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Three High Frequency (HF) ocean radar stations were installed around the Soya/L a
Perouse Strait in the Sea of Okhotsk in order to monitor the Soya Warm Current
(SWC). Thefrequency of the HF radar is 13.9 MHz, and therange and azimuth reso-
lutionsare 3 km and 5 deg., respectively. The radar covers arange of approximately
70 km from the coast. The surface current velocity observed by the HF radars was
compared with data from drifting buoys and shipboard Acoustic Doppler Current
Profilers (ADCPs). Thecurrent velocity derived from the HF radar s shows good agr ee-
ment with that observed using thedrifting buoys. Theroot-mean-square (r ms) differ-
enceswer e found to belessthan 20 cm s for the zonal and meridional componentsin
thebuoy comparison. The observed current velocity was also found to exhibit reason-
able agreement with the shipboard ADCP data. It wasshown that theHF radarsclearly
captureseasonal and short-term variationsof the SWC. Thevelocity of the Soya Warm
Current reaches its maximum, approximately 1 m s2, in summer and weakens in
winter. The velocity core is located 20 to 30 km from the coast, and its width is ap-
proximately 40 km. The surface transport by the SWC shows a significant correla-
tion with the sea level difference along the strait, as derived from coastal tide gauge
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records at Wakkanai and Abashiri.

1. Introduction

The Sea of Okhotsk (Fig. 1), a marginal sea adjacent
to the North Pacific, is one of the southernmost seasonal
sea ice zones in the Northern Hemisphere and it has been
conjectured that it is a region in which North Pacific In-
termediate Water is ventilated to the atmosphere (Talley,
1991; Yasuda, 1997). The Sea of Okhotsk is connected
with the Sea of Japan through the Soya/La Perouse Strait,
which is located between Hokkaido, Japan, and Sakhalin,
Russia. The Soya Warm Current (referred to as SWC here-
after) enters the Sea of Okhotsk from the Sea of Japan
through the Soya/La Perouse Strait and flows along the
coast of Hokkaido as a coastal boundary current. It sup-
plies warm, saline water in the Sea of Japan to the Sea of
Okhotsk. The current is roughly barotropic and shows a
clear seasonal variation (Aota, 1984; Matsuyama et al.,
1999). The SWC has never been continuously monitored
due to the difficulties involved in field observations re-
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lated to, for example, severe weather conditions in the
winter, political issues at the border strait, and conflicts
with fishing activities in the strait. Detailed features of
the SWC and its variations have not yet been clarified.
Information concerning the variations of the SWC and
the water exchange between the Sea of Japan and the Sea
of Okhotsk is important for the study of both of these
seas.

In order to continuously monitor the SWC in and
around the Soya Strait, three High Frequency (HF) radars
were installed around the Soya Strait (Fig. 1) in March
2003, and continuous observation was started in August
2003. The HF radar has been demonstrated to be a useful
tool for the observation of spatial and temporal variations
of surface current vectors in coastal regions (e.g., Barrick
et al., 1977; Prandle, 1991; Takeoka et al., 1995). The
present study analyzes data obtained at these stations over
a period of 12 months, from August 2003 to July 2004.
The HF radars and stations are described briefly in Sec-
tion 2. In Sections 3 and 4, the surface current velocity
measured by the HF radars is compared to observations
obtained by drifting buoys and shipboard Acoustic
Doppler Current Profilers (ADCPs), respectively. The
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Fig. 1. (a) Map of the Soya/La Perouse Strait, location and coverage of the HF radar stations (NS: Noshappu radar station, SY:
Soya radar station, SR: Sarufutsu radar station), and location of the tide gauge stations (WK: Wakkanai, AB: Abashiri), and

(b) bathymetry of the Soya/La Perouse Strait (unit: m).

tidal current in the Soya Strait is described in Section 5.
Variations of the Soya Warm Current and their relation-
ship to the sea level difference between the Seas of Japan
and Okhotsk are discussed in Section 6. Finally, the pa-
per is summarized in Section 7.

2. Radar and Stations

The three HF radar stations used in this study are
located around the Soya Strait at Noshappu, Soya, and
Sarufutsu (referred to respectively as NS, SY and SR here-
after) (Fig. 1). A SeaSonde HF-radar system (Barrick et
al., 1977; Lipa and Barrick, 1983; Barrick and Lipa, 1997)
manufactured by CODAR Ocean Sensors, Ltd. was used.
The frequency of the HF radar is 13.9 MHz, and the range
and azimuth resolutions are 3 km and 5 deg., respectively.
The HF radar covers a range of approximately 70 km from
the coast. The estimated coverage of the three radars is
shown in Fig. 1. The observations were made at one hourly
intervals. The characteristics of the HF radar system are
summarized in Table 1. We measured the beam pattern of
the receiving antenna and corrected for distortion of the
antenna pattern to derive accurate radial velocities. These
stations have been operated by the Institute of Low Tem-
perature Science of Hokkaido University since August
2003. Surface current vectors were composed in grid cells
of 3 x 3 km using the radial velocity components observed
by the radars according to a least squares method. This
study analyzes data obtained over a period of 12 months,
from August 2003 to July 2004.

Examples of the observed surface current vector field
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Table 1. Specifications of the Soya Strait Ocean Radar Sys-

tem.
Radar type FMICW
Center frequency 13.946 MHz
Sