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A new grid data set for the southwestern part of the Okhotsk Sea was compiled by
using all the available hydrographic data from the Japan Oceanographic Data Center,
World Ocean Atlas 1994 and the other additional data sources with the resolution of
about 10 km. We examine the seasonal variations of areas and volumes of Soya Warm
Current Water (SWCW) and East Sakhalin Current Water (ESCW) and show that
the exchanges of these water masses drastically occur in April and November. The
peculiar variation of sea level in this region is also related with the water mass ex-
change. Sea level at the Hokkaido coast of the Okhotsk Sea reaches its minimum in
April about two months later than in the case of ordinary mid-latitude ocean, and its
maximum in December besides the summer peak. The winter peak of sea level in
December is caused by the advent of fresh and cold ESCW which is accumulated at
the subsurface layers (20–150 m) through the Ekman convergence by the prevailing
northerly wind. Sea level minimum in April is caused by the release of the conver-
gence and the recovery of dense SWCW that is saline and much colder than that in
summer.

tion width of its water becomes largest off Monbetsu
(Aota, 1975). In winter it becomes very weak and inter-
mittent and its water exists only near the bottom (Aota
and Kawamura, 1978; Takizawa, 1982). Saline SWCW
which is much colder than that in summer becomes as
dense as 27.0σθ in early spring (Takizawa, 1982).
Watanabe and Wakatsuchi (1998) pointed out its impor-
tance in producing the origin water of North Pacific In-
termediate Water (NPIW).

The East Sakhalin Current flows along the eastern
coast of Sakhalin and brings low salinity water originat-
ing from the Amur River. Watanabe (1963) suggested, on
the basis of the salinity distribution and the sea ice drift,
that the East Sakhalin Current leaves the coast off Cape
Terpenia and turns to the east toward the Kuril Basin in
summer. It flows southward along the coast and reaches
the Hokkaido coast in autumn and winter. Surface salin-
ity off the Hokkaido coast drops suddenly being less than
32.0 in November or December, which is an indication
of the influence of ESCW (Watanabe, 1963; Akagawa,
1977).

Other feature in this region is that sea ice is brought
by both the East Sakhalin Current and the northerly wind
in winter, which makes this region ice-covered sea in spite
of low latitude. It is also noted that sea level at the

1.  Introduction
Southwestern part of the Okhotsk Sea is considered

as a kind of confluence zone of two water masses. The
one is warm and saline Soya Warm Current Water (re-
ferred to as SWCW hereinafter) which originates from
the Sea of Japan and the other is cold and fresh East
Sakhalin Current Water (referred to as ESCW) influenced
by the discharge from the Amur River.

Warm saline water in the Sea of Japan enters into
the Okhotsk Sea through the shallow Soya Strait (about
50 m) and flows along the coast of Hokkaido as the Soya
Warm Current. Its water is the warmest and the most sa-
line in the Okhotsk Sea. The driving force of the Soya
Warm Current is ascribed originally to sea level differ-
ence between the Sea of Japan and the Okhotsk Sea (Aota,
1984; Ohshima, 1994). The Soya Warm Current shows
strong seasonal variation in accordance with the sea level
difference and the current variation is closely correlated
with the sea level difference (Matsuyama et al., 1999). In
summer the velocity of the Soya Warm Current reaches
its maximum (Matsuyama et al., 1999) and the occupa-
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Hokkaido coast of the Okhotsk Sea tends to show the sec-
ondary maximum in winter besides the summer peak
(Konishi et al., 1986), probably reflecting the water mass
exchange.

All the previous oceanographic studies for this re-
gion were based on snapshot observations, which include
interannual, seasonal and shorter-period variabilities.
Although oceanographic observations in whole the
Okhotsk Sea are still limited, only for the southwestern
part of the Okhotsk Sea dense routine observation net-
work has been executed by several Japanese Agencies for
many years. Thus the sufficient data have been accumu-
lated for describing the climatology of temperature and
salinity field with a relatively high resolution.

In order to extract pure seasonal variation, monthly,
seasonal and annual grid data set for temperature and sa-
linity with the resolution of about 10 km were compiled
for this study, by using all the available historical data.
Since limited description has been made for ESCW in
the southwestern area of the Okhotsk Sea up to date, this
study provides more detailed description of its spatial and
seasonal variations. An advantage of grid data set is that
the volume of each water mass can be calculated. Thus
we focus on the water mass exchange of SWCW and
ESCW based on the calculation of their volume change.
Further we consider the responsible factor for the pecu-
liar variation of sea level in this region by comparison
with the variations of steric height and water mass. Fi-
nally we intent to propose a possible driving mechanism
for the water mass exchange.

2.  Data and Method
We make new temperature and salinity grid data set

for the southwestern part of the Okhotsk Sea. Study area
is enclosed by solid line in Fig. 1. The grid spacing is
taken about 10 km. In this region there is a strong frontal
feature along the Hokkaido coast between inshore saline
SWCW and offshore less saline water. The coordinate
system is taken parallel with the coast as shown in Fig. 1
to better resolute SWCW and its frontal feature. Because
the data is very limited in the northern part, grid data set
is made only for south of 46°N.

The historical hydrographic data used in this study
are obtained mainly from the Japan Oceanographic Data
Center (JODC) and World Ocean Atlas 1994 (WOA94).
Data collection in February and March is extremely lim-
ited because of severe winter and ice coverage. Thus we
add the observational data taken by the icebreaker “Soya”
in February from 1996 to 1998 under the cooperation of
Hokkaido University and the Japan Coast Guard. This
addition to the data-void season enables us to discuss the
full annual cycle. We also add the observational data taken
by the Hokkaido Fisheries Agency and the Japan Coast
Guard, which have not yet been incorporated into the

JODC and WOA94 digital archives. The oceanographic
data consists of Nansen casts and conductivity/salinity-
temperature-depth (C/STD) casts. We only use the data
which have both temperature and salinity components.
Data set is made for 20 standard depth levels (0, 10, 20,
30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600,
700, 800, 1000, 1200 and 1500 m).

Generally, shallower the depth, larger the seasonal
variation and data amounts. Hence, monthly mean data
set is made for the depths from 0 to 150 m, seasonal mean
data set is made for the depths from 200 to 400 m and for
the depths from 500 to 1500 m only annual mean data set
is made. In this study, we define winter as December–
February, spring as March–May, summer as June–August
and autumn as September–November.

Prior to objective analysis, statistical check is per-
formed to eliminate outliers as follows. All the data for
temperature and salinity at each standard level is aver-
aged by one grid box to produce a record number of ob-
servations, mean value and standard deviation in each grid
box. A two standard deviation criterion is applied to elimi-
nate individual observation for further use in our objec-
tive analysis. Figure 2 shows the spatial distribution of
all the quality-controlled data points.

Fig. 1.  Bathymetry of the southwestern part of the Okhotsk
Sea and the grids for which data set is made. Triangle indi-
cates the grid at which T-S diagrams are shown in Fig. 7.
Cross indicates the grid at which geopotential thickness
anomaly is shown in Fig. 13. At the Triangle and cross points
steric height is also calculated in Fig. 12. The line off
Monbetsu is the section on which vertical distribution of
salinity is shown in Fig. 6. The labeled dots denote the
followings; a: Wakkanai, b: Monbetsu, c: Shiretoko Penin-
sula, and d: Kunashiri Island.
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We applied similar objective analysis method used
by Barens (1964) and Levitus (1982). We calculate the
autocorrelation functions of temperature and salinity from
0–150 m layers where the sufficient data exist. The
autocorrelation function is quite different between inshore
and offshore regions because of the existence of SWCW
and its sharp front near the coast. It can be the best fit in
the Gaussian distribution with the e-folding scale being
~25 km for the inshore region and ~45 km for the off-
shore region. For making grid data set from the station
data, we use the Gaussian distribution as the weight func-
tion with the e-folding scale increasing linearly from 25
km to 45 km from the coast to the offshore, and we set
the weight function zero when the distance between ob-
servational point and the grid point is more than twice of
the e-folding scale. We call this zero criterion as influ-
ence radius. If the data number within the influence ra-
dius is less than 10, the influence radius is increased by
25 km. When the influence radius becomes more than 125
km, that grid box is regarded as no data. This criterion is
relaxed only for calculation of the volumes of SWCW
and ESCW in Section 4. The influence radius is increased
further until the data number within the influence radius
reach the minimum requirement of 10. This does not ef-
fect the result much since the grid boxes with no data
exist in the northeastern part of the study area where
SWCW and ESCW do not exist usually. Since in March
the data collection is extremely limited and the area of
no data is large, March is excluded in our analysis.

Fig. 2.  Spatial distributions of hydrographic stations used in
this study. (a) winter (December–February), (b) spring
(March–May), (c) summer (June–August) and (d) autumn
(September–November). Numbers in the upper right-hand
corner are the record numbers of observations.

Fig. 3.  Bimonthly variations in Temperature (°C)-Salinity diagrams from all the raw data from 0 to 50 m depths. Contours denote
isolines of the potential density and contour intervals are 1.0σθ.
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3.  Seasonal Variations of Water Properties
We here describe seasonal variation of oceanographic

condition from grid data set. In the southwestern part of
the Okhotsk Sea, there are two identifiable groups of water
masses, SWCW and ESCW. First we will give definition
of these two water masses. Figure 3 shows Temperature-
Salinity (T-S) diagrams for every two month from all the

raw data in the depths of 0–50 m. As it will be described
in Section 4, SWCW is dominant in the depths of 20–50
m and ESCW is dominant in the surface layer. Thus we
show T-S diagrams for the depths shallower than 50 m to
demonstrate the seasonal variations of SWCW and ESCW.
The water in the surface layer in the Okhotsk Sea except
SWCW and ESCW has the salinity ranging around 32.0–

Fig. 4.  Monthly variations of the horizontal salinity distributions at sea surface. Contour intervals are 0.1. The area of SWCW
(more than 33.6) is dotted and the area of ESCW (less than 32.0) is shaded, respectively. The area with salinity more than 33.4
is lightly dotted. The area where the influence radius becomes more than 125 km is cross shaded.
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33.6 throughout the year. A group having salinity of 33.6–
34.2 from April to October in Fig. 3 corresponds to
SWCW and low salinity water of 31.0–32.0 which is
dominant in December corresponds to ESCW. In this pa-
per, we define SWCW as the water with salinity higher
than 33.6 and ESCW less than 32.0 on the basis of Fig. 3,
Aota (1975) and Takizawa (1982). Takizawa (1982) gave
more precise definition for water masses. He divided

SWCW into two water masses according to the tempera-
ture ranges: SWCW and the Forerunner of Soya Warm
Current Water (referred to as FSWCW). The water that
comes from the Sea of Japan in early spring (April–May)
is particularly cold and Takizawa (1982) called this wa-
ter as FSWCW. As shown in Fig. 3 temperature of SWCW
changes considerably depending on season, while salin-
ity of SWCW does not change much and remains higher

Fig. 5.  Monthly variations of the horizontal salinity distributions at 50 m depth. Intervals of contour lines are 0.1. The shading
and dotting are done in the same way as in Fig. 4.
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Fig. 6.  Monthly variations of vertical salinity section off Monbetsu shown in Fig. 1. Contour intervals are 0.1. The shading and
dotting are done in the same way as in Fig. 4.

than 33.6 throughout the year. Thus the identification of
water mass is made only by salinity and we refer to both
SWCW and FSWCW as SWCW in this paper.

Figures 4 and 5 show the monthly salinity distribu-
tions at the depths of 0 and 50 m, respectively. Figure 6
shows the monthly vertical sections of salinity off
Monbetsu. The area of SWCW is dotted and the area of
ESCW is shaded in Figs. 4, 5 and 6, respectively. The

area with salinity more than 33.4 is also lightly dotted to
show diluted SWCW.

Regarding to the seasonal variation of ESCW, ESCW
appears in the vicinity of the southern tip of Sakhalin from
August and remains there until October in the surface
layer as shown in Fig. 4. This fresh ESCW starts to spread
southward along the shelf break in November and reaches
to the Hokkaido coast off Monbetsu in December. South-
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ward extension of less saline water can be also seen at
the depth of 50 m (Fig. 5). It is found from the vertical
sections of salinity in December and February (Fig. 6)
that the surface layer with less saline water shows the
downwelling feature at the shelf slope. Although this fea-
ture is not clear in January, it is probably due to the lim-
ited data available in the offshore region. In January
ESCW spreads towards the Soya Strait and the Shiretoko
Peninsula in the surface layer (Fig. 4). Its salinity gradu-
ally increases in February and ESCW nearly disappears
by April. The downwelling feature also disappears by
April. Watanabe (1995) showed that in winter the aver-
aged density from 0 to 250 m decreases near the Hokkaido
coast and suggested that coastal downwelling by the north-
erly wind is a possible mechanism for this feature.

Regarding to the seasonal variation of SWCW,
SWCW in the surface layer (Fig. 4) exists only near the
Soya Strait from May to June, while it gradually extends
southeastward along the Hokkaido coast from July to
October. High salinity water can be traced to Kunashiri
Island along the depth contour of 100 m. The area of
SWCW in the surface rapidly shrinks and exists only near
the Soya Strait in November and finally disappears from
December to April. As shown in Fig. 5, SWCW is domi-
nant in the layer of 50 m. SWCW reaches near Monbetsu
at the depth of 50 m in April although it is not recognized
in the surface. It expands its width and extends further
downstream in summer. In September the area of SWCW
becomes its maximum and reaches near Kunashiri Island.
SWCW disappears in December and does not exist until
February. Vertical sections of salinity (Fig. 6) demonstrate

that SWCW appears only near the bottom in early spring
from April to May.

Figure 7 shows the seasonal variation in Tempera-
ture-Salinity diagram of the grid data for every two month
near Monbetsu from 0 to 75 m. This figure clearly dem-
onstrates exchange of water masses: warm and saline
SWCW from spring to summer is replaced by cold and
fresh ESCW from autumn to winter. As Watanabe (1963)
point out that ESCW exists only above 50 m, it is also
shown from grid data set that fresh ESCW less than 32.0
is confined to the shallower depths (Figs. 6(a) and (l)).
However, significant decrease of salinity also occurs at
deeper water at 75 m (Fig. 7) and from 75 to 150 m (Fig.
6(l)). It is found from Fig. 7 that SWCW becomes the
densest in April, reaching as dense as 26.9σθ. Watanabe
and Wakatsuchi (1998) suggested from a snap shot ob-
servation that SWCW in early spring reaches as dense as
the density of NPIW (26.8–26.9σθ) and that it is a possi-
ble source of origin water of NPIW. The climatological
data set also indicate that SWCW becomes as dense as
26.9σθ in early spring.

4. Volumetric Analysis of Soya Warm Current Wa-
ter and East Sakhalin Current Water
With the definition of SWCW as having salinity

higher than 33.6 and ESCW as having salinity less than
32.0, we calculate the seasonal variations of areas at sev-
eral depths (Fig. 8) and volumes (Fig. 9) of them, respec-
tively.

We calculate the seasonal variations in their occu-
pying areas at the depths of 0, 20, 50 and 100 m, respec-
tively (Fig. 8). It is found that SWCW is dominant in the
depths of 20 and 50 m. The area of SWCW increases from
spring to summer and its maximum occurs in September
for all depths. SWCW decreases drastically in Novem-
ber. These features are consistent with the observations
off Monbetsu by Aota (1975). Aota (1975) and Takizawa
(1982) showed that SWCW still exists in winter, although
it is very weak and intermittent. In our data set, however,
SWCW is not recognized from December to February for
all depths. One reason for this is a result of the mixing of
small volume of SWCW with surrounding low salinity
water. The other is that the averaging procedure hides the
intermittent phenomena. In fact some of the raw data in
Fig. 3(a) show the properties of SWCW having salinity
higher than 33.6 in winter. Area of ESCW increases rap-
idly from November to December. It becomes its maxi-
mum in December or January and then decreases in Feb-
ruary. ESCW is confined to the shallower depths and does
not exist for the depths greater than 50 m.

Figure 9 shows the seasonal variations of the vol-
umes of SWCW and ESCW from 0 to 150 m depths. These
values represent the total volumes of SWCW and ESCW
in the study area, since both SWCW and ESCW exist only

Fig. 7.  Bimonthly variation in Temperature (°C)-Salinity dia-
gram at the grid point off Monbetsu from 0 to 75 m depths.
Location of the grid point is shown by the triangle in Fig.
1. Contours denote isolines of the potential density and con-
tour intervals are 0.1σθ. February and August are designated
by circles, June and December by squares, April and Octo-
ber by triangles. Solid characters indicate the data at the
depths of 0 and 50 m.



650 M. Itoh and K. I. Ohshima

Fig. 8.  Seasonal variations in the occupied area of Soya Warm Current Water (solid circles; water with salinity more than 33.6)
and East Sakhalin Current Water (open circles; water with salinity less than 32.0) at (a) 0 m, (b) 20 m, (c) 50 m and (d) 100 m
in the study area. Unit is 108 square meters.

