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ADCP, CTD and XBT observations were conducted to investigate the current struc-
ture and temperature, salinity and density distributionsin the Soya Warm Current
(SWC) in August, 1998 and July, 2000. The ADCP observations clearly revealed the
SWC along the Hokkaido coast, with a width of 30—-35 km and an axis of maximum
speed of 1.0t0 1.3 ms™, located at 2025 km from the coast. The current speed gradu-
ally increased from the coast to a maximum and steeply decreased in the offshore
direction. The SWC consisted of both barotropic and baroclinic components, and the
existence of the baroclinic component was confirmed by both the density front near
the current axis and vertical shear of the alongshore current. The baroclinic compo-
nent strengthened the barotropic component in the upper layer near the axis of the
SWC. The volume transport of the SWC was 1.2-1.3 SV in August, 1998 and about
1.5 SV and July, 2000, respectively. Of thetotal transport, 13to 15% wastaken up by
the baroclinic component. A weak southeastward current was found off the SWC. It
had barotropic characteristics, and issurmised to be a part of the East Sakhalin Cur-
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1. Introduction

The Soya Warm Current (referred to as SWC hereaf-
ter) is a typical coastal boundary current in the most south-
western part of the Sea of Okhotsk, flowing southeast-
ward along the Hokkaido coast, Japan. The current is in-
duced by the sea level difference between the Japan Sea
and the Sea of Okhotsk, which shows a remarkable sea-
sonal variation, being strong in summer and weak in win-
ter (Aota, 1975; Ohshima, 1994; Matsuyama et al., 1999).
The Soya Warm Current Water (SWCW) is characterized
by high temperature and salinity in comparison with the
surface and intermediate waters of the Sea of Okhotsk
(IW). Its features can therefore often be seen in satellite
sea surface temperature images as the strong contrast be-
tween the warm current water and the Sea of Okhotsk
water (Fig. 1). The current has been considered to be
mainly due to a barotropic flow since there is a weak den-
sity gradient across it (e.g., Aota, 1975; Takizawa, 1982).
The current speed can thus not be estimated by indirect
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methods such as dynamical computation, and direct cur-
rent measurements are required to clarify the current dis-
tribution in time and space. Two methods to measure the
current have been used long-term measurement at moored
stations, and radar or satellite-tracked buoys. The long-
term current measurements at moored stations were lim-
ited to some points off Mombetsu (Aota and Kawamura,
1978, 1979) and off Sarufutsu (Aota and Matsuyama,
1987; Matsuyama et al., 1999). The current data obtained
at the mooring stations indicated remarked seasonal vari-
ations. Tidal currents are not strong in the SWC region
except near the Soya Strait along the Hokkaido coast, as
evidenced by the current observations (Aota and
Matsuyama, 1987; Odamaki, 1994) and numerical
modeling (Kowalik and Polyakov, 1998). Radar buoy
tracking has often been used to describe the surface cur-
rent speed and its horizontal profile by using a land-based
radar system (Aota, 1984). The surface buoy tracking re-
sults revealed a width of 30 to 40 km and a maximum
speed of 0.6 to 1.0 ms™' at 20 km from the coast.

The buoy tracking method cannot provide detailed
horizontal and vertical synoptic descriptions of currents.
The current measurements at moored stations near the
main axis of the SWC during 25 hours displayed a slight
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Fig. 1. NOAA infrared image on September 13, 1998 (from
Website of Graduate School of Fisheries Science, Hokkaido
University).

difference of the velocity between the upper and middle
or lower layers (Aota, 1975), and the temperature and
density distributions showed a weak gradient across the
current (Aota, 1984). These observational results suggest
the existence of a baroclinic current. Detailed observa-
tion of the current and its related thermal and salinity
structure is therefore required to grasp the structure of
the SWC.

In order to investigate the horizontal and vertical
structure of the SWC, we conducted observations of cur-
rent, temperature, and salinity distributions across the
SWC using ADCP (Acoustic Doppler Current Profiler),
CTD (Conductivity, Temperature and Depth) and XBT
(Expendable Bathy-Thermography) deployed from the
T/V Shin’yo-Maru, belonging to Tokyo University of
Fisheries (the current Tokyo University of Marine Sci-
ence and Technology). From the observational results, we
report the current structure and volume transport estimated
by ADCP in this paper. In addition, we discuss the char-
acteristic of the flow observed off the SWC.

