deviations for every
unit area, e.g. 1 degree square. Their annual
variations are given by monthly means through
the year; their standard deviations show com-
posites of spatial and interannual variations.
Mapping of monthly mean SST and SSS of the
Japan Sea with their variations Chereafter re-
ferred to as SuDO’s Mapping) are now under
way to be published. Temperatures and salini-
ties are separately presented in the mapping.

* Received January 20, 1995

** Tokyo University of Fisheries, Department of
Marine Science and Technology, 5-7, Konan—4,
Minato-ku, Tokyo, 108 Japan.

The only dominant surface water of the Japan
Sea is the warm, saline Tsushima Warm Current
water; colder, lower salinity waters occupy a
great portion of the surface of the sea and occa-
sionally extremely low surface salinities are
found not only near mouths of rivers but also
far offshore. Low sea surface salinities affect
SST values because of high vertical stabilities.
In the open sea surface waters with low
salinities are liable to be warmer or colder ac-
cording to heating by inflow of solar energy or
cooling by long wave radiation, conduction and
evaporation; coastal waters show great varia-
tions in temperature through land heating or
cooling and in autumn to spring waters dis-
charged from rivers are colder than ambient sea
surface waters. Therefore, SSS and SST are not
always independent in the Japan Sea.

In order to show variation of SST and SSS,
bivariate distributions are more useful. Volu-
metric potential temperature (6)-salinity dia-
grams of the Japan Sea have been already
provided for each of four seasons and through
year (Yasul et al., 1967). Since surface waters
are small in absolute volume and show a wide
variation, volumetric analysis is not always
adequate for description of surface water
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characteristics. This report uses relative pre-
sentation of 7-S distributions of the surface
water for every calendar month. The oceanic
domain of the sea with enough observations in
divided into four areas according to sea surface
water characteristics; the distributions are ex-
amined for each of areas and for the whole do-
main. Frequencies at 10 m depth as well as at
the sea surface are made to examine the struc-
ture of the surface mixed layer.

2. Data and analysis

I have tried to use all available historical
data, but about 15,000 stations taken at least
before and during the World War II are not ade-
quate because of bad quality. Almost all of the
stations taken during 1952—-1988 (including
partly in 1989 and 1990) are provided for the
present analysis; more than 400 stations, about
2600 to 4400 stations since 1966, have been occu-
pied in the Japan Sea including the Tsushima
Strait region every year during the period.
About 74,000 out of more than 110,000 stations
taken since 1924 in the Japan Sea including the
Tsushima Strait region are used for the present
analysis. Details of data sources will be de-
scribed in SUDO’S Mapping.

The northwestern part off the North Korean
and the Russian coasts north of 38°30’N, where
few available data have been taken since the end
of the World War II, is excluded from the area
for the analysis. The coastal areas from 135°E
to 44°N, the Wakasa Bay and further northeast,
are excluded as well, because surface water char-
acteristics are seriously affected by river dis-
charges. Some districts bounded by coastal
lines and every half degree meridians and/or lon-
gitude lines are also excluded, because fewness
of observations or locality of watercharacteris-
tics. Hereafter, the area for the analysis, bor-
dered with heavy solid lines in Fig. 1, is referred
to as the whole area or the whole study area.

The whole area is divided into four areas by
characteristics of annual variations of SST and
SSS (Fig. 1). The whole area does not include
the southwestern half of the Area I, west of
129°30°E and south of 34°30°'N. For some por-
tions of other three areas in which insufficient
hydrographic data have been obtained, 7-S fre-
quency distribution analysis is excluded from

the areas and included for the whole area.
Some near-coast districts along the Japan
Islansd, still showing coastal water characteris-
tics (Fig. 1, hatched portions), cannot be ap-
plied to any of four areas; 7-S frequency
distributions for these districts are used only
for the analysis for the whole study area.

For each calendar month, 7-S frequency dis-
tributions at the sea surface and at 10 m depth
are determined for the unit area, every 1°
square, partly 30’ square or 1°X30’ rectangle. It
is assumed that the relative 7-S frequency dis-
tribution based on the samples taken through
the month for each of years has an equal weight,
a reciprocal of number of observation years, re-
gardless of number of samples. 7-S values ob-
served are classified into every 1°C X 0.2 (%o or
psu) bivariate classes and their relative frequen-
cies are accumulated in their corresponding
classes for each of calendar months for each of
unit areas. Then, the relative frequencies for
each of four areas are obtained by averaging the
relative frequencies for unit areas according to
area size. In the same way, the T-S frequency
distributions for the whole area are yielded
from the distributions for four areas including
insufficient data portions and for near-coast
districts excluded for four area analyses and ex-
cluding the southwest of the Tsushima Strait.

The class intervals of 1°C and 0.2 (%, or psu)
are adequate because standard deviations of
temperatures and salinities of the water enter-
ing the Tsushima Strait are mostly about 1°C
and 0.2% for the monthly means (OGawa,
1983). These standard deviations must include
time variations among the month and interan-
nual variations besides spatial variations as fre-
quency distributions will show in section 4. At
about 10°C, an increase in 0. with a temperature
decrease of 1°C is equivalent to that with a sa-
linity increase of 0.2 psu; therefore this 7-S
class interval ratio is reasonable in density
variation.

3. Division of the sea area

The oceanic domain of the sea with enough ob-
servations is divided into four areas according
to sea surface water characteristics of unit
areas (1 degree squares or half degree squares)
(Fig. D).
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Fig. 1. The area for calculation of temperature-salinity frequency distribution. The
area bordered with heavy solid lines is the whole study area, for which a north-
western part of the Japan Sea is excluded. Each of four areas 1-IV are bounded
by heavy dashed lines and some heavy solid lines. For one degree squares with
parenthesized area numbers, annual variations of T-Srelations at the sea surface

and at 10 m depth are shown in Fig. 2.

The 7T-S frequency distribution analysis

for shaded portions with insufficient data is not made for each of Areas II, Il and
T-S relations for

shaded and hatched portions are used for the analysis of the whole area analysis.

IV. Hatched portions are not included in any of four areas.
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Fig. 2.

Annual variations of monthly mean temperature-salinity relations at the sea

surface and at 10 m depth for 1° squares selected for (a) Area I, (b) Area II, (c)
Area I and (d) Area IV. The 1° squares are shown in Fig. 1.

Examples of annual variations in the T-S rela-
tion at the sea surface and 10 m depth for the
four areas are shown in Fig. 2. This division is
purely tentative and would not be applied to the
remainder of the Japan Sea.

Area 1, the Tsushima Strait (Korea Strait)
region, is defined as the area in which monthly
mean SST is 13.0°C or more and monthly mean
SSS is 34.5 or more both in February and in
March (Fig. 2a). Variations during December
to May are small; the ranges are 4-5°C in tem-
perature and less than 0.4 in salinity. In par-
ticular, the mean SST and SSS show little
variation in January to April. Long winter and
small winter variations are common features of
surface water characteristics of the Japan Sea.
In other seasons, in June to November, monthly
mean SSS decreases rapidly with monthly mean
SST.

Area 1I is the southwestern part of the Japan

Sea, a fan-like area between the San-in coast and
the Korean coast. It is defined as the area in
which the monthly mean SSS shows 34.2 or more
in April or May and decreases to less than 33.0
in any or both of August and September (Fig.
2b). Basically, the pattern of the annual varia-
tion of surface water characteristics is not dif-
ferent from that in Area I except that the
water is fresher in the cooling season than in the
warming season for a specified temperature.
Area II is the central part of the sea, a vast
area ranging from off the eastern San-in coast
and north of the Wakasa Bay to 42°N off the
shelf of Primorye (Enkai). It is defined as the
area in which the monthly mean SSS with annual
range of 0.5 or more shows 34.0 or more at least
in one of April to June and 33.0 or more both in
August and in September (Fig. 2¢). The annual
range of the monthly mean SST amounting to
15°C or more is the largest of the four areas.
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Table 1. Figure numbers of temperature-salinity frequency distributions
shown in the present paper.

Whole Area Area | Area Il Area (il Area IV

Om 10m Om 10m Om 10m Om 10m Om 10m
January - - - - - - - - - -
February  Fig. 3a - - - - - Fig. 3b - - -
March Fig. 6a - Fig. 6b - - - - - - -
April Fig. 7a - - - - - Fig. 7b  Fig. 7¢ - -
May Fig. 8a - - - - - Fig. 8b Fig. 8¢  Fig. 8d -
June Fig. 9a - - - - - - - Fig. 9b -
July Fig. 10 - - - - - - - - -
August Fig. 11a - - - Fig. 11b Fig. 11c - - Fig. 11d -
September Fig. 12 - - - - - - - - -

October Fig. 13 - - - - - - - - -
November Fig. 14 - - - Fig. 18 - - - - -
December Fig. 15 - - - N - . R - .

(a)
Whole Area February 0 m 5064 stations
-2 -1 o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 (°C) Total

-32.0 0 0
32.0-32.2 1 1
32.2-32.4 1 0 0 1
32.4-32.6 0 0 0
32.6-32.8 0 0
32.8-33.0 0 ]
33.0-33.2 1 1
33.2-33.4 0 1
33.4-33.6 2
33.6-33.8 15
33.8-34.0 113
34.0-34.2 0 502
34,2-34.4 2 0 251
34.4-34.6 5 1 76
34.6-34.8 6 2 0 32
34.8-35.0 1 0 5
Total 1 1 87 62 60 57 60 34 39 68 87132 119 81 58 36 14 3 0 1000
(b)
Area 1l February Om 1884 stations
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 (°C) Total
33.0-33.2 0 0
33.2-33.4 -
33.4-33.6 0
33.6-33.8 [ 9
33.8-34.0 15 14 49 0 143
34.0-34.2 7762 26 0 596
34.2-34.4 2 2 A 0 229
34.4-34.6 3 19
34.6-34.8 0 2
34.8-35.0 0 1
Total 94 68 68 42 38 34 42 75 94 182 153 77 32 1 - 0 1000

Fig. 3. Temperature-salinity frequency distributions at the sea surface in February
(a) for the whole area and (b) for Area Il. Relative frequencies in per mille are
shown in bivariate class intervals of 1°C X0.2 (% or psu). The range for which
summed frequencies are not less than 75% is shown in shaded areas and constitu-
ents of the range of not less than 50% in italics. Italics of total frequencies for each
of temperature and salinity denote constituents of the range of not less than 90%.
The frequency ‘0’ means a frequency of less than 0.5 per mille (0.05 per cent).
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The pattern of the annual variation of the 7-S
relation can be identical with that in Area 1 ex-
cept for smaller salinity range.

Area IV is the northeastern part of the sea,
west of the northernmost Honshu and Hok-
kaido. It is defined as the area in which the
monthly mean SSS shows the maximum 34.0 or
more in winter and its annual range is less than
0.5 (Fig. 2d). Observations have been sparse in
the western half portion. The example is taken
from the near-coast district with sufficient
data.

The features described above are nothing but
the results based on the monthly mean charac-
teristics. Fluctuations among the month and
the area and interannual variations are not
shown. They can be shown in the 7-S frequency
distribution as overall variations.

4. Seasonal variation of temperature-salinity
frequency distributions

A total of 120 T-S frequency distribution fig-
ures are provided; significant ones of them are
shown in the following (Table 1).

Because of lack of data in most parts,
temperature-salinity frequency distributions for
January are not presented in this paper.

The frequency distribution for the whole area
in February clearly shows two modes (Fig. 3a,
[0-1°C, 34.0-34.2], 7.0% and [9-10°C, 34.0-34.2],
6.4%). These two modes are more noticeable
at 10 m (7.5% and 6.8%). This is due to the ex-
istence of the polar front indicated by a sharp
meridional gradient in SST found between 39°
and 42°N (Isopa et al., 1991). The value of the
cold mode is only 7.7% in Area I (Fig. 3b), the
central part, because a smaller portion of the
area occupies the north of the polar front. The
warm mode is conspicuous in Area M (9.2%).
The mean SST distribution in February (Supo’s
Mapping) shows that four every one degree iso-
therms of 9-12°C, extending roughly zonally
from the Korean coast to the Japan coast be-
tween 36° and 39°N, make a little broad zones
between meighboring isotherms. The distance
between east and west coasts or zonal width of
the Japan Sea increases with latitude; therefore,
the northernmost zone between 9 and 10°C is the
largest area. In Area II, the southwestern
part, the distribution has the mode [11-12°C,

34.2-34.4] (10.1%). The mean SSS in February
decreases northeastward from the Tsushima
Strait and an isohaline of 34.2 runs with an arc
shape from 38°N at the eastern coast of Korea
to the west of the Wakasa Bay. In the whole
study area the mean SSS in February is more
than 34.0 except the northwestern part and near
the Japan coast east of 135° E. A water with
a salinity of 34.0-34.2 exceeds 50% of the whole
surface water (Fig. 3a, the rightmost row) and
amounts 60% in the central parts (Fig. 3b).
The mode in Area I, the Tsushima Strait area,
is [14-15°C, 34.6-34.8] (14.4%) in February as
expected from Fig. 2a. A weak mode [4-5°C,
34.0-34.2] (5.2%) in Fig. 3a corresponds to the
mode at the same class in Area IV (22.4%), the
northeastern part. Probably this represents
the Tsushima Warm Corrent water at the sea
surface west of Hokkaido, but the relation be-
tween the water and the polar front is not clear.
The bivariate classes containing at least 50%
and 75% of the surface water of the whole area
are 11 and 21 in number, respectively (Fig. 3a).
The 75% range is about twice the 50% range in
class number regardless of area, month and
depth; however, the number of classes for the
sea surface is about the same or a little more

RANGE CLASSES
4] 2] ~
(o) (o] o

H
o

NUMBER OF 75%
o
(o]

1 1 1 1 1
J FMAMJ
MONTH
Fig. 4. Numbers of 7-S frequency classes
constituting the range of not less than 75%
at the sea surface.
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Fig. 5. Not less than 90% frequency ranges of SST and SSS (a) for Area I, (b) for

Area I and (¢) for Areas I and IV. The ranges for months in which less than 800

stations are taken are omitted.

than that for 10 m depth except for Area H in
August (Fig. 11b-c). These numbers indicate
scattering or variation of water properties (Fig.
4). For the sake of simplicity, separated fre-
quency distributions of SST and SSS for 90%
range are shown instead of bivariate distribu-

tions for each of four areas (Fig. 5).

T-S frequency distributions in March are
slightly different from those in February.
Winter convection derived from strong surface
cooling and evaporation lasts until February or
March; therefore, SST minimum in the Japan



Temperature-salinity frequency distribution of the upper 10 m water of the Japan Sea 21
Fig. 5¢.
TEMPERATURE (°C) SALINITY
o] 5 10 15 20 25 30 31 32 33 34 35
| — T T T T T 1 r T T T 1
1] — 4 N L H
FEB 5 56 12 33.8__34.4
MAR & Ji 4 T2 338 34.4
APR 2 5 6 13 338 34.6
MAY 8 7 338 34.6
JUNE ,"——Q=l:l=u“—‘l 2 33.6 34.6
JuLy ,‘—*QZ{:I—‘“‘-, :6 332 344
AUG jc 28 33.0 34.4
SEPT 8 27 32.6 34.2
ocT 4 24 328 342
NOV 1 21 33.2 34,2
Vv APR 3 1o 346 344
MAY 5 13 336 34.4
JUNE g—‘=]$‘=‘—|<e 33.4 34.4
AUG 18 26 332 34.2
(a)
Whole Area March Om 4903 stations
-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 (°C) Total
-32.0 0 0
32.0-32.2 0 0 0
32,2-32.4 0 0 0
32.4-32.6 0 0o o 0 0
32.6-32.8 0 0o o 1
32.8-33.0 0 0 0
33.0-33.2 0 o o 0 1
33.2-33.4 0 o 0 0 o 0 1
33.4-33.6 0 o0 o o 1 1 1 1 0 4
33.6-33.8 0o 0 1 1 4 3 3 0 0 12
33.8-34.0 5 6 1 0 103
34.0-34.2 8 5 8 490
34.2-34.4 9 10 198
34.4-34.6 2 o0 105
34.6-34.8 4 0 74
34.8-35.0 11 9
35.0-35.2 0o 0 1
Total 1 0 48 88 53 56 63 59 59 58 108 122 104 72 59 38 8 2 1000
(b)
Area | Mar Om 1134 stations
10 11 12 13 14 15 16 17 (°C) Total
33.6-33.8 1 1
33.8-34.0 0
34.0-34.2 [ 1
34.2-34.4 0 2 43
34.4-34.6 1 6 3 288
34.6-34.8 1 34 2 569
34.8-35.0 117 7 94
35.0-35.2 1 5
Total 3 61 133 298 324 169 12 1000
Fig. 6. Asin Fig. 3 but in March (a) for the whole area and (b) for Area I.
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(a)
Whole Area April Om 6277 stations

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19(°C)Total

.0 o 0 0 0 ©0 o0 o0 O 0 0 2
31.0-31.2 0 0 0
31.2-31.4 o o 0 o o 0 0 1
31.4-31.6 [\ 0 [\
31.6-31.8 ¢ 0o 0o o o o o 1
31.8-32.0 o o o o [
32.0-32.2 0 ] o 0o o0 o 0
32.2-32.4 6o o0 o o0 o0 o o o 1
32.4-32.6 o 0 o0 o0 o0 o o o 1
32.6-32.8 ¢ o o o0 0o ©0 o0 O 1
32.8-33.0 o 0 o0 o0 o0 0o o o0 0 1
33.0-33.2 6 1t 0 o0 0 0 0 o0 © [ 3
33.2-33.4 6 o 0o o0 1 10 o0 o 4
33.4-33.6 5 0o 1t 1 3 1 1 1 0 0 28
33.6-33.8 1 13 3 2 2 2 1 0 o o 18
33.8-34.0 11 5 5 5 7 9 7 4 1 o o o o 124
34.0-34.2 35 43 40 a8 81 23 10 3 1 1 0 o o 322
34.2-34.4 1 2 5 34 .19 65 46 27 .48 3 1 0 o0 239
34.4-34.6 0 o 0 4 7 20 33 34 19 7 1 0 o0 162
34.6-34.8 12 2 4 8 47 17 8 1 o 79
34.8-35.0 10 o 102 5 1 0 12
35.0-35.2 o 0 o o o 1
Total 54 65 38 55 54 54 86 86 120 104 87 75 61 44 16 3 1 0 1000
(b)
Area HI April Om 1331 stations
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19(°C)Total
31.2-31.4 0 0
31.4-31.8 -
31.6-31.8 0 0
31.8-32.0 .
32.0-32.2 o 0
32.2-32.4 .
32.4-32.6 0 0 1
32.6-32.8 0 0
32.8-33.0 0 0 0 0
33.0-33.2 0 Y 0 1
33.2-33.4 0o o [\ 1
33.4-33.6 9 3 12 2 o0 o o 29
33.6-33.8 T2 1 1 t 0o o 0 12
33.8-34.0 91 3115 1 3 6 4 10 2 o o0 0 0 O 181
34.0-34.2 13 2146 20035 24 34 44 6 4 o0 0 0 1 0O 298
34.2-34.4 2 1 1 1 10 48 30 j22 13 3 2 0 0 o0 324
34.4-34.6 2 [\ 1 5 9 13 5§ 5 0 t 0 0 112
34.6-34.8 3 3 3 g 4 1 0 32
34.8-35.0 3 1 i1 0 1 7
35.0-35.2 o 1 1
Total 9 109 57 74 23 49 86 81 189 156 87 47 17 9 1 1 2 0 1000
(c)
Area 1l April 10m 1101 stations
1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 (°C) Total
32.4-32.6 0 ]
32.6-32.8 -
32.8-33.0 o 0
33.0-33.2 1 1
33.2-33.4 1 1
33.4-33.6 o o 1 2
33.6-33.8 2 5 1 10
33.8-34.0 0 17440 19 1 8 3 9 8 1 0 216
34.0-34.2 9 1 32989 9 8 40 15 a4 0o o0 307
34.2-34.4 5 0 0 7 1 9 18 82 28 10 2 1 302
34.4-34.6 3 29 45 14 8 5 131
34.6-34.8 4 3 2 3 5 0 22
34.8-35.0 3 1 6
35.0-35.2 0 2
Total 5 124 42 57 41 25 65 98 219 169 98 36 15 6 1000

Fig. 7. Asin Fig. 3 but in April (a) for the whole area and for Area Il (b) at the sea
surface and (¢) at 10 m.
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Sea occurs in February or March. In March the
cold mode shifts to 1°C warmer class, [1-2°C,
34.0-34.2] (7.8% for the whole area (Fig. 6a);
8.0% for Area 1), and the warm one to 0.2
higher salinity class [9-10°C, 34.2-34.4] for the
whole area (Fig. 6a, 4.9%) and the same as in
February for Area T (8.0%).

Areal and time variations of surface water
characteristics in March are smaller than those
in any other month; 50% and 75% frequency
ranges show fewest classes for all of the areas
(Fig.4). In particular, 50% and 75% of the sur-
face of Area I are characterized by only four and
seven T-S bivariate classes with a mode [14-
15°C, 34.6-34,8] (Fig. 6b, 20.1%). In Area IV
the frequency of salinity range 34.0-34.2
amounts to 69% (at the sea surface) and 80%
(at 10 m).

There is not much difference in surface water
characteristics between in March and in April
(Figs. 2 and 5). On the whole, the surface
water is a little warmed and its salinity distri-
bution is slightly diffused (Fig. 7a). A cold
water of less than 1°C completely disappears.

(a)
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The cold mode is weaken shifting to a lower sa-
linity class [2-3°C, 33.8-34.0] and its frequency
(3.8%) is less than that of the middle mode [5
—6°C, 34.0-34.2] (4.3%). The salinity mode of
34.0-34.2 is less than that in March by 16.8%;
6.2% of this decrease is diffused to lower classes
and 10.6% to higher classes. On the average
the monthly mean SSS in April is the highest in
a year. In particular, in Area I, the south-
western part, there is an alternation of 8.2%
from low salinity water (<(34.4) to high salin-
ity water (C>34.4) (Fig. 5b). On the contrary,
in the Tsushima Strait region, surface water
freshening already starts in the month; 7.5% of
the sea surface is altered from high salinity
water (C>34.4) to low salinity water (<(34.4)
during March to April. Salinity dispersion in
Area II is noticeable (Fig. 7Tb). The water with
a salinity of 34.0-34.2 occupying more than a
half in March shows a decrease by 24.0%. This
decrease is replaced by increases of lower one by
6.49% and higher one by 17.6%. The cold mode
shifts to 0.2 lower class [2-3°C, 33.8-34.0]
(9.1%) and the warm mode to 0.2 higher class

Whole Area May Om 7185 stations
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 (°C) Total
-30.0 0 0 0o 0 0 0 © 1
30.0-30.2 0 0 0
30.2-30.4 0o 0 0 0 0
30.4-30.6 ©o 0 0 0 O 0
30.6-30.8 o o 0 0 o 0
30.8-31.0 6 0 0 0 0 O 1
31.0-31.2 o 0 0 o0 0 0 1
31.2-31.4 0 0 0 0 0 O o o 0
31.4-31.6 0o 0 o o o 0 0
31,6-31.8 0 o o o0 o© 0o 0 0 1
31.8-32.0 0 6 0 0o 0 0 o0 © 1
32.0-32.2 0o o [ ) o 0o 0 0 1
32.2-32.4 0 0 6 0o 0 0 0 O 0 2
32.4-32.6 0 0 o 0 0 o o o0 o 2
32.6-32.8 o 0o o0 o0 o0 1 0 0 0 3
32.8-33.0 0 o 0 o 1 o0 1 1 0 0 o0 4
33.0-33.2 6 0 o 0 2 0 0 1 © o o0 o 0 5
33.2-33.4 0o 0 2 2 1 1 1 0 0 0 o0 9
33.4-33.6 o o0 o o 2 2 1 1 2 2 0o 2 o 13
33.6-33.8 0 0 1 6 2 3 2 0 0 0 31
33.8-34.0 3 1 8 7 2. 40 9 5 4 3 1 0 203
34.0-34.2 5 5 B0 88 8 4 2 1 0 284
34.2-34.4 ] 2 11 7 2 1 0 0 196
34,4-34.6 0 36 5 1 1 0 0 182
34.6-34.8 3 0 0 0 O 57
34.8-35.0 o 0 o o 1t 1 0 3
35,0-35.2 0 0
Total 4 7 14 32 55 88 99 88 &1 93103108102 73 37 12 3 1 0 O 1000

Fig. 8. Asin Fig. 3 butin May (a) for the whole area, for Area II (b) at the sea sur-
face and (c) at 10 m and (d) for Area IV.
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Fig. 8b.
Area I} May Om 2824 stations
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23(°C) Total
30.8-31.0 0 0
31.0-31.2 0 0
31.2-31.4 0 0
31.4-31.6 0 0
31.6-31.8 0 0
31.8-32.0 -
32.0-32.2 -
32.2-32.4 0
32.4-32.6 0
32.6-32.8 0
32.8-33.0 0 1
33.0-33.2 0 2
33.2-33.4 o o0 5
33.4-33.6 11
33.6-33.8 o o 0 37
33.8-34.0 8 8 1 21 228
34.0-34.2 0o 1 2 15 2 0 o 265
34.2-34.4 0 6 1 1 268
34.4-34.6 8 0 0 1 0 156
34.6-34.8 2 0 27
34.8-35.0 0 1
Total 8 0 9 2 36 82 87 97 126 143 134 121 84 47 18 3 2 1 0 1000
Fig. 8c.
Area lll May tOm 1751 stations
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 (°C) Total
31.0-31.2 0 0
31.2-31.4 0 0
31.4-31.6 0 0
31.6-31.8 0 0
31.8-32.6 -
32.6-32.8 0
32.8-33.0 0 0
33.0-33.2 0 0 1
33.2-33.4 11 7
33.4-33.6 111 12
33.6-33.8 2 1 0 36
33.8-34.0 8 0 5 1 1 2 1 238
34.0-34.2 0 4 o0 8 48 2 1 o0 268
34.2-34.4 0 3723 10 3 0 © 1 258
34.4-34.6 83 .37 16 7 1 155
34.6-34.8 11 7 5 7 21
34.8-35.0 10 1 0 3
Total 8 1 9 2 35133 54121 135130 127 111 86 36 11 2 0 1 1000

[9-10°C, 34.2-34.4] (12.2%). Both modes are
strengthened, especially the former at 10 m
(Fig. 7c, 11.49%). This indicates that the polar
front appears in the surface water most clearly
in April. In Area IV, the northeastern part, a
little freshening is seen, but the salinity mode
(34.0-34.2) still exceeds 60% (Fig. 5¢c). The sa-
linity increase of the sea is due to a northeast-
ward transport of the high salinity Tsushima
Warm Current water. The freshening observed
in the central and northern parts is likely due to
the discharge of the snow melted fresh water
from the land, mainly northern Japan.

In May frequency distributions in 50% and

75% ranges are flattened in the whole area; all
of the 14 classes included in the 509 range at the
sea surface show relative frequencies of 3.0% to
4.3% (Fig. 8a). Three modes are still distin-
guished ([9-10°C, 34.0-34.2], 4.3%, [12-13°C,
34.2-34.4], 3.8% and [15-16°C, 34.4-34.6], 4.83%).
At 10 m the middle mode disappears. Unlike in
February to April, the cold mode corresponds to
a single mode in Area IV (Fig. 8d, [8-9°C, 34.0
-34.2], 9.6%). In Area I, frequency values of
modes are flattened and temperature differences
between modes are diminished both at 0 m and
10 m. Four modes including two middle modes
(Fig. b, [4-5°C, 34.0-34.2], 4.6% and [7-8°C,
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Fig. 8d.
Area IV May Om 966 stations
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 (°C) Total
30.2-30.4 0 0 1
30.4-30.6 -
30.6-30.8 0 1 1
30.8-31.0 .
31.0-31.2 -
31.2-31.4 0 0 0 0 1
31.4-31.6 0 0
31.6-31.8 0 0
31.8-32.0 0 0
32.0-32.2 0 0 1
32.2-32.4 0 1 1
32.4-32.6 1 1 1 1 4
32.6-32.8 0 0 0 6 7
32.8-33.0 0 0 4 1 6
33.0-33.2 1 0 1 0 1 2 0 1 8
33.2-33.4 0 11 4 1 0 1 0 20
33.4-33.6 1 1 1 4 5 4 3 4 2 0 1 25
33.6-33.8 1 2 2 8 14 8 5 1 7 0 47
33.8-34.0 1 T 1 0 4 2 323
34.0-34.2 14 3 3 3 480
34.2-34.4 3 1 1 71
34.4-34.6 1 3 5
Total 1 36 43 68 7125 201 192 120 89 55 29 11 13 7 1 1000
(a)
Whole Area June Om 7605 stations
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26(°C)Total
-31.0 0 o 0 o 0 0 1
31.0-31.2 o o0 o 0
31.2-31.4 o 0o 0 0O 0
31.4-31.6 10 o 0 o0 2
31.6-31.8 6 0o 0 © o o 1
31.8-32.0 0o 0 0 0 0 0 0 1
32.0-32.2 6 0 0 0 0 0o 0 O 0 0 O0 © 2
32.2-32.4 0 o 0o 0 0 o0 0 0 o 1
32.4-32.6 0 6o 0 0 0o o0 O0 o0 0 0 o0 2
32.6-32.8 ¢ 0o 0 o0 0 1 1 0 0 0 0 0 © 3
32.8-33.0 6 o0 6 0 0 o0 1 0 1 0 0 0 © 5
33.0-33.2 6 0o 0 o o0 0o t 0 1 1 1 0 0 © 7
33.2-33.4 6 0 1 1t 1 1 1 2 2 2 1 1 0 0 13
33.4-33.6 t 0 0 2 1 1 1 1 1 4 4 5 2 1 0 0 0 26
33.6-33.8 0 1 1 3 5 8 8 ; 6 6 5 5 3 1 0 94
33.8-34.0 0 5 17 24 44 9 {24t 8 4 2 0 1 1 235
34.0-34.2 0 1 3 6 10 10 8 4 1 2 0 0 203
34.2-34.4 0 3 5 5 26 44 s a4 1 0 220
34.4-34.6 T 1 2 3 2 1 155
34.6-34.8 o o0 o 5§ 1 0 0 0 26
34.8-35.0 1 0 0 o0 o 1 o0 o 0 3
35.0-35.2 0o o0 0
Total 0 - 1 4 11 29 49 74 53 77 94 88114 131120 82 45 16 9 4 1 0 1000
Fig. 9. Asin Fig. 3 but in June (a) for the whole area and (b) for Area IV,

34.2-34.4], 4.8%) found at the sea surface in
April are reduced to two in May (Fig. 8b); the
two colder modes in April must be merged into
the cold one ([9-10°C, 33.8-34.01, 5.6%) in May
and the two warmer ones into the warmer one
([12-13%C, 34.2-34.41, 6.0%). At 10 m thereis a
weak middle mode in April (Fig. 7c, [5-6°C,34.0

-34.2], 3.9%) and in May three modes still exist
two degrees apart for each neighboring two
(Fig. 8¢, [8-97C, 33.8-34.0], 6.3%, [10-11°C, 33.8
-34.0], 5.2% and [12-13°C, 34.2-34.4], 5.1%).
Apparently the cold mode in Area I corre-
sponds to the mode in Area IV as in the whole
area though the former is 0.2 lower in salinity



26

La mer 33, 1995

Fig. 9b.
Area tV June Om 1365 stations
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 (°C) Total
31.2-31.4 0 0
31.4-31.6 0 0
31.6-31.8 1 1
31.8-32.0 0 1 1 2
32.0-32.2 ] 1 0 1 1 3
32.2-32.4 0 1 0 0 2
32.4-32.6 1 1
32.6-32.8 0 0 4 2 1 0 7
32.8-33.0 2 2 1 1 4 0 9
33.0-33.2 1 3 1 1 3 5 0 1 15
33.2-33.4 1 1 0 3 4 1 1 4 0 2 17
33.4-33.6 2 9 2 2 5 5 1 3 3 3 1 35
33.6-33.8 5 5 6 1 0 93
33.8-34.0 3 13 2 5 363
34.0-34.2 3 8 9 7 1 0 330
34.2-34.4 5 4 1 93
34.4-34.6 0 1 4 110 3 27
34.6-34.8 1 2 3
Total 3 10 26 68 90 143 117 147 132 98 82 38 33 12 0 1000
Whole Area July Oom 5581 stations
11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 (°C) Total
-29.0 o 1 0 0 0 1
29.0-30.0 o 0o o o o 0 1
30.0-30.2 0 0 o0 0 0
30.2-30.4 0 0
30.4-30.6 0 0 0 0
30.6-30.8 0o o0 o 0 o0 o 1
30.8-31.0 0o o0 0 o o 1
31.0-31.2 o 1 o0 o 0 0 1
31.2-31.4 o 1t 0 6 0 0 0 o0 0 2
31.4-31.6 6 0 0 0 0 O o o0 o0 2
31.6-31.8 0o 0 o 0 1 0 1 0 0 3
31.8-32.0 ¢ o o o 1t 1 1 0 1 1 o0 6
32.0-32.2 0 0 0 1t 0 0 2 2 0 0 0 0 6
32.2-32.4 0 6o 0o 1 o 1 1 1 1 0 1 0 0 7
32.4-32.6 1t 0o 0o 1 1 1 2 2 o 1 1 1 o0 10
32.6-32.8 0 6 1 o 1 1 1t 2 2 1 2 0 1 0 12
32.8-33.0 6 1 1 o 2 2 1 2 3 2 1 0 0 15
33.0-33.2 60 0 2 1 2 4 4 4 4 1 1 1 0 24
33.2-33.4 6 5 1 2 5 2 4 @ 6 4 1 1 o0 54
33.4-33.6 o o o t 2 3 A0 g 6 3 2 2 0 0 92
33.6-33.8 13 g .16 18 0 4 2 1 0 0 199
33.8-34.0 1 5 6 6 7z 7 4 2 0 0 244
34.0-34.2 0 4 4 9 5 4 1 0 194
34.2-34.4 0 3 0 g 3 2 0 0 98
34.4-34.6 o 1 1 o 0 25
34.6-34.8 6 0o 0 0 0 © 1
34.8-35.0 o 1 1
Total 1 6 14 23 42 47 72 81 79 136 164 121 83 66 31 19 11 4 1 0 1000

Fig. 10. Asin Fig. 3 but in July for whole area.

than the latter at the sea surface. These mode
characteristics imply that the polar front is
weakened and the surface water north of the
front is warmed by 6-7°C during April to May
except for the northeastern part. Whether this
rapid warming is due to only solar radiation ab-
sorption or partly current pattern variation

cannot be explained owing to insufficient data.
Though the cold mode is concealed in total tem-
perature frequency distribution (the bhottom
line) in Fig. 8b, it is discernible at 9-10°C (9.9%)
in Fig. 8a and clearly seen at 8-9°C at 10 m in
Area I (Fig. 8c, 13.3%) as well as in the whole
area (11.3%).
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Overall freshening of the surface water con-
tinues. The water of salinity ~>34.0 decreases by
9.3% compared with in April, but high salinity
water (>34.4) decrease is only 1.2% (Fig. 8a).
In Area 1 the water ~>34.4 decreases by 17.9%
(Fig 5a) and the lower limit shifts from 33.0 to
31.0. This saline water (C>34.4) decrease is
4.6% ia Area I (Fig. 5b); on the contrary in
Area 1M the saline water increases by 3.2% (Fig.
8h).