Fig. 9.  Seasonal variations in the volume of Soya Warm Cur-
rent Water (solid circles; water with salinity more than 33.6)
and East Sakhalin Current Water (open circles; water with
salinity less than 32.0) from 0 to 150 m depths in the study
area. Unit is 1010 cubic meters.

above 150 m according to our definition. This figure
clearly demonstrates the exchange of two water masses.
SWCW increases in summer with its maximum in Sep-
tember, and then rapidly decreases in November. At the
same time, ESCW increases rapidly in November with

its maximum in December and then it rapidly decreases
in February. In April, ESCW nearly disappears while
SWCW recovers instead. Drastic exchanges of water
masses occur in April and in November.

5. Seasonal Variations of Sea Level and Water Mass
Exchange
Watanabe (1963) and Akagawa (1977) showed that

density and salinity in the sea surface drop off Monbetsu
suddenly in November or December according to the ad-
vent of fresh ESCW. Konishi et al. (1986) showed that
sea level at the Hokkaido coast of the Okhotsk Sea tends
to show the secondary maximum in winter besides the
summer peak. Density decrease due to ESCW is prob-
ably related to sea level rise at the coast, and correspond-
ingly the peculiar variation of sea level is probably re-
lated to the water mass exchange. Here we compare the
seasonal variation of sea level observed by the tide gauges
with that from steric height of grid data set and then ex-
amine the responsible factor for the peculiar variation of
sea level.

The seasonal variation of sea level at Wakkanai and
Monbetsu is shown in Figs. 10(a) and (b), respectively.
Sea level is barometrically adjusted by atmospheric pres-
sure, with 1 cm corresponding to 1 hPa. Sea level and
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atmospheric pressure data are provided by JODC and Ja-
pan Meteorological Agency, respectively. Mean sea level
for 20 years from 1965 to 1985 is calculated with 31 days
running mean, on the basis of the hourly data. Generally
in the mid-latitude of the northern hemisphere, sea level
becomes its maximum in August or September and mini-
mum in February or March, e.g., Wakkanai (Fig. 10(a)),
accordingly to the atmospheric heating-cooling cycle. Sea
level variation at Monbetsu does not show such simple

seasonal cycle, correspondingly it becomes its maximum
in December besides the summer peak and reaches its
minimum in April, one or two months later than the ordi-
nary case. This feature seems to be common to the
Hokkaido coast of the Okhotsk Sea, since sea level at
Abashiri also shows the similar variation to that of
Monbetsu.

Next we compare the seasonal variation of sea level
from the tide gauge with that from steric height near the
tide gauge station of grid data set. For calculation of steric
height at the point shallower than the reference depth,
the value of geopotential anomaly at the bottom layer
(open circle in Fig. 11(a)) is extrapolated by extending
that of the next offshore grid point (solid circle) horizon-
tally, as schematically shown in Fig. 11(a). Similar ex-
trapolation was adopted by several studies and the valid-
ity of this extrapolation was demonstrated in them. Sturges
(1974) applied this extrapolation method to alongshore
the Pacific coast of the United States of America, and
Reid and Mantyla (1976) to the northern North Pacific.
Both of them showed that the seasonal variations of steric
height and the inshore tide gauge are in good agreement.
Since this extrapolation method was somewhat a tempo-
rary expedient, Csanady (1979) gave a theoretical justifi-
cation to this method on the basis of the equations of
motion. He examined how the surface pressure field (and
accordingly sea level) made by the spatial distributions
of the density (or dynamic depth) run into the shallower
coastal region. He assumed the alongshore uniformity of
physical properties. When no wind stress is applied and
sea level elevation at the deep ocean is constant in the
alongshore direction, the bottom Reynolds stress must be
zero everywhere. If the bottom stress is caused by the
bottom velocity, the bottom velocity should vanish. In
this case steric height at the coast Φ (x = 0) is reduced to
the following equation.

Fig. 10.  Seasonal variations of sea level (cm) at (a) Wakkanai,
(b) Monbetsu, and (c) their difference (Wakkanai–
Monbetsu).