2. Observations and Data

The current data were obtained by the ship-mounted
ADCP (RD Instrument Ltd., 150 kHz) one board T/V
Shin’yo-Maru from 28 to 30 of August, 1998 and from
28 to 30 of July 2000 (Fig. 2). The ADCP instrument was
set up with 4-m bin resolution from 12 m depth. The ac-
curacy of the ADCP sensor is +3.8 cms™', according to
the manufacturer’s specification. Three observation lines,

198 M. Matsuyama et al.

o | |
AT AN
T = 2
Wakkanai

3
45° N— -
44° N— —
141°E 142°E 143'E 144 E 145°E 146°E

Fig. 2. Map of the observation area and locations of three ob-
servation lines. Bottom contours are in meters.

Line A (off Esashi), Line B (off Ohmu) and Line C (off
Mombetsu), were taken across the SWC, as shown in Fig.
2. The presence of fishing gear from the coast to a few
km from the coast along the Hokkaido coast unfortunately
limited observations near the coast. From ADCP bottom
tracking, it was possible to estimate velocity in the conti-
nental shelf region. The ship was held at a mean speed of
4.1 ms~! (8 knot) and the ship position data were obtained
with a differential Global Positioning System (DGPS).
The current speeds were obtained by subtracting the ship
speed from ADCP measurements. After the ADCP data
were averaged every minute, i.e., a horizontal interval of
about 250 m, the 5-minute running average data were
obtained and used for the analysis.

The XBT measurements were also conducted in par-
allel with the ADCP measurements every 10 minutes
(about 2.5 km interval). XBT data were used from 3 m
depth, taking the adjustment time of a thermistor to the
sea water into consideration. Conductivity, temperature,
depth measurements were collected with CTD (Falmouth
Scientific, Inc). The accuracy of the CTD sensor is
+0.001°C in temperature, £0.0002 S/m in conductivity
(about 0.002 in salinity), according to the manufactur-
er’s specification. The accuracy, resolution and stability
of the pressure sensor are 0.7 dbar, 0.028 dbar, and 0.14
dbar, respectively. The CTD measurements were made
along Line C at about a 5 km interval in the summer of
2000. The time lag between the conductivity and tem-
perature sensors for the CTD instrument was estimated
as follows: after the response speed of the conductivity
sensor was matched to that of the temperature, the data
were cast into 5 m running mean to delete the noise and
small scale variations and was converted into 1 m proc-
essed data. Salinity values obtained by the CTD meas-
urements were calibrated with bottle sampled data.
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Fig. 3. Vertical section of current (left) and temperature (right) along Line B observed on July 30, 2000.

3. Results

3.1 Vertical sections of current and temperature

Figure 3 shows the current and temperature distri-
butions every 8 m thickness along Line B observed on
July 30, 2000. The remarkable current toward the direc-
tion of 120 degrees i.e., the alongshore current showing
the SWC, existed though the water column from the coast
to about 30 km. The location of maximum velocity was
about 20 km from the coast and its value was over 1.2
ms~!, corresponding to the SWC axis (Aota, 1984). The
horizontal current profile was not symmetric about the
jet axis. Rather, the current gradually increased from the
coast to the maximum region and steeply decreased from
the maximum in the offshore direction. Another weak peak
existed in the surface layer around 10 km from the coast.
The SWC gradually decreased with depth, and the verti-
cal shear was large in the upper layer near the maximum
current. In the region off 30 km, the current had a small
speed, was uniform horizontally and had the same direc-
tion as the SWC. This current was 0.1 to 0.2 ms™! in the
middle and lower layers and was greater than in the sur-
face layer.

The temperature distribution shows the existence of
some fronts near 10 km, near 20 km and between 30 km
and 40 km (offshore front). A sharp thermocline was
formed from the sea surface to about 20 m depth offshore,
20 km from the coast. The temperature minimum at the
sea surface appeared near 25 to 30 km from the coast,
showing the cold water belt with a width of 10 km (Iida,
1962; Ishidu et al., 2005). Therefore the isotherms in the

surface thermocline slightly descended in the offshore
direction. The low temperature water was cut off from
the offshore cold water mass and intruded into the warm
water region. The strong temperature front near 20 km
was found to be 6 to 14°C and conformed with the SWC
axis seen in the current distribution. When the center of
the temperature front is expressed as the 10°C isotherm,
it inclined toward the coast from 22 km near the sea sur-
face to 15 km near the bottom. The vertical shear in the
current and temperature front near the current axis sug-
gests that the SWC was composed not only of a barotropic
component but also a baroclinic one.