Salinity dispersion and overall freshening con-
tinue until September and northeastward trans-
port of high salinity water continues at least
until June. Cold modes are common to upper 10
m depths ([11-12°C, 33.8-34.0], 4.4% at 0 m
(Fig. 9a); 4.7% at 10 m) and warm modes shift
to 0.2 lower salinity class ([17-18°C, 34.2-34 4],
4.3% at 0 m (Fig. 9a); [16-17°C,34.2-34.4] 4.9%
at 10 m). In Area I both modes being the same
as in the whole area are clearly seen at 10 m
(cold 6.0% and warm 7.3%), but the cold mode
is indiscernible through total temperature fre-
quencies in upper 10 m depths. In Area IV two
cold modes are clearly seen at the sea surface

(a)
Whole Area August Om 7483 stations

13 14 15 16 17 18 19 20 21

(Fig. 9b,[11-12°C, 33.8-34.0] 7.19% and [13-14
°C, 34.0-34.2] 5.8%). The saline water (C>34.4)
shows a sudden decrease in Area 1 (46.8%) and
in Area 1T (29.2%) and a slight increase in Area
M (0.6%) on the frequency of the previous
month; in the whole area it decreases by 5.8%.

A marked warming and freshening occur dur-
ing June and July for all of the areas. Areas
I and T are remarkable for salinity decrease
and dispersion (Fig. 5a-b). T-Sbivariate classes
of 50% and 75% ranges in both areas in July are
about twice in June (Fig. 4). High salinity
water (*>34.4) decreases to less than 1.0% Area
I and to 2.4-3.7% in Areas II-IV. The cold
modes in the whole area and Area W are still
discernible in salinity range 33.8-34.0 (17-18°C,
2.9% at 0 m (Fig. 10) and 16-17°C, 3.3% at 10 m
in the whole area; 18-19°C, 2.7% at 0 m and
17-18°C, 2.5% at 10 m in Area 1), though they
are weakened and corresponding total tempera-
ture frequencies are flattened.

A further salinity decrease in the sea contin-
ues until September. The water of more than
salinity 33.8 at the sea surface in August de-

23 24 25 26 27 28 29 30 31(°C) Total

-29.0 o 0 o 0 1
29.0-30.0 o o o o0 © 1
30.0-30.2 o 0o o o0 o0 0
30.2-30.4 o o o0 o0 1
30.4-30.6 o o 0 0 1
30.6-30.8 o o o0 o 0 o0 1
30.8-31.0 o o o0 o0 1 10 3
31.0-31.2 o o o 1 0o o0 2
31.2-31.4 o 0o o0 1 1 1 3
31.4-31.6 0 o 0o o 1 1 1 1 0 5
31.6-31.8 0 0 o o 1 13 1 1.0 7
31.8-32.0 o 0o 1 2 3 2 2 1 0 11
32.0-32.2 o o o 1 3 2 4 2 1 0 0 13
32.2-32.4 o o o6 o0 1 2 3 3 4 3 1 © 18
32.4-32.6 0 0o 1 o 1 2 5 3 4 4 3 0 0 23
32.6-32.8 0o 1 1 2 5 5 4 5 6 3 0 32
32.8-33.0 4 0o o 1 2 4 10 . 6 3 0 45
33.0-33.2 1 0 2 1 4 4 5 3 0 58
33.2-33.4 2 7 6 6 3 0 92
33.4-33.6 5 ip 2 4 0 153
33.6-33.8 1 1 6 2. ( 2 0 0 227
33.8-34.0 o 3 2 8 2 1 177
34.0-34.2 0 o 1 1 6 1 97
34.2-34.4 1 2 1 23
34.4-34.6 o 0o o 1 o 1 o 1 1 o o0 o0 4
34.6-34.8 o o o 0 o o 1
34.8-35.0 -

Total 14 A 4 14 21 41 79 104 108 129 145 119 116 80 31 3 0O

Fig. 11. Asin Fig. 3 but in August (a) for the whole area and for Area II (b) at the
sea surface and (c¢) at 10 m and (d) for Area IV,
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Fig. 11b.

Area il August Om 2458 stations
14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 (°C) Total
-29.0 1 0 1
29.0-30.0 0 o 1
30.0-30.2 0 0
30.2-30.4 1 0 1 2
30.4-30.6 1 10 2
30.6-30.8 o 1t 1 o0 o© 2
30.8-31.0 11 6 8
31.0-31.2 0 1 0 1 2 2 2 8
31.2-31.4 11 2 2 2 3 11
31.4-31.6 1t 1 1 4 5 3 0 0 16
31.6-31.8 0 0 1 2 2 3 § 3 1 o0 21
31.8-32.0 o 2 3 5 1 4 8 1 34
32.0-32.2 0o 2 2 iz g 2 43
32.2-32.4 o 1 1 2 3 3 61
32.4-32.6 0 o 1 1 3 1 81
32.6-32.8 o 2 3 7 1 95
32.8-33.0 11 3 2 1 94
33.0-33.2 0 1 1 5 17 108
33.2-33.4 o 2 2 130
33.4-33.6 1 2 2 1 97
33.6-33.8 11 2 4 ) 95
33.8-34.0 0 1 0 4 0 48
34.0-34.2 0 10 1 0 3 25
34.2-34.4 0o 0 0 2 3 5 0 3 1 15
34.4-34.6 0 o 1 1 1 0 3
34.6-34.8 o o 0 1
Total 0 12 2 10 17 42 67 137 199 157 162 139 56 7 1000

Fig. 1lec.
Areall August 10 m 2365 stations

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 (°C) Total

30.0-30.2 1 1
30.2-30.4 o 1 1 2
30.4-30.6 o o 0
30.6-30.8 1 1 0 0 2
30.8-31.0 o 0 o 1 o0 1
31.0-31.2 0 1 0 0 2 3
31.2-31.4 1 11 2 7 11
31.4-31.6 1 0 1 2 2 6
31.6-31.8 0 c 2 4 4 0 1 12
31.8-32.0 2 1 3 5 4 34
32.0-32.2 0 1 2 4 33
32.2-32.4 1 0 2 7 2 2 50
32.4-32.6 o 1 1 2 ; 7 4 71
32.6-32.8 o 0 o0 1 3 0 3 67
32.8-33.0 0 2 0 4 2 4 0 91
33.0-33.2 1t 0 3 3 4 2 4 2 98
33.2-33.4 11 1 1 1 4 3 B 8 2 118
33.4-33.6 o 0 2 4 1 5 5 4 7 0o 0 136
33.6-33.8 ot 1 1 3 3 4 & 0 111
33.8-34.0 1 2 2 2 3 2 4 2 77
34.0-34.2 10 1 2 3 2 2 2 1 48
34.2-34.4 1 11t o 1 1 23
34.4-34.6 0 1t 0 3
34.6-34.8 1 1
34.8-35.0 0 0

Total 1 2 3 6 10 15 15 21 28 23 46 72 77 144 164 137 123 94 19 0 1000

creases by 26.1% compared with July (Figs. 10 the analysis has yielded for the surface (Fig. 4).
and 11a). In the Tsushima Strait region, SSS The high salinity water (>>34.4) completely dis-
decreases to the minimum of the year and the 7- appears and warm water of 27-29°C is scattered
S bivariate distribution shows the maximum over the large salinity range of 28.0-34.4 at the
number of 50% and 75% classes (36 and 68) that sea surface in Area 1. In Area I 509 range
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Fig. 11d.
Area IV August Om 927 stations
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 (°C}) Total
30.6-30.8 1 1
32.4-32.6 3 3
32.6-32.8 1 1 2
32.8-33.0 0 0 1 2
33.0-33.2 1 4 12
33.2-33.4 9 0 58
33.4-33.6 8 5 1 122
33.6-33.8 ig s 2 283
33.8-34.0 o 10 5 1 322
34.0-34.2 7 5 2 1 164
34.2-34.4 1 6 2 2 26
34.4-34.6 1 6
Total 0O 25 28 74 115 114 207 116 115 107 56 33 7 4 1000
Whole Area September O m 5425 stations
11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 (°C) Total
-29.0 o 0 o© 1
29.0-29.2 -
29.2-29.4 0 0 1
29.4-29.6 0 0
29.6-29.8 o 0 0 1
29.8-30.0 0 0 0 )
30.0-30.2 ) 1 1
30.2-30.4 0o 0 0o 0 o 1
30.4-30.6 o o 0 1
30.6-30.8 0 0o 0 0 0 o0 1
30.8-31.0 1t 0o 0o 2 o 4
31.0-31.2 o 0 o0 1 o 2
31.2-31.4 0 o 0 0 2 2 1 6
31.4-31.6 1t 1 2 1 1t 0 0 5
31.6-31.8 6 o 1 2 2 2 1 o 8
31.8-32.0 6 1 2 4 1 2 4 1 o0 15
32,0-32.2 0 0 3 5 4 3 3 2 0 20
32.2-32.4 0 1 4 4 6 5 4 1 0 O 26
32.4-32.6 0 5 7.8 e 7 4 1 1 40
32.6-32.8 [ 6 3 11 48
32.8-33.0 0 . . 4 11 67
33.0-33.2 0 4 1 0 66
33.2-33.4 0 1 4 0 0O 96
33.4-33.6 1 s 1 0 130
33.6-33.8 0 0o 1 2 5 4 0 2 0 198
33.8-34.0 o 7 3 5 1 0 o 138
34.0-34.2 o 1 1 4 1 a8
34.2-34.4 1 30
34.4-34.6 ) 6
34.6-34.8 o 1 1 2
34.8-35.0 0o o 0
Total 0 - 1 1 2 24 16 49 77104 130 138 127 127 102 65 30 5 1 1000
Fig. 12. Asin Fig. 3 but in September for the whole area.

amounts to 69 in bivariate class number at 10
m, because a great vertical temperature gradi-
ent in the surface water yields a wider tempera-
ture range below the sea surface, while the
number reduces to 56 at the sea surface (Figs. 4
and 11b-c). The mode in the area must lie
around 25°C, 33.4 at the sea surface and at a lit-
tle colder side at 10 m, though the distribution
evens out.

There is no mode other than [21-22°C, 33.6—
33.8] (4.0%) at the sea surface in the whole area
(Fig. 11a); however, it seems to deviate slightly
towards a colder, fresher side from the mid-
point. In Area I, a weak mode [19-20°C, 33.4-
33.6] (1.8%) is formed at the sea surface be-
sides the first mode [23-24°C, 33.8-34.0] (4.6%).

Double modes are clear at the sea surface in

Area IV (Fig. 11d, [21-22°C, 33.6-33.8], 7.4%
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Whole Area October Om 8155 stations
8 9 10 11 12 13 14 15 16 17 19 20 21 22 23 24 25 26 27 28(°C) Total
-31.0 0 0o o0 0
31.0-31.2 0o 0 0
31.2-31.4 o o o 0 0
31.4-31.6 0 0 0
31.6-31.8 o o o0 O 1
31.8-32.0 o 1 1 0 2
32.0-32.2 o 0o 1 2 1 1 2 o0 6
32.2-32.4 o 0 2 1 2 4 0 1 1t 11
32.4-32.6 6 2 2 3 5 3 3 1 0 21
32.6-32.8 0 0 1 4 6 4 5 5 2 0 0 28
32.8-33.0 o 1 2 5 8 B 5 3 1 0 43
33.0-33.2 o 2 2 7 9 4 1 0 65
33.2-33.4 1 2 3 § 6 1 ] 105
33.4-33.6 0 7 . 3 1 0 158
33.6-33.8 4 2 1 0 201
33.8-34.0 2 2 2 2 1 195
34.0-34.2 1 6 10 126
34,2-34.4 1 0 34
34.4-34.6 0 4
34,6-34.8 0
34.8-35.0 0
Total 2 3 13 25 31 54 70 71113 99116 133128 76 46 15 3 0 0 1000
Fig. 13.  As in Fig. 3 but in October for the whole area.
Whole Area November O m 3958 stations
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 (°C) Total
-32.0 1
32.0-32.2 0
32.2-32.4 2
32.4-32.6 1
32.6-32.8 5
32.8-33.0 19
33.0-33.2 45
33.2-33.4 1 0 99
33.4-33.6 2 0 170
33.6-33.8 2 2 189
33.8-34.0 - 81 s 6 1 265
34.0-34.2 B 8 3 1 5 1 124
34.2-34.4 1 458 1 6 4 0 o0 69
34.4-34.6 1 0 © 10
34.6-34.8 0 0 2
34.8-35.0
Total 11 1 23 35 16 17 471 66 59 47 76 83 93 117 123 104 67 18 2 0 1000

Fig. 14. Asin Fig. 3 but in November for the whole area.

and [19-20°C, 33.8-34.0], 6.0%), but the latter
disappears at 10 m.