Fig. 11.  Schematic figures of integration path of steric height.
(a) Extrapolation method used in our calculation. The value
of geopotential anomaly at the bottom layer (open circle) is
extrapolated by extending that of the next offshore grid point
horizontally as shown by arrow. (b) Integration path in the
theory of Csanady (1979).
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δb is specific volume anomaly at the bottom. Specific
volume anomaly δ is defined as α(S, T, p) – α(35, 0, p).
α(S, T, p) is specific volume of sample water at salinity
S, temperature T, and pressure p. α(35, 0, p) is standard
water of S = 35, T = 0 and pressure p. The quantityρ0
represents a constant density magnitude 1.02 in units of
per cubic centimeter. Csanady (1979) used the density
deficit from the reference density instead of specific vol-
ume anomaly. Although our expression is somewhat dif-
ferent from that of Csanady (1979), the content is basi-
cally the same. Figure 11(b) is the schematic figure of
the integrated path in the calculation of this theory. The
path is along the sea floor from the reference depth H
toward the coast. Under the relatively fine grid resolu-
tion, our extrapolation method can be nearly consistent
with this theory.

Here we calculate sea level at the triangle and cross
points from steric height relative to 1500 m setting the
line off Monbetsu (see Fig. 1). Around this line the
alongshore uniformity is satisfied as the first approxima-
tion. It should be noted that sea level variation is not ex-
plained only from the steric height variation. The
barotropic current, which extends to the bottom, may also
affect sea level. Actually the Soya Warm Current has
barotropic feature (Aota, 1984). In this study we are un-
able to examine effect of barotropic component.

Comparing Fig. 12 with Fig. 10(b), the seasonal vari-
ation of the sea level from steric height is very similar to
that from the tide gauge. The summer and winter maxi-
mums and spring minimum of steric height coincide with
those of sea level. Responsible factors for this particular

sea level variation are examined by using grid tempera-
ture and salinity data set. We should strictly use data at
the most inshore grid point (cross point in Fig. 1). Since
the two lines in Fig. 12 are very similar, we adopt the
data at the triangle point.

Figure 13 shows the seasonal variation of
geopotential thickness anomaly between the two constant
depth surfaces at triangle point. Each line denotes the
anomaly from the annual mean of geopotential thickness
between the two layers. We show the result only for the
layers less than 150 m, since at the deeper layers the sea-
sonal variation of geopotential thickness is very small.
We divide these into four layers; 0–20 m, 20–50 m, 50–
100 m and 100–150 m. Figure 13 demonstrates which
layer contributes to each peak of steric height (and ac-
cordingly sea level). Figure 13 shows that 0–50 m layers
mainly contribute to the summer peak in August and 20–
150 m layers mainly contribute to the winter peak in De-
cember. On the other hand, all layers contribute to sea
level minimum in April.

Then we examine which component of temperature
or salinity contributes to each peak of sea level, using T-
S diagram of Fig. 7 and salinity vertical sections of Fig.
6. We first focus on the difference of the two peaks: sum-
mer peak and winter peak. Salinity decreases at all depths
from August to December according to the increase of
surface fresh ESCW (Fig. 7) and the accumulation of less
saline water at the subsurface layers through downwelling
(Fig. 6 (l)). In this period temperature in the layers from
0 to 20 m decreases drastically and thus the density in
that layers increases because of the dominance of tem-
perature effect on the density as shown in Fig. 7. In con-

Fig. 13.  Monthly variations of geopotential thickness anomaly
(dynamic centimeter) between two constant depths off
Monbetsu. Each line denotes anomaly from annual mean of
geopotential thickness. Asterisks indicate layer from 0 to
20 m, circles that from 20 to 50 m, squares that from 50 to
100 m, triangles that from 100 to 150 m. Location of the
gird point is shown by cross in Fig. 1.

Fig. 12.  Seasonal variations of steric height (dynamic
centimeter) at the two grid points off Monbetsu relative to
1500 m. The location of the gird points are shown by cross
and triangle in Fig. 1.
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trast, at subsurface layers deeper than 30 m the density
decreases because of the dominance of salinity effect on
the density. Thus the winter peak in December of sea level
arises from salinity drop at subsurface layers not from
the surface layers. On the other hand, the summer peak
in August arises from the surface heating.

Next sea level minimum in April is considered. Tem-
perature reaches its minimum in February and it is colder
than that in April for all depths as shown in Fig. 7. Be-
cause of more saline water of the Soya Warm Current,
the density in April becomes larger than that in February
for all depths. In June the density becomes smaller than
that in April because of warming of SWCW. The release
of the downwelling feature also occurs in spring as shown
in Fig. 6(d). In brief, the delay of sea level minimum is
ascribed to the release of the downwelling and the recov-
ery of dense SWCW.