The temperature front on the coast side was very
weak, but it also agreed with the current peak in the sur-
face layer near 10 km. On the other hand, the offshore
front was complex with a temperature inversion in the
middle layer, and was not found to correlate with the cur-
rent. In summer, the SWCW (T > 7°C, S > 33.6) con-
sisted of relatively warm water masses distributed from
the coast to 30 km (Takizawa, 1982; Itoh and Oshima,
2000; Itoh et al., 2003). The southeastward current off
about 30 km is thus considered to be less closely related
to the SWC. The inclination of the surface thermocline
in the offshore direction was consistent with the reduc-
tion of the southeastward current in the surface layer.

Figure 4 shows the current and temperature distri-
butions along Line A obtained on July 30, 2000. The ob-
servation was made on the same day as Line B. The cur-
rent and temperature distributions in the vertical section
in Line A are similar to those in Line B shown in Fig. 3.
Both current and temperature sections could be consid-
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ered to have common properties between Line A and Line
B, a distance of about 60 km.

Figure 5 shows the temperature, salinity and density
distributions along Line C observed by the CTD obser-
vations on July 31, 2000. Figure 6 shows the T-S diagram
based on these data. Two temperature fronts were also
found near 20 km and 40 km corresponding to those seen
in Figs. 3 and 4. The CTD observations were made at
about a 5 km interval, so the temperature front was coarse
in comparison with that obtained by the XBT observa-
tions shown in Figs. 3 and 4. The high temperature, sa-
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Fig. 4. As Fig. 3, but for Line A.
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line water, i.e., the SWCW shown in Fig. 6, was distrib-
uted near the coastal region and the offshore water had
low temperature and salinity (Intermediate Water). The
salinity front existed only in the region from 30 to 40 km
from the coast and inclined slightly from the sea surface
to the bottom in the offshore direction. On the other hand,
the density gradient existed only from 10 to 20 km, i.e.,
near the SWC axis. The temperature front agreed with
the density one near the SWC axis, so the temperature
front obtained by the XBT observations can be used to
identify the density front and hence the existence of the
baroclinic current in the upper layer near the main cur-
rent axis.

There was no density gradient in the region from 30
to 40 km from the coast where the salinity and tempera-
ture fronts were found. The front was 0 to 6°C in tem-
perature and 33.0 to 33.8 in salinity on the line of sigma-
t26.6 to 26.7 (Fig. 6). In this region, the temperature gra-
dient was sufficiently compensated by the salinity one,
so no baroclinic current could be expected in this region.
The offshore front distinguished the SWCW from the IW
of the Sea of Okhotsk (e.g., lida, 1962; Takizawa, 1982;
Itoh and Ohshima, 2000), i.e., low temperature and low
salinity water. The high temperature, low salinity water
occupied the surface layer off the SWC and the isotherms
inclined offshore, while the low temperature water was
distributed under about 20 m depth to the sea bottom.
The vertical distribution of current off the SWC shows a
weak flow in the surface layer and an almost uniform flow
in the layer below 30 m depth. These current and tem-
perature distributions support the existence of the south-
eastward current with barotropic characteristics about 35
km from the coast. A temperature inversion is seen in some
regions, but is confirmed to be canceled out by salinity,
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Fig. 5. Temperature (left), salinity (center) and density (right) distributions along Line C observed on July 31, 2000.

200 M. Matsuyama et al.



so the density is vertically stable (Aota, 1975; Takizawa,
1982; Itoh and Ohshima, 2000).