In September SSS in the sea shows the mini-
mum of the year and 50% and 75% ranges oc-
cupy 28 and 57 classes, maxima of the year, at
the sea surface (Fig. 12). The upper 10 m water
of Area I shows an increase of total salinity
frequency of every class of more than 32.8 over
those in August. On the contrary, total salin-
ity frequencies in Area I decrease in classes of
more than 33.2 at the sea surface and of more
than 33.4 at 10 m. In Area I, the salinity fre-
quency decrease is limited to classes of more
than 33.8 through upper 10 m. The surface

water of the northeastern part, Area IV, shows
a weak salinity maximum in September (Fig.
2d). The saline water (>34.0) increases by
17.8% in September and decreases by 2.0% in
October. The mode at the sea surface in the
whole area shifts to two degrees lower class
(Fig. 12, [19-20°C, 33.6-33.8], 3.2%), deviating
towards a colder, lower salinity side as in
August. The weak second mode of high tem-
perature is seem at [24-25°C, 33.2-33.4] (2.0%).
Two modes are discernible at both depths in
Area T ([19-20°C, 33.6-33.8] 3.7% at 0 m and
3.3% at 10 m; [23-24°C, 33.4-33.6] 3.1% at 0 m
and [24-25°C, 33.6-33.8] 3.1% at 10 m) as well,
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Whole Area December O m 3429 station

2 3 4 5 6 7 8 9 10 11

12 13 14 15 16 17 18 19

20 21 (°C) Total

-32.0
32.0-32.2
32.2-32.4 0
32.4-32.
32.6-32.
32.8-33.
33.0-33.
33.2-33.
33.4-33.
33.6-33.
33.8-34.
34.0-34.
34.2-34.
34.4-34.
34.6-34.
34.8-35.
35.0-35.
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As in Fig. 3 but in December for the whole area.
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Fig.16. AsinFig. 3 but yearly mean for the whole area (a) at the sea surface and (b)
at 10 m. The frequency ‘0’ (less than 0.5 per mille (0.05 per cent)) for bivariate
classes is omitted. Solid lines in (b) denotes the same limits as inner limits in

Fig. 17.

though total temperature frequency shows a sin-
gle mode at the sea surface.

After September the surface water of the sea
steadily decreases in temperature and increases
in salinity; T-S bivariate classes of 509 and
75% ranges decrease until winter or early
spring. Available stations in the whole area in
October make up the greatest number of the

year. Figure 13 shows that classes of 2.0% or
more spreads widely over the range of 15-22°C,
33.2-34.2 at the sea surface. The mode [17-18
°C, 33.8-34.0] (3.4%) deviates towards a colder,
more saline class from the center; the second
mode seems to be around 21°C, 33.5. On the
contrary, the first mode is warmer one at 10 m

([17-18°C, 33.8-34.0], 2.9% and [20-21°C, 33.2-
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Fig. 16b.

Whole Area Year 10m 53,343 stations

s2-1 01 2 3 4 56 7 8 91011121314151617 181920 21222324 2526 27 28 29 30(°C)Total
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33.4], 3.4%%). In addition, a cold mode [15-16
C, 33.6-33.8] (4.5% at 0 m and 3.9% at 10 m)
appears in Area Il forming a clear second mode
in total temperature frequencies. In Area IV,
two modes are clearly ([15-16°C, 34.0-34.2]
9.4% at 0 m and [16-17°C, 34.0-34.2] 7.3% at 10
m; [18-19°C, 33.8-34.0] 7.4% at 0 m and 10.1%
at 10 m).

As total temperature frequencies show in
Figs. 14 and 15, three modes are formed in No-
vember and December ([7-8°C, 33.8-34.0] 3.19%,
[12-13°C, 33.8-34.0] 3.7% and [18-19°C, 33.4—
33.6] 3.2% in November; [2-3°C, 33.8-34.0]
5.9%, [6-7°C, 34.0-34.2] 4.4% and [12-13°C, 33.8
—34.0] 4.3% in December). The coldest mode
must be formed rapidly after October and grows
until March.

5. Overall characteristics of 7-S frequency dis-

tributions

The yearly mean T-S frequency distributions
for the whole study area are obtained with the
averages of relative distributions in January
through December for the area (Fig. 16). Ac-
cording to a previous analysis, mostly 7-S rela-
tion points for more than 5°C at the sea surface
fall on the lower salinity sides of the line con-
necting (17°C, 34.7), (13°C, 34.7) and (5°C, 34.1)
and of the salinity 34.1 line for less than 5°C in
winter to spring; the upper limit of salinity for

more than 17°C decreases with temperature in
spring to summer. This generally agrees with
Fig. 16 except that the upper limit of salinity
for low temperatures is about 34.4. Figure 16
shows that the highest salinity of more than
34.8 occurs at about 13°C or a little warmer tem-
peratures. The limit does not depend on tem-
perature for the cold water of less than 8-9°C.
There are five to six modes or large frequency
class groups in Fig. 16. They nearly correspond
to the class groups of 1.0% or more during five
months or more shown in Fig.17. The group
centered at the class [10-11°C, 34.0-34.2] (W)) is
conspicuous among them. As stated in section
3 or shown in Fig. 2, little variation during long
winter is one of the outstanding characteristics
of the surface water of the sea. This group (W)
shows frequency of 1.0%6 or more mostly during
January to May partly in November, December,
or June. The period of the frequency (1.0% or
more) for the centered class [10-11°C, 34.0-34.2]
covers eight months. The W, group mainly de-
notes T-S relations south of the polar front, but
probably its colder portion includes the surface
water west of northern Japan. The W, the
only class [2-3°C, 33.8-34.0], definitely shows a
water characteristic north of the polar front.
These two groups of waters must keep lying on
the proper sea areas almost during the period.
Since temperature and salinity values of the
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i

30.6f

31.0-

33.0

SALINITY

34.0

35.0

35.2f

15
TEMPERATURE (°C)

0.1% OR MORE AT LEAST FOR A MONTH OF YEAR AT IOM DEPTH

1.0% OR MORE FOR SIX MONTHS OR MORE AT IOM DEPTH

D 1.0% OR MORE FOR FIVE MONTHS OR MORE AT tOM DEPTH

UPPER LIMIT OF SALINITY THROUGH THE UPPER IOM FOR EVERY 1°C TEMPERATURE RANGE

Fig. 17.

Overall characteristics of 7-S frequency distributions of the surface water of

the whole study area. Outer solid lines denote the limits within which 7-S values

of 1°C X0.2 (% or psu) bivariate classes show frequencies of 0.1% or more at least
for a month of year at 10 m depth. Inner solid lines denote the limits within which
T-Svalues of the classes show frequencies of 1.0% or more for five months or more
of year at 10 m and shaded areas 1.0% or more for six months or more of year at
10m. Classes of Wi:and W: are seen in winter, S in summer and T in transitional
seasons (see text). Double horizontal lines show the upper limit of salinity range

through the upper 10 m for every 1°C temperature range.

the limits have never been observed.

surface water scatter and their variations are
great in spring, summer and autumn, frequently
occurring classes of warm water during several
months are fewer than those of cold water. The
S group, extending from the warmest mode [20
—-21°C, 83.6-33.8] to colder, more saline classes,
shows five month’s duration (July-November)
of the frequency of 1.0% or more excepting that

(Higher salinities than

the coldest class [17-18°C, 33.8-34.0] shows the
frequency in June to August and in October to
December. Figure 18 is an example of the 7-S
frequency distribution with the summer mode.
Surface waters included in this group do not al-
Ways occupy proper sea areas, that is, the water
of the same range of 7T-Srelation can be found in
various places according to seasonal variation.
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Area |l November O m 1174 stations
13 14 15 16 17 18 19 20 21 22 23 (°C) Total

-32.0 0
32.0-32.2 0 0
32.2-32.4 1 1
32.4-32.6 3 3
32.6-32.8 2 2 0 5
32.8-33.0 8 12 11 0 35
33.0-33.2 2 1 80
33.2-33.4 2 8 z 134
33.4-33.6 8 7 218
33.6-33.8 158
33.8-34.0 210
34.0-34.2 1 86
34.2-34.4 1 61
34.4-34.6 12
34.6-34.8 1 1
Total 11 17 86 82 146 219 202 182 53 2 1000

Fig. 18. Asin Fig. 3 but in November for Area II.

The last group T, centered at the class [14-15°C,
34.0-34.2], shows the frequency twice or three
times in a year. The frequency of the centered
class occurs in May, June and October to Janu-
ary, other three classes do not show the fre-
quency in October or November.

6. Concluding remarks

On the basis of available hydrographic data
taken in 1952-1988 (including partly in 1989-
1990), I have divided the Japan Sea except the
northwestern part into four areas according to
pattern of seasonal variation of SST and SSS.
Then I have obtained monthly relative frequency
distributions of 7-S relations in bivariate class
of 1°Cx0.2 in salinity at the sea surface and at
10 m depth for each of four areas and for the
whole study area.

The water entering through Tsushima Strait
clearly shows seasonal variations in water char-
acteristics with standard deviations of mostly
less than about 1°C in temperature and 0.2 in sa-
linity for the monthly means (e.g. OGAWA,
1983). The water is transported northeastward
along the western margin of Japan showing
propagation of high salinity during winter to
summer and low salinity during spring to
autumn (e.g. TANIOKA, 1962; KoLpack, 1982).

For example, the maximum of SSS occurring
in the Tsushima Strait region in March appears
in the central area in June about three months
behind and in the northeastern part in Septem-
ber about six months behind.

One of the most striking features is that two
or three modes are seen in 7-S frequency distri-
butions nearly through a year in the whole study
area. This is due to the existence of the frontal
zone between about 39° and 42°N in the central
area. The frontal zone separating the surface
water into the warm, high salinity water of the
south and the cold, low salinity water of the
north is well depicted in the SST distributions in
winter to spring (e.g. ISoDA et al, 1991, Fig. 4;
Maizuru Marine Observatory, 1990, Fig. 1).
Two modes of T-S frequencies suggest that this
separation occurs even in summer, though scat-
tered distributions and decreased meridional
temperature gradients obscure separation of
two modes (e.g. Figs. 10 and 12). According to
IsoDA et al (1991), the eastern part of the polar
front is more stable than the western one
throughout a year and its eastern end exists
around the Tsugaru Strait. However, another
weak mode often appears at a class a few de-
grees warmer than the class of the cold mode
(e.g. Figs. 3a, Ta and 14). This corresponds to
the warmer one of the two modes, about two de-
grees apart, found in Area IV, west of northern
Japan. We have little knowledge of the surface
water characteristics or current structure in the
northeastern part of the Japan Sea north of
41°N except near the coast because of few obser-
vations. Nevertheless, front-like isotherms of
SST occasionally extend northeastward along
the coast of northern Japan (e.g. IsoDA et al,
1991, Fig. 4). Besides, the subsurface high
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salinity core along the coast of Japan reaches as
far north as northern Hokkaido, though its sa-
linity is rapidly reduced west of Hokkaido
(KoLPACK, 1982). Therefore, a weak mode seen
for Area I or the whole area in autumn to
spring and a warm mode seen for Area IV, both
mode classes being a few degrees warmer than
the cold mode classes, must represent the sur-
face water on the southeast side of the front-like
zone or in the west of northern Japan. This
mode occasionally merges into the cold mode
during spring to summer. This frontal struc-
ture may be indiscernible at least in the topmost
surface water in summer.

The yearly mean 7-S frequency distribution
for the whole study area suggests about four
groups of significant surface water characteris-
tics (Figs. 16 and 17). The first is the winter
mode water of 5-13°C, 34.0-34.2, partly 33.8-34.0
or 34.2-34.4, seen in the south of the frontal zone
at least during January to May; this possibly
includes the surface water of west of northern
Japan. The coldest water centered at the class
[2-3°C, 33.8-34.0] exists in the north of the fron-
tal zone during December to April. The third is
the summer mode water of 17-21°C, 33.8-34.2
appearing mostly during July to December, this
water cannot occupy proper sea areas during the
months unlike the first two waters. The last
group 1s the transitional water centered at the
class [14-15°C, 34.0-34.2] occurring twice or
three times in a year according to seasonal
variations of surface water characteristics.