6.  Summary and Discussion
By using all the available hydrographic data, we have

made new grid data set with the high resolution for the
southwestern part of the Okhotsk Sea. On the basis of
this data set, we have shown the seasonal variations of
Soya Warm Current Water (SWCW) and East Sakhalin
Current Water (ESCW), and clarified the responsible fac-
tor for the peculiar sea level variation in this region.

From climatological data set, the areas of SWCW
are most developed in the depths of 20 and 50 m (Fig. 8).
In April SWCW begins to recover from the bottom and
becomes densest, reaching as dense as 26.9σθ, the den-
sity of North Pacific Intermediate Water (NPIW) in Fig.
7. From spring to summer SWCW expands its width and
extends further downstream, with its maximum in Sep-
tember (Figs. 4 and 5). During summer season ESCW
exists only in the vicinity of southern tip of the Sakhalin
(Fig. 4). The area of SWCW rapidly decreases in Novem-
ber, while the area of ESCW increases instead and it
spreads southward along the shelf break. In December
ESCW reaches the Hokkaido coast (Fig. 4) and it is accu-
mulated and downwelled at the subsurface layers (Fig.
6). During winter its salinity gradually increases prob-
ably due to brine rejection by sea ice formation and/or
vertical mixing in situ or upstream. ESCW nearly disap-
pears and downwelling feature is released by April (Figs.
4 and 6). It can be shown, from the seasonal variations of
the areas and volumes of SWCW and ESCW, that drastic
water mass exchanges occur in April and in November in
this region (Figs. 8 and 9).

The peculiar seasonal variation of sea level in this
region is closely related with this water mass exchange.
Sea level at the Hokkaido coast of the Okhotsk Sea be-
comes its minimum in April, one or two months later than
the timing of sea surface temperature minimum, and be-
comes its maximum in December besides the summer

peak in August (Fig. 10(b)). The seasonal variation of sea
level at Monbetsu observed by the tide gauge is very simi-
lar to that from steric height near the coast from our data
set (Fig. 12). Then we examined the responsible factor
for the variation from temperature and salinity data (Figs.
13, 6 and 7). The winter peak of sea level is caused by the
advent of fresh and cold ESCW that is accumulated at
the subsurface layers (20–150 m). This accumulation fea-
ture is probably due to the Ekman convergence by the
prevailing northerly wind. In April the release of the
Ekman convergence and the recovery of cold and saline
SWCW cause sea level minimum. The winter peak of sea
level depends on the timing of the ESCW advent. The
oceanographic data in autumn and winter is too scarce to
discuss the interannual variability of the East Sakhalin
Current. However, by using sea level data accumulated
for more than 30 years, discussion of the interannual vari-
ability of the ESCW advent will become possible.

Finally we briefly discuss the driving mechanism of
the water mass exchange in this region. Sea level in the
Sea of Japan is generally higher than that in the Okhotsk
Sea. Thus warm saline SWCW steadily enters the Okhotsk
Sea from the Sea of Japan. However, its strength shows
distinct seasonal variation in accordance with the seasonal
variation of the sea level difference. At the Hokkaido coast
of the Okhotsk Sea, sea level elevation can be affected
not only by the heating and cooling cycle but also by the
advent of ESCW and the Ekman convergence in winter.
Because of the dominance of the northerly and northwest-
erly wind from October, the East Sakhalin Current is
strengthened and ESCW influenced by the discharge from
the Amur River is transported southward. ESCW reaches
the Hokkaido coast in late November. The advent of
ESCW with accumulation of less dense water due to the
Ekman convergence leads to sea level rise at the Hokkaido
coast, consequently reducing sea level difference between
the Sea of Japan and the Okhotsk Sea. Thus the Soya
Warm Current driven by the sea level difference is weaken
in winter. At the shallow Soya Strait, this sea level rise
seems to be felt barotropically, since it is mainly caused
by salinity decrease at the deeper layers than the bottom
depth of the strait. In the spring season (March–April),
the northerly wind becomes weak and the Ekman con-
vergence is released. This leads to sea level drop in the
Okhotsk Sea and correspondingly the sea level difference
recovers slightly (Fig. 10(c)), which might trigger the
reinforcement of the Soya Warm Current.
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