3.2 Baroclinic current

We extract the detailed characteristics of the hori-
zontal current structure in both Line A and Line B, and
compared them with each other. Figure 7 shows the
alongshore current at 12 m depth, which is the uppermost
depth of the ADCP observation, in both lines. The maxi-
mum current reaches 1.1 ms™' at about 22 km from the
coast in Line A and 1.3 ms™! at about 20 km in Line B.
The locations of the current axes are not very different
from each other, but the current speed is enhanced down-
stream. The outer edge of the SWC can be estimated as
33 km in Line A but is less clear in Line B because the
current does not have a zero-crossing. The SWC is seen
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Fig. 6. T-S diagram for the data in Line C on July, 31, 2000.
SWCW: Soya Warm Current Water. IW: Intermediate wa-
ter of the Sea of Okhotsk.
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to be confluent to the southeastward current in Line B.
The minimum velocity existed in the region from 33 km
to 40 km from the coast in Line B, so this region is con-
sidered to be the outer edge of the SWC. The currents
again met a weak maximum at 13 km in Line A and 8 km
in Line B in the inner region. These maxima agree with
the temperature gradient of 15 to 17°C in the coastal re-
gion in Figs. 3 and 4.

The current and temperature distributions (Figs. 3
and 4) show the existence of baroclinic currents in the
upper layer near the current axis at the same time, sug-
gesting that the baroclinic current may play an important
role in enhancing the current. To examine this idea fur-
ther, we estimated the mean profiles of current and
baroclinic velocity from the ADCP data. The baroclinic
component existed near the current axis estimated from
the temperature and current distributions, so the horizon-
tal mean velocity between 15 km to 25 km from the coast
is shown as a mean profile in Line A and Line B in Fig. 8.
The profiles are obtained every 4 m vertically. The
maxima of about 1.0 ms™' appear at 12 m depth and are
almost equal to each other. The mean velocity decreases
with depth and becomes mostly constant at about 60 to
70 m depths, so we selected 60 m depth as the reference
level of the baroclinic current. As a result, the constant
velocity, i.e., barotropic velocity, is about 0.5 ms™' around
the current axis. The maximum velocity of the baroclinic
component is about 0.5 ms™' at 12 m depth, so the maxi-
mum is over this value at the sea surface.

The detailed structure of the baroclinic current along
both lines can be estimated from the ADCP data by cal-
culating the relative velocity. We selected 60 m depth as
the reference level for the calculation of the baroclinic
current. Figure 9 shows the baroclinic current referenced
to 60 m depth. Some interesting features are found. Dou-
ble peaks of positive velocity existed at 12 m depth, i.e.,
the highest peak at 22 km and a second peak at 14 km on
Line A, and the highest peak at 19 km and a second peak
at 7 km on Line B. These peaks are in very good agree-
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Fig. 7. Horizontal distributions of alongshore current at 12 m depth along Line A (left) and Line B (right).
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Fig. 8. Vertical profile of alongshore current averaged between
15 km and 25 km from the coast in Line A (left) and Line B
(right).

ment with the temperature front (Figs. 3 and 4). More-
over, in the offshore region of the SWC, the negative cur-
rent in the surface layer only is seen, and no relative cur-
rent lies under this layer in both lines. The surface nega-
tive current is related to the temperature gradient in the
surface layer off the SWC in Figs. 3 and 4. The agree-
ments between the current and temperature observations
indicate the high credibility of the ADCP data in this ob-
servation.

In this study, the SWC is clearly shown by the ADCP
and XBT observations to contain not only a barotropic
component but also baroclinic component. In addition,
the baroclinic current mainly existed in the upper layer
above 60 m depth near the center of the SWC, 20 km
from the coast. It plays a role in enhancing the SWC near
the current axis when superposed on the barotropic com-
ponent. Why has the baroclinic component in the SWC
not been described previously? The baroclinic component
seen here has a narrow width, like a front, as shown in
Figs. 3 and 4, so it could not be discerned from the more
broadly spaced observation stations across the SWC used
in previous studies.

Recently, Itoh (2000) investigated the monthly mean
cross section of the density cross the SWC off Hokkaido,
and showed that the pycnocline inclines toward the coast
during the period from May to October. This inclination
of the pycnocline strongly supports the existence of the
baroclinic current. Nakata et al. (2000) reported the tem-
perature, salinity and density distributions with a signifi-
cant baroclinicity from CTD observations across the Soya
Strait in August, 1996. The baroclinic component of the
SWC is stated to exist in the Soya Strait at the entrance
of the Sea of Okhotsk.
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Fig. 9. Vertical sections of alongshore current referred to 60 m
depth along Line A (left) and Line B (right) observed on
July 30, 2000.

4. Discussion

4.1 Estimation of volume transport of the SWC

The ADCP observations show the detailed current
structure, both vertical and horizontal on Line A and Line
B in both 1998 and 2000. It is possible to estimate the
volume transport of the SWC across Line A and Line B
using the ADCP data. The determination of the width of
the SWC, i.e., the inner and outer boundaries, is required.
The volume transport estimation strongly depends on the
width, especially the location of the outer boundary. The
current is at its shallowest and is weak near the coast, so
the inner boundary is less of an influence on the volume
transport estimation than the outer one. We estimate the
width of the SWC as between the coast and 33 km for the
outer boundary in 2000, from Figs. 3 and 4. On the other
hand, in 1998, the outer boundary is about 30 km, judg-
ing from the current distribution in Fig. 10. We assume
the coast to be the inner boundary and the current distri-
bution near the coast is linearly extrapolated to no cur-
rent at the coast. We estimate the baroclinic transport of
the SWC in the same manner as the estimation of the
baroclinic current in Fig. 9. The estimated volume trans-
port is shown in Table 1.

The volume transport is estimated from the coast to
30 km from the coast by the ADCP data observed in 1998
(Table 1). The total, barotropic and baroclinic transports
were almost equal between both lines, i.e., a total trans-
port of about 1.3 SV, barotropic transport of over 1.0 SV
and baroclinic transports of 0.2—0.3 SV. In the year 2000
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Fig. 10. Vertical section of current along Line A observed on
August 27, 1998.

observations, the total transport was 1.5 SV, the barotropic
transport was 1.3 SV and baroclinic transport was 0.2—
0.3 SV. Each transport obtained in 2000 was almost equal
between both lines, too. The baroclinic volume transport
was 13—15% of the total transport, so the SWC contains
a baroclinic component, which is not large relative to the
total volume transport. The estimated baroclinic trans-
port was not different between both years, but the
barotropic transport in the 2000 observations was larger
than in the 1998 ones.

The difference of barotropic volume transport of
between both years was 0.2 SV. The SWC is induced by
the pressure difference, i.e., sea level difference between
the Japan Sea and the Sea of Okhotsk (e.g. Aota, 1975).
Thus the sea level difference between Wakkanai and
Abashiri (Matsuyama et al., 1999) is suitable to examine
the current velocity of the SWC. Figure 11 indicates the
sea level difference between both stations after removing
the tidal fluctuations by using the tide killer filter
(Thompson, 1983; Hanawa and Mitsudera, 1985). The
records show that the sea level difference was larger in
August 2000 than in July 1998, and the difference for
two weeks ranged from 5 to 20 cm. The sea level differ-
ence between both stations is considered to induce the

Table 1. Volume transport of the SWC.

Total Barotropic Baroclinic
transport transport transport
August, 1998
Line A 1.31 1.06 0.25
Line B 1.29 1.08 0.21
July, 2000
Line A 1.52 1.29 0.23
Line B 1.54 1.34 0.20
Unit: Sverdrup (10° m3/s).
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Fig. 11. Sea level difference between Wakkanai and Abashiri
in July 1998 (broken line) and in August 2000 (full line).

difference of the volume transport between both years.
As aresult, the width of the SWC in August 2000 (Fig. 3)
is speculated to be wider than that in July 1998 (Fig. 10).

4.2 Southeastward barotropic current off the SWC

Recently, Ohshima et al. (2002) clearly showed that
the East Sakhalin Current (Watanabe, 1963, hereafter
ESC) flowed off the SWC using a satellite-tracked sur-
face drifting overlaid with an AVHRR image, in October
1999. Mizuta et al. (2003) showed that the ESC was at a
maximum in winter and in a minimum in summer using
long term current measurements at the mooring stations
off the Sakhalin east coast. In addition, the ESC is esti-
mated to flow south along the east Sakhalin coast toward
Hokkaido even in summer (Fig. 12). The relation between
the SWC and the offshore ESC induced remarkable sea-
sonal variations in sea level along the Hokkaido coast
(Matsuyama et al., 1999).

Figures 3, 4 and 9 indicate the weak southeastward
current with a speed of near 0.1-0.2 cms™!, having a char-
acteristic of barotropic flow off the SWC, except the near
sea surface. The weak southeastward flow is surmised to
be a part of the ESC, but demonstrating this will require
a more detailed investigation of the current.
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4.3 Possibility of tidal current influence

The ADCP observed current includes semidiurnal and
diurnal tidal components. According to the observational
results at a moored station near the Soya Strait off
Sarufutsu reported by Aota and Matsuyama (1987), the
diurnal current dominates the semidiurnal current because
the amphidromic point is formed in the Soya Strait for
the K, and O, constituents, but is not found for the
semidiurnal constituents. The major axis of the tidal el-
lipse was, on average, obtained for K, of about 0.30
ms~!, O, of 0.28 ms™!, M, of 0.10 ms~!, and S, of 0.04
ms~! at the moored station off Sarufutsu (Aota and
Matsuyama,1987). These values are almost the same or-
der of magnitude as the SWC near the Soya Strait, so it is
not negligible for the estimation of the SWC. Odamaki
(1994) indicated that the tidal currents were much lower
than the SWC current except around the Soya Strait, from
the tidal currents obtained at some moored stations along
the Hokkaido coast in the Sea of Okhotsk. He reported
the tidal current amplitudes at two stations about 7 km
and 20 km from the coast in Line A (Fig. 2). The K, and
O, amplitudes are not very different between both sta-
tions, viz., 0.08 ms~' and 0.07 ms~". In addition, the cur-
rent amplitudes of M, and S, constituents have
magnitudes of 0.02 to 0.04 ms~' at both onshore and off-
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shore stations. He also obtained the tidal current ampli-
tudes at two stations of about 3 km and 40 km in Line B,
which have a magnitude of 0.06 to 0.07 ms™! for K, and
O, constituents and less than 0.04 ms™' for M, and S,
constituents at both stations. The current observations in
July 2000 were made during the spring tide for the diur-
nal period, so the tidal current is supposed to reach about
0.15 ms~! in Line A and 0.13 ms™' in Line B instantane-
ously. The tidal current’s effects on the SWC distribution
are minor except near the Soya Strait, so we neglect the
influence of tidal current in our analysis of the SWC in
Line A and Line B as a first approximation.

5. Conclusion

ADCP and XBT observations were conducted to in-
vestigate the current structure and the temperature, salin-
ity and density distributions in the Soya Warm Current
(SWC) in August, 1998 and July, 2000.

The ADCP data clearly show the southeastward cur-
rent along the Hokkaido coast, revealing the SWC with a
width of 30-35 km and current axis located 20-25 km
from the coast. The maximum velocity was 1.0 to 1.3
ms~! near the sea surface. The horizontal current speed
gradually increased from the coast to a maximum and
steeply decreased in the offshore direction. The SWC



consisted of both barotropic and baroclinic currents, and
the existence of the baroclinic current was confirmed by
both the density front near the current axis and vertical
shear of the alongshore current. The baroclinic current
strengthened the barotropic current in the upper layer near
the center of the SWC. The velocity near the center de-
creased with depth and became mostly constant at about
60 to 70 m depth. When 60 m depth is selected as the
reference level of the baroclinic current, the barotropic
velocity was about 0.5 ms™' and the maximum velocity
of the baroclinic component at 12 m depth was about 0.5
ms~! around the current axis, averaged between 15 km to
25 km from the coast. The volume transport in the region
from the coast to 35 km offshore was 1.2-1.3 SV and
about 1.5 SV in August, 1998 and July, 2000, respectively.
Of total transport, 10 to 15% was carried by the baroclinic
component. A weak southeastward current was found off
the SWC. It had barotropic characteristics, and is consid-
ered to be a part of East Sakhalin Current.

Acknowledgements

We are deeply indebted to the crew of T/V Shin’yo-
Maru of Tokyo University of Marine Science and Tech-
nology, and to Dr. Y. Kawamura and Mr. K. Ogawa for
their supports in the observations. Thanks are extended
to Drs. J. Yoshida and Y. Kitade for their helpful com-
ments. The authors are grateful to the three anonymous
reviewers for useful comments and suggestions.