H ARG DI & 10mEE &1
H Ok

Acknowledgements

This paper benefited greatly from the sugges-
tion of a reviewer. I thank Dr. Kuniaki Okubpa
for providing oceanographical observation data
of Fishery Agency. A great portion of hydro-
graphic data were provided by the Japan Oce-
anographic Data Center (Serial Oceanographic
Observation Data, 88-110). This research was
partially supported by Grant-in-Aid for Scien-
tific Research (C) (Project No. 63540310) from
the Ministry of Education, Science and Culture.

References

Isopa, Y., S. Sarror and M. Mmara (1991): SST
structure of the polar front in the Japan Sea.
p. 103-112. In: Oceanography of Asian Mar-
ginal Seas. K. TAKANO, (ed). Elsevier, Am-
sterdam.

KoLPACK, R. L. (1982): Temperature and salinity
changes in the Tsushima Current. La mer,
20, 199-209.

Maizuru Marine Observatory (1990). Climatology
of hydrographic and chemical properties of
the Japan Sea. Maizuru Marine Observa-
tory, 51 pp.

Ocawa, Y. (1983): Seasonal changes in tempera-
ture and salinity of water flowing into the
Japan Sea through the Tsushima Straits (in
Japanese with English abstract). Bull.
Japan. Soc. Fish. Oceanogr. 43, 1-8.

TANIOKA, K. (1962): The Oceanographical condi-
tions of the Japan-Sea (1)—On the annual
variations of chlorinity— (in Japanese with
English abstrace). Umi to Sora, 38, 90-100.

Yasui, M., T. Yasuoka, K. TanNioka, and O.
SHioTA (1967). Oceanographic studies of the
Japan Sea—Water characteristics. Oceano-
gr. Mag., 19, 177-192.

¥ 5K E 0 B

B

EE . JtAEBABRO I AARER, BEKEIESOEERLORIC KD, 4 2DBERIcAF SN 5,
ZOZNEFNBLULBIRICOVT, BEEI0MES B 2 KEB—E2R %2 KE 1°CxXEn
0.2 YoFfidpsu) TZ 520 Lz & ZOMMERSHE A J&ickic, BERBRREICIE,
Jth 5 DIRBEIES K EBED S OEREESKE P HEMT 2 7 0 v MEEBELET 3720, 12IFE
BZELT, COEHEAHICR2o>DE—FEALNSE, D70 Y MFOEEHRME, LidLIE
ERAAZVIIL LT 55 LK, 20T SO LILAAREHICHEAET 2 PPEIVWEBKERT
ETIDOE— FOBENS, IIMBCBWTERZELTH -6 {BEHNEZDIE, 513C, EH34.0
-34.2, WHAMNTIIIBBLILEH B VIFMALTORME S >7KT, 1A~ A7 Y+ HOME
filicA o b, filllcid, 2-3°C, 33.8-34.007 7 2%2ulbh& L, 12~4 Bicv o v P EOILAIICE
NEBLVKSBH Y, INOREFEABRLIZE—ELTVWEEALNS, EFIF17-21C, 33.8
~34.0 DR & - 7oKAS, T~12HICEWERICh 720 A 5N EH, [E-#RicR{ERT I &

750,



La mer 33: 37-46, 1995
Societe franco-japonaise d’oceanographie, Tokyo

Underwater brightness in nighttime and behaviors
of Japanese spiny lobsters”

Takashi KOIKE* *, Yoshitaka MORIKAWA *** and Miyuki MAEGAWA "~

Abstract: Diurnal variation of moving activity of Japanese spiny lobsters was investigated
in small indoor tanks of the Fisheries Research Laboratory of the Mie University. We
modeled the diurnal variation of light intensity with step-like brightness variation having
12 hour light period (daytime) and 12 hour dark period (nighttime). The lobster movement
was detected by measuring tension of wire which hangs lobster cage.

Nocturnal habit of lobsters was reproduced; lobsters stay almost in rest in daytime if
brightness is higher than 3.5X107* lx. The moving activity of the lobster in nighttime is
strongly controlled by brightness. If nighttime brightness is lower than 2.3X107° Ix, lob-
sters move very actively as just as in 0 lx brightness. The nighttime activity is suppressed
when brightness is higher than 5.2X107° Ix. Above this value, the activity tends to decrease
slightly with brightness increase. The difference in activity level of lobsters is very con-
spicuous between in brightnesses higher than 2.3X107° [x and lower than 5.2X107° [x.

1. Introduction

Japanese spiny lobsets, Panulirus japonicus,
have nocturnal habit, and are usually rest in
cracks of rock in daytime. It has been reported
by various investigators (e.g. Yoza, 1977) that
the catch of spiny lobsters is low in the period of
full moon. Decay rate of light with depth is
generally high especially in coastal waters, and
the underwater brightness at night would be
very limited. It appears that Japanese spiny
lobsters are aware of a little change of the
brightness of moonlight level. The relationship
between underwater brightness and fish activi-
ties (or fish catch) has been studied by many in-
vestigators; for examples, by KuBo and
[smiwaTa (1964) for spiny lobster, and by
MasHIKO (1979) and TABATA et al. (1991) for
catfish.

Japanese spiny lobster is one of the most im-
portant species in Japanese fisheries. In this
paper, we shall model the diurnal variation of
the light intensity with step-like brightness

* Received Novermber 10, 1994
** Faculty of Bioresources, Mie University,
Kamihama-cho, Tsu-shi, Mie, 514 Japan
*** Department of Marine Science and Technol-
ogy, Tokyo University of Fisheries, 5-7
Konan 4, Minato-ku, Tokyo 108, Japan

variation having 12 hour light period and 12
hour dark period. Lobster cages are hanged by
three wires, and movements of a lobster were de-
tected by measuring the variation of tension of
one of these wires. The tension was recorded
continuously for several days, and diurnal
variations of lobster activities were observed
under various combinations of brightnesses in
light and dark periods. In order to check the re-
liability of the experiment, movements of a lob-
ster were also observed in an outdoor pool of
much larger dimension which was covered with a
blackout sheet, and the brightness in which was
artificially controlled.

2. Experimental apparatus and procedure
2-1. Japanese spiny lobsters used

Japanese spiny lobsters used in our experi-
ments had been caught near the Shima Peninsula
of the Mie Prefecture. We selected lobsters hav-
ing weight between 250g and 350g. We used
three cages in parallel for each experiment, and
put one lobster in each cage. Though three ex-
periments were carried out in parralel, no data
was obtained for many runs as some of lobsters
were not active enough, some died or casted out
their skin on halfway of experiments. In aver-
age, only one record of the lobster activity was
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Fig. 1. Schematic sketch of the indoor experi-
mental apparatus.

obtained for each experimental run. We usually
replaced with a new lobster at beginning of each
experimental run, except one case when the lob-
ster was full of vigor for several consecutive ex-
perimental runs.

2-2. Dark box, water tanks and lobster cages.
The experimental apparatus used is shown
schematically in Fig. 1. The apparatus is set in
a dark box in a dark room in the Fisheries Re-
search Laboratory of the Mie University in Zaga
Island in Ago Bay near the tip of the Shima Pen-
insula. The dark box is of 2.0m length, 1.0m
width and 1.5m height, and its sides and ceiling
are covered with blackout sheets. In order to
diffuse and homogenize the downward reflected
light, a black fine net is placed just below the
ceiling in wavy form. Three water tanks of
0.62m length, 0.42m width, and 0.35m depth are
set in the dark box. The inside walls of the box
are painted black and its surface is frosted. In

each tank, one lobster cage of 0.40m length,
0.30m width, and 0.30m depth is set. One lob-
ster was kept in each cage. Each cage is hanged
by three wires from the ceiling of the dark box,
and the variation of strain of one of the wires
was measured to detect the movement of the
lobster. The water inside tank is continuously
replaced by supplying sea water at the rate of 3
liter per min. The water is supplied from a
subtank where the water is kept overflowing to
keep the supplying rate constant. The water is
drained through two pipes, one of which is
placed near the water surface and the other is
placed near the tank bottom. The level of the
lower drain is well below the bottom of the lob-
ster cage.

2-3. Control of brightness

Eight incandescent lamps are installed on the
floor of the dark box so as that each water tank
has two lamps on its both sides, respectively.
The light is shed upward, is reflected on the ceil-
ing, and then penetrates into the experimental
tanks. The downward illuminance at the level of
the water surface at the center of each tank was
measured by a high sensibility illuminance
meter (International Light INC SELL 100/Y/
L30) or a digital illuminance meter (Minolta T
IM). Obtained illuminance is used in this paper
as a measure of brightness.

The light is turned on and off with 12 hours
interval by using timekeepers (TWM-901 and
TW1-101 made by Toshiba are used in parallel).
Usually, we put the light on at 6:00 and off at
18:00 everyday. Hereafter, we shall call the
light period as daytime and the dark period as
nighttime for convenience’ sake.

The light intensity is changed by putting vari-
ous semitransparent filters (HOYA OPTICAL
GLASS with transmission rates of 13.0%, 1.0%
and 0.3%) on front of the lamps. Six combina-
tions of the daytime and nighttime brightnesses
were adopted in this experiment, and are shown
in Table 1, together with several experimental
parameters such as water temperature and den-
sity, dates of experiments and so on.

When all of the lamps are off, no signal comes
out from our illuminance meters. We denote
such brightness as 0 [x here.
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Table 1. Experimental conditions for each experimatal run. Run 1 through run 6 were conducted
in the indoor tanks and run 7 was in the outdoor tank.
Brightness(lx) Water temp. Water density Dates Period
daytime nighttime (_0(1)‘7_‘ (ot) - Mgdays)
@ 3.5x107* 0 23.1-26.0 24.8-25.3 Jun. 21-Jun. 30 1990 9
) 3.3x10* 0 17.8-19.2 22.9-25.2 Nov. 18-Nov. 27 1992 10
® 3.3x10° 2.3%x107° 16.6-17.7 24.0-25.6 Apr. 14-Apr. 21 1992 7
@ 3.3x10° 5.2x107° 17.8-18.2 23.1-25.6  Apr.24-May.10 1992 15
® 3.3x10° 3.5x107¢ 18.2-21.3 22.1-24.8 May. 11-May. 28 1992 16
® 3.3x10° 2.0 22.6-25.0 21.5-23.8 Jun. 25-Jul. 12 1992 14
@ 4.6x10° 0 e Jun. 1991 1
"*"no data
g
200+ |
b Wb
S PLTIR 1| S l
100* rf *Tﬂ ki L‘}:M l)‘ ~ " J% kad -
O T T T T T T T
18 6 18 6 o'clock

May 28

May 29

May 30

Fig. 2. An example of the recorded variation of the strain of a wire which hangs the lobster cage
(the last two days of run 5). A clear diurnal variation of the lobster activity can be seen in the

figure: the lobster is almost at reast in daytime and moves actively in nighttime.

An ex-

tremely high strain value at 1.5 min. past 6 o’clock on May 29 indicates that the lobster jumped
out from the tank. The constant strain value after this event shows the strain resulted from

weight of the cage itself.

2-4. Detection of lobster movements

The lobster cages are hanged with three wires
as shown in Fig. 1. One of the wires is connected
to an electronic balance (AND EWA/B), and the
output of the electronic balance is sent very
three seconds to a personal computer (NEC
9801LV21) through RS232C cable.

Prior to the experiments, we observed move-
ments of lobsters by eyes for several hours, and
found that lobsters move usually by creeping on
bottom of the cages, though they move occa-
sionally by jumping. Interval of lobsters’ stay
and move, and changing frequency of the mov-
ing speed and direction, and moving trajectory
were analyzed. We concluded that 15 sec would
be the best for time interval to measure the
moving activity of lobsters.

The strain is changed by about 13.7 gw when a
lead weight of 150 gw (137 gw in water) is
moved over 4cm distance in the longitudinal di-
rection, and no strain change occurs when the
weight is moved in the traverse direction. 2 gw
strain change would correspond to 2.3cm move
of 350g lobster (about 35 gw in water) or to
3.2cm move of 250 g lobster (about 25 gw in
water) in the logitudinal direction. The sudden
movement of lobsters, however, appears to
cause a large strain change, probably when a
lobster kicks the bottom hard and when a swing
of cage occurs.

In Fig. 2, an example of the records of strain
change is shown for the last two days of run 5
(Table1). A diurnal variation of the lobster ac-
tivity can be clearly seen in the figure: the lob-
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ster is almost at rest in daytime and moves ac-
tively in nighttime. At 1.5 min. past 6 o’clock
on May 29 (just after the lamps were on), the
strain value becomes extremely high (scaled
out) and indicates that the lobster jumped out
from the tank. The dead lobster was found on
the floor of the dark box in the late morning
(thereafter, we covered the surface of cage with
net). The constant strain value after this event
shows the strain resulted from weight of the
cage itself. Small wiggles found in daytime may
be caused from occasional chages of supply rate
of sea water. This effect is, however, very small
and is estimated to be of order of 0.1 gw in
strain change. It should be noted that the strain
changes occur both in the directions of strain in-
crease and decrease by showing that the lobster
goes and back in the cage. However, spike—like
strain changes usually occur in the direction of
strain increase. These would be caused mainly
by jumps of the lobster. So, the strain change
occurs not only due to the lobster movement in
the longitudinal direction but also due to sudden
movement of the lobster in any directions.

The strain data are basically obtained for
every 3 sec, but the first and the last data in
each segment of 15 sec length are missed as the
digits of these parts are used to control the re-
cording system. In order to make quantitative
discussion, we defined a measure of lobster ac-
tivities as follow. The averaged strain value
was obtained for each experimental run, and
then the deviations of the strain values from the
averaged value were calculated. The deviations
averaged for 9 sec (three successive data) for
each 15 sec segment were obtained, and those
larger than 2 gw is assumed to represent lobster
movements. The occurrence frequency of these
relatively large deviations for every 1 hour was
calculated, and is used for a measure to repre-
sent lobster activity in this paper.

The threshold value, 2 gw, is selected empiri-
cally: if we count deviations larger than 1 gw,
the occurrence frequency is enormously in-
creased, presumably due to some occasional
noise such as swings of cage. If we count devia-
tions larger than 4 gw, the frequency is consid-
erably decreased as we miss to detect small
movements of the lobster.

2-5. Experimental procedure

In order to be habituated to the new circum-
stance in the tank, the lobster was kept under a
control condition with daytime brightness of
3.3X10% Ix and nighttime brightness of 0 Ix for
the first 2-4 days, except for run 1. This condi-
tion is the same as that in the experimental run
2 (see Table 1). We observed the variation of
the lobster activity under various conditions for
the periods ranging from 6 to 16 days (see Table
1). For one experimental run (run 5) in which
the same lobster was used in the previous run
(run 4), we added another two days experiment
under the control condition, in order to check
that the lobster activity was almost the same at
beginning and end of the experiment.

We fed several living mussels, Mytilus edulis,
to each lobster for each day. The weight of each
mussel is about 5 gw. Feeding was made in day-
time, but the feeding times were randomly se-
lected by using a table of random numbers.
However, the feeding time appears not to affect
our experimental results as lobsters eat mussels
usually in nighttime.

2-6. Supplemental experiment in an outdoor

pool

The measure of the lobster activity defined
above is arbitrary and somewhat ambiguous, as
it may miss to count the movement of lobster in
the traverse direction and may pick up erroneous
signals caused by occasional swings of cage.

We conducted another supplementary experi-
ment (run 7: see Table 1 for its experimental pa-
rameters) in an outdoor pool of 5.0m length,
2.0m width and 1.5m depth in the Fisheries Re-
search Laboratory of the Mie University. The
pool was covered with a blackout sheet, the
brightness in which was artificially controlled
just as similar to the indoor tank experiments.
The light and dark periods were set from 6:00 to
18:00 and from 18:00 to 6:00, respectively. The
daytime brightness is 4.6 X 10* Ix, and a little
higher than the control run above mensioned
(see Table 1). The nighttime brightness can be
regarded as 0 lx within our experimental accu-
racy.

A small red luminous diode was attached on
the back of a lobster. The horizontal and verti-
cal sizes of this cylindrical marker including a
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Fig. 3. Daily variation of the diurnal activity change of lobsters: the left column for run 1, the cen-
tral column for run 2, and the right column for run 3. Run numbers are indicated by numbers
in circles and are shown left side of each figure. The number 2 in the right figure indicates the
habituation period under the control condition (as the same as run 2). The frequency of mean
lobster activity (see text for its definition) per hour is shown. The day number from the begin-
ning of each run is shown left side of each figure. The black and white horizontal bars beneath
each figure indicates the dark period (nighttime) and the light period (daytime), respectively.
The numbers attached below the bars indicate the time.

lithium battery are 3dmm in length and 4mm in
diameter, respectively, and its weight in water
is 0.5 gw. The surface of the diode is painted by
water-insoluble black ink, and its light intensity
is decreased as just the position of the lobster
can be traced by eyes.

One spiny lobster with the marker was re-
leased in the pool. The observation was con-
ducted for one day after several hous
habituation period, and the position of the lob-
ster was determined every 15 sec. From this
data, we calculated the moving distances for
every 1 hour intervals.

Both the indoor and outdoor experiments were
conducted in spring and autumn seasons as
shown in Table 1. The water temperature and
water density lie in the ranges from 16 to 23°C
and from 21.5 to 25.6 sigma-t, respectively
(Table 1). The activity of the lobster would be
influenced by changes of water temperature and
density (salinity). However, the changes within

these ranges appear not so significant in our ex-
periments with limited accuracy.

3. Results
3-1. Diurnal variation pattern of lobster activ-
ity and its dependence on daytime brightness

The nighttime brightness is 0 [x both in runs 1
and 2, but the daytime brightness is 3.5 X107? Ix
inrun 1 and 3.3 X10% [x in run 2, respectively (see
Talbe 1). The daily diurnal variations of the
lobster activity for run 1 and for run 2 are
shown in the left column and in the center col-
umn of Fig. 3, respectively.

As seen in these figures, the pattern of the di-
urnal activity variation of the lobster is consid-
erably disturbed for the first few days just after
the lobster was put in the new circumstance.
(Note that no habituation period is set for run
1.) Some systematic changes in daily variation
pattern can be recognized for further periods,
but it is not so significant. The diurnal varia-
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Table 2. The mean lobster activities for daytime
and nighttime and their standard deviation. The
occurrence freqency of the lobster move per hour
is shown for run 1 through run 6, and the moving
distance per hour for run 7. The brightness con-
ditions in Table 1 for each experimental run is
reproduced for convenience’ sake.

Brightness(lx) Activity (freqency/h)

daytime nighttime daytime nighttime

@ 8.5%x107 0 13.8+t4.5 72.2+21.7
® 3.3x10° 0 9.9+6.5 74.4%21.1
® 3.3x10* 2.3x10°° 9.83+2.8 76.1t26.5
@ 3.3x10> 5.2x10°° 2.1+1.1 19.0* 6.3
® 3.3x10* 3.5x10°* 2.61.6 17.3% 6.2
® 3.3x10° 2.0 2.1+1.0 7.5* 2.6
Activity (meter/h)
@ 4.6x10° 0 Y

12.3+36.7 200.5+75.6

tion pattern in run 1 is very similar to that in
run 2. There 1s clear tendency that the moving
activity of the lobster responds to the diurnal
brightness variation: very low activity in day-
time and high activity in nighttime. The activ-
ity suddenly increases just after the nighttime
starts, but some activity remains for the first
few hours of the daytime.

The experimental condition of run 2 would be
the most similar to the natural condition (the
control run). The lobster behavior is almost the
same when the daytime brightness is decreased
to0 3.5107% Ix (run 1). The variation pattern
for runs 1 and 2 may be considered as a basic ac-
tivity variation pattern of Japanese spiny lob-
sters.

The diurnal activity variations averaged for
whole experimental periods were calculated for
run 1 and run 2, and are shown in Table 2 and
Fig. 4 (the top and middle figures), respec-
tively, together with their standard deviations.
The daytime brightness in run 1 is considerably
weaker than that in run 2 (daytime brightness in
run 1 is the same as nighttime brightness in run
5). Though the activity of spiny lobster in day-
time in run 1 is slightly higher than that in run
2, such a difference might be caused by a differ-
ence in character among individual lobsters. We
cannot find no significant change in nighttime
activity between runs 1 and 2. Lobsters appear
not to be influenced significantly by the daytime
brightness, at least if it is higher than 3.5 X

1072 Ix.

By keeping the daytime brightness as in run 2
(the control run), the brightness in nighttime is
increased a little and is set as 2.3X107° [x in run
3. The daily diurnal activity variations are
shown in the right column in Fig. 3, and the
mean daytime and nighttime activities and their
standard deviations are given in Table 2. The di-
urnal activity variation in run 3 is almost iden-
tical to those in run 2. Lobsters appear to
recognize the brightness 2.3X107° Ix as like as 0
Ix.

The diurnal variation of the moving distance
of the lobster for every 1 hour observed in the
outdoor pool (the supplementary experiment) is
shown in the bottom figure of Fig. 4. The mean
moving distances per hour in daytime and in
nighttime and their standard variations are
shown in Table 2. The lobster traveled over
2,406m during the nighttime of 12 hours or
moved in speed of about 2km/day. TAKAGI
(1972) observed movements of tagged Japanese
spiny lobsters in the sea south of the Boso Pen-
insula and reported that moving speed of lob-
sters reaches about 1.8km/day (29km for 16
days). HERRNKIND (1980) observed movements
of New Zealand spiny lobster, Jasus edwardsii,
in the sea 25-45m deep, and estimated their mov-
ing speed is from 5 to 7Tkm/day. Our result coin-
cides with these results in order of magnitude.

This moving distance would be another meas-
ure of the lobster activity. As seen in Fig. 4, the
diurnal variation pattern of the moving dis-
tance is very similar to those of the lobster ac-
tivity in run 1 and run 2. This indicates that the
measure adopted in this paper is meaningful
enough to represent lobster activity.

3-2. Effects of nighttime brightness on lobster
activity.

As discussed in the previous sub—section, the
nighttime activity is much higher than the day-
time activity. In this subsection, we shall check
how the change of nighttime brightness affects
on lobster activity, by keeping the daytime
brightness as just the same as that of the con-
trol run (3.3x10% Ix). We increased the night-
time brightness from 2.3 X107° [x in run 3
through 2.0 Ix in run 6 (see Table 1 or 2).

As discussed already, lobsters appear to rec-
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Fig. 4. Averaged diurnal variations of the lobster activity for run 1 (the top figure) and for run 2
(the middle figure). The activities per hour are shown by vertical columns, and their standard
deviation by vertical bars. The result of the supplementary experiment (run 7) in a pool is
shown in the bottom figure. The vertical column in this figure indicates the moving distance

per 1 hour in m.

ognize that the brightness 2.3 X107° [x is as just
dark as 0 Ix. However, when the nighttime
brightness is increased to 5.2X107% Ix (run 4),
the nighttime activity is considerably sup-
pressed as seen in the left column of Fig. 5. The
daily diurnal variations for run 5 (the nighttime
brightness is 3.5X10? Ix) are shown in the cen-
ter column in Fig. 5. The difference between run
4 and run 5 is not significant. Run 4 and run 5
are conducted successively by using the same
lobster, and the lobster is kept in the condition
of the control run for two days at beginning and

end of the experiment, respectively. The activ-
ity of the lobster appears to be almost the same
before and after this experiment.

The activity is generally higher in the first
half than in the second half of nighttime both
for run 4 and run 5. ARECHIGA and ATKINSON
(1975) and PHILLIPS et al. (1980) reported that
activity peak occurs just after sunset for other
lobsters (Nepherops norvegicus, Panulirus argus
and Jasus lalandit). This may correspond to our
results. However, KuBo and IsHiwaTa (1964)
reported that catch of Japanese spiny lobster
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Fig. 5. The same as in Fig. 3 except for run 4 (the left column), for run 5 (the central column) and
for run 6 (the right column), respectively. The habituation periods are shown with number 2
in circle. The same lobster was used for run 4 and run 5, and the habituation periods were set

prior to run 4 and after run 5.

occurs not only just after sunset but also just
before sunrise. For a prawn, Penuaeus japonicus,
high activity is observed just after sunset and at
midnight (NAKAMURA, 1987). The further
elaborated investigation would be needed for
such detailed activity variation of lobsters in
nighttime.

When nighttime brightness is increased up to
2.0 Ix (run 6), nighttime activity is much de-
creased as shown in the right column of Fig. 5.
The mean daytime and nighttime activities and

their standard variations are summarized in
Talbe 2 and in Fig. 6. The difference between
run 4 (or 5) and run 6 is much smaller than that
between run 3 and run 4. This suggests that a
threshould brightness value of lobster activity
exists between 2.3 X 107° Ix and 5.2 X107*® [x.
Such a threshold brightness is often discussed
for many kinds of fishes: for example, MASHIKO
(1979) and TaBaTa et al. (1991) reported a
threshold brightness for activities of catfish,
Pseudobagrus aurantiacus, and showed that its
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Fig. 6. Dependence of the lobster activity on change of the nighttime brightness. The daytime
brightness is the same as in the control run (run 2). The nighttime brightness is taken in the
abscissa, and the mean lobster activities for daytime and nighttime are shown with dark cir-
cles and white circles, respectively. The results for run 1 and run 2 (nighttime brightnesses are
0 Ix) are also shown in the left-hand side of the figure. Run numbers aré indicated with num-
bers in circles. The result might be influenced by individual lobster character, but the figure
suggests that a threshold brightness value for the lobster activity exists between 2.3X107° and

5.2x107° Ix.

value lies in the range from 1072 to 10 % lx.

The lobster catch by bottom-set gillnets,
which are installed in depths ranging from 5 to
10 min the sea near the Boso Peninsula is influ-
ences by moonlight intensity (Yoza et al. 1977).
The water off the Shima Peninsula, where is one
of the good fisheries ground of Japanese spiny
lobster and where the lobsters used in our experi-
ment were caught, 1s considerably clean and cor-
responds to the coastal type of grade 1 accord-
ing to Jerrov (1976) (MAEGAWA, personal
communication). Acording to Fusaimi (1978),
the spiny lobsters are caught in the seas shal-
lower than 50m. Lobster gillnets are usually set
at the bottom shallower than about 15m depth
off the Shima Peninsula. If we assume the
brightness of full moon at sea surface is 0.24 lx,
the brightness at 16.5m becomes to be 5.2x107?
Ix. Tt would be reasonable from our results that
lobster catch is influenced by moonlight bright-
ness.

4. Concluding remarks.
Diurnal variation of the activity of Japanese
spiny lobsters was investigated in the small

indoor thanks and in the outdoor pool of the
Fisheries Research Laboratory of the Mie Uni-
versity. The nocturnal habit of the lobstaer is
reproduced in our experiments, and lobsters stay
almost in rest in daytime if the brightness is
higher than 3.5X 107 [x. the moving activity of
the lobster in nighttime is shown to be strongly
controlled by underwater brightness. If the
nighttime brightness is lower than 2.3 X107° [x,
the lobster moves very actively as just as in 0 lx
brightness. The nighttime activity is considera-
bly suppressed when the brightness is higher
than 5.2X107? [x. Above this value the activity
tends to decrease with brightness increase. The
difference in activity level is very conspicuous
between in brightnesses higher than 2.3 X107° [x
and lower than 5.2X107® [x. There would be a
threshold value of brightness which separates
high and low activity regime.

Recently, we found that some of lobsters can
be kept in the tank for long time, say more than
one year. If we use such lobsters, we may get
much more quantitative results and may deter-
mine the accurate value of the threshold and
other quantities which characterize the lobster
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behavior.

Acknowledgment

The authors wish to thank Professor Tsutomu
MOoRINAGA of the Tokyo University of Fisheries
and Professor Yutaka NAGATA of the Mie Uni-
versity for their valuable suggestions and
advises. They are much indebted and thank to
the staffs of the Fisheries Research Laboratory
of the Mie University, for their kind supports.

This research was supported in part by a
Grant-in-Aid for Scientific Research from the
Ministry of Education, Science and Culture of
Japan.

References

Arrcuiga, H. and R. J. A. Arxinson (1975): The
eye and some effects of light on locomotor ac-
tivity in Nephrops norvegicus. Mar. Biol., 32,
63-76.

CuapMmaNn, C. J. and A. L. Rice (1971): Some direct
observation on the ecology and behaviour of
the Norway lobster, Nephrops norvegicus.
Mar. Biol., 10, 321-329.

FieLpEr, D. R. (1965): A dominance order for shel-
ter in the spiny lobster Jasus laladii (H.
Miline-Edwards). Behaviour. 24, 236-245.

Fustimi, H. (1978): Note on the life of the Japanese
spiny lobster, Panulirus japonicus, off south-

ern Izu Peninsula, some problems and future
prospects in the field research. Benthos Re-
search, 15/16, 60-66. (in Japanese)

JErLOV, N. G. (1976): Marine optics.
Amsterdam, pp.127-150.

Kuso, I. and N. IsHiwara (1964): On the relation-
ship between activity of Japanese spiny lob-
ster and under water light intensity. Bull.
Jap. Soc. Sci. Fish., 30, 884-888. (in Japanese)

Masaniko, K. (1979): The light intensity as a key
factor controlling nocturnal action in the cat-
fish, Pseudobagrus auranticus. Jap. J.
Ichithyol., 25, 251-258.

NakaMUura, K. (1987): Biological clock supposed
to be in the optic ganglion of the prawn. Bull.
Jap. Soc. Sci. Fish., 27, 22-26.

StreeT, R. J. (197D): Rock lobster migration off
Otag. N.Z. Comm. Fish., June, pp.16-17.
TaBaTA, M., M. MiNH-NY0 and M. Ocurr (1991):
The role of the eyes and the pineal organ in the
circadian rhythmicity in catfish Silurus
asotus. Nippon Suisan Gakkaishi, 57, 607-612.

Takacl, K. (1972): Migration of the tagged Spiny
lobster, Panulirus japonicus, on the southern
Boso Peninsula, Chiba Prefecture: A continu-
ous experiment, 1951-1968. La mer, 10, 95-110.

Yoza, K., K. Nomura and H. Mryamoto (1977): Ob-
servation upon the behaviour of the lobster
and the top—shell caught by the bottom—set
gillnet. Bull. Jap. Soc. Sci. Fish., 43, 1269
1272. (in Japanese)

Elsevier,

R OKFIEE & 1 & = & OIEEREE
N - R EkBE + i) IFT S

EE M vz COHRETH%:, BRAETHENL, EREEZEAEMBKERBRF CT-7. W5&
D HZELE, 12REOHE (BRED 1280 RED x5 7K (EE) cE#BT 5459
KHRELI., 1tz EOTHRABE Y 2R LAV ODERNENET A Eick~TRIBL 7,
HElZ2 7o 4 2 2 EOITE 2 BA OREKE CHRBIZE L CHIBIERE L7

12 EEEITHEERL, BEHZEH3LHX10 2 x DEHBLB3EALKIERETSH -, &K
MO Z EH2.3%107° lx UTOBE, 12 id0lx (B DS EEBERICITH LA, 1
I EOTEIE, KEOHZ sS85 2MEEABS LR IcMflans, KEOHEZ &5, 2.3x10°°
Ix FOEVEEE52X1070 Ix KVEVEA L TREFEICHEELESRAY LN, EBETH 2
ZIDRENS COMICEAET 2 EMHES NS, BEOHZ E25.2Xx107° Ix KILTi}, B3 x
O¥ME & BITEHEISETE TS 2Eas o0,



La mer 33: 47-53, 1994
Societe franco-japonaise d’oceanographie, Tokyo

D o — VR R/ o B

BN ek moH %

Study on mechanism of an automatic fishes selector of
role type for catched fresh fish**

*

Naobumi Higasikawa** and Sadami YADA "

Abstract: We made researches in the mechanism to select accurately the size of fishes by
the Automatic Fishes Selector of role type for catched fresh fish. Following results were
obtained.
1) Tt was difficult to select accuratly the size of fishes if this system have the present effi-
ciency, because there were difference in individuality of fish breadth. Making decrease in-
clination angle of the selecting role, and fix the shoot in the horizontal position, it might
possible theoretically to select accuratly the size of fishes.
2) In this system, if fishes were fresh, and selecting role had highly a peripheral velocity,
and water was sprinkled on roles and fishes, fish might selected size not only the differnce
in it’s breadth, but also it’s weight.
3) If the adjacent selecting roles were revolting on the same directions, more outside select-
ing role must keep coefficient of large friction for good selection.

Consequently, it was sure that this system might selected size of fishes by fish breadth

and weight.
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Fig. 1. Automatic Fishes Selector
Note; 1: Role (the first role is left, the
eleventh role is right), 2: Sprinkler, 3: Ad-
justment handle of crevice between roles,

4: Shoot
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Fig. 2. The system for measuring the friction
force.
1: Role, 2: Pulley, 3: Tennsion meter, 4:
Motor and tachometer, 5: Pulse convertor,
6: Recorder, 7: Inverter
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Fig. 3. The relationship between fish breadth
and fish weight.
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Fig. 4. Schematic diagrams of an Automatic
Fishes Selector.
Note: Vo initial velocity of fish on role (m/s)
6 : angle to horizon of role (deg)
a: angle to horizon of shoot (deg)
b: distance between O and shoot on y
axis (m)
P: position of fish with Vo of maximum
@): position of fish which V, was O
PQ: distance which fish fall on shoot (m)
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Fig. 5. Schematic diagrams of the fish and roles
Note: F: force which the fish has fallen dawn
D
m: mass of fish (kg)
g: acceleration of gravity (m/s%
R: normal force (N)
u: coefficient of friction between fish and
role surface
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Fig. 6. The simulated curve of suitable angle to
horizon of role and shoot
Note: PQ: distance which fish fall on shoot (m)
@ : angle to horizon of role (deg)
a: angle to horizon of shoot (deg)
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Fig. 7. Relationship between the peripheral
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tion between fish and role surface
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PAMS ( Pacific-Asian Marginal Seas )-
JECSS ( Japan & East China Seas Study)
VIl Workshop
At Ehime University, Matsuyama, Japan
26-28 September, 1995

First Circular: A Call for Paper

Scope and Objective: PAMS & JECSS Workshop has been held biannualy in Japan, Korea or China in
order to exchange the present knowledge on the physical, chemical, biological and geological aspects of
the Pacific—Asian Marginal Seas, especially on the currents and circulations there. The 8th PAMS-
JECSS Workshop will be held at Ehime University, Matsuyama, Japan during 26 to 28 September 1995.
Official Language: English

Registration: Any participants have to send the registration form, which is attached to this circular, to the
Secretariat by 30 April 1995.

Registration fee: It is free.

Submission of Abstracts: Any scientists wishing to present a paper should send a 1 page abstract to the
Secretariat by 30 April 1995, The format of abstract is attached to this circular. The notice of accept—
ance will be sent by 30 June 1995 and a extended abstract is due to 31 July 1995.

Accommodations: Hotel rooms will be reserved for foreign participants by the Secretariat. The room
charge including breakfast for participant is free for foreign participants but the charge for the accompa-
nying person has to be paid by him-or-herself.

Secretariat

Prof.Tetsuo YANAGI

Department of Civil & Ocean Engineering
Ehime University

Matsuyama 790, Japan

Tel. 81-899-24-7111 ext.3751

Fax 81-899-27-5852

Registratiori Form of PAMS & JECSS VIIl Workshop

Name Prof. Dr. Mr. Ms.

First Middle Family
Accompanying person
Yes, No If Yes, Name Mr. Ms.

Affiliation

Mailing address

Tel. Fax
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