References

Aota, M. (1975): Studies on the Soya Current. Low Temp. ci.,
(Ser. A), 33, 151-172 (in Japanese).

Aota, M. (1984): Oceanographic structure of the Soya Warm
Current. Bull. Coast. Oceanogr., 22, 30-39 (in Japanese).

Aota, M. and T. Kawamura (1978): Observation of oceano-
graphic condition in the Sea of Okhotsk coast of Hokkaido
in winter. Low Temp. ci., (Ser. A), 37, 93-105 (in Japa-
nese).

Aota, M. and T. Kawamura (1979): Observation of oceano-
graphic condition in the Sea of Okhotsk coast of Hokkaido
in winter II. Low Temp. ci., (Ser. A), 38, 135-142 (in Japa-
nese).

Aota, M. and M. Matsuyama (1987): Tidal current fluctuations
in the Soya Warm Current. J. Oceanogr. Soc. Japan, 43,
276-282.

Hanawa, K. and H. Mitsudera (1985): On the data processing
of daily mean values of oceanographical data. Bull. Coast.

Oceanogr., 23, 79-87 (in Japanese).

lida, H. (1962): On the water mass in the central region of the
South-Western Okhotsk Sea. J. Oceanogr. Soc. Japan, 20th
Anniversary Vol., 272-278.

Ishidu, M., Y. Kitade and M. Matsuyama (2005): Formation
mechanism of the cold water belt formed off the Soya Warm
Current. J. Oceanogr. (submitted).

Itoh, M. (2000): Formation and distribution of Okhotsk Sea
Intermediate Water. Doctor Dissertation, Hokkaido Univer-
sity, 62 pp.

Itoh, M. and K. I. Ohshima (2000): Seasonal variations of wa-
ter masses and sea level in the southern part of the Sea of
Okhotsk. J. Oceanogr., 56, 643-654.

Itoh, M., K. I. Ohshima and M. Wakatsuchi (2003): Distribu-
tion and formation of Okhotsk Sea Intermediate Water; an
analysis of isopycnal climatology data. J. Geophys. Res.,
108(C8), 3258, doi:10.1029/2002JC001590.

Kowalik, Z. and I. Polyakov (1998): Tides in the Okhotsk Sea.
J. Phys. Oceanogr ., 28, 1389-1409.

Matsuyama, M., M. Aota, I. Ogasawara and S. Matsuyama
(1999): Seasonal variation of Soya Current. Umi no Kenkyu,
8, 333-338 (in Japanese with English abstract).

Mizuta, G., K. I. Ohshima, Y. Fukamachi and W. Wakatsuchi
(2003): Structure and seasonal variations of the East
Sakhalin Current. J. Phys. Oceanogr., 33, 2430-2445.

Nakata, A., I. Tanaka, H. Yagi, T. Watanabe, G. A. Kantakov
and A. D. Samatov (2000): Formation of high-density wa-
ter (over 26.8 sigma-t) near the La Perous Strait (the Soya
Strait). Proc. of the Second PICES Workshop on the Okhotsk
Sea and Adjacent Areas, 145-147.

Odamaki, M. (1994): Tides and tidal currents along the Okhotsk
coast of Hokkaido. J. Oceanogr., 50, 265-279.

Ohshima, K. I. (1994): The flow system in the Japan Sea caused
by a sea level difference through shallow straits. J. Geophys.
Res., 99(C5), 9925-9940.

Ohshima, K. I., M. Wakatsuchi, Y. Fukamachi and G. Mizuta
(2002): Near-surface circulation and tidal currents of the
Sea of Okhotsk observed with the satellite-tracked drifters.
J. Geophys. Res., 107(C11), 3195-3210.

Takizawa, T. (1982): Characteristics of the Soya Current in the
Okhotsk Sea. J. Oceanogr. Soc. Japan, 38, 281-292.

Thompson, R. O. R. Y. (1983): Low-pass filters to suppress
inertial and tidal frequencies. J. Phys. Oceanogr ., 13, 1077—
1083.

Watanabe, K. (1963): On the reinforcement of the East Sakhalin
Current preceding to the sea ice season off the coast of
Hokkaido—study on sea ice in the Okhotsk sea (IV).
Oceanogr. Mag., 14, 117-130.

Current Structure and Volume Transport of the Soya Warm Current in Summer 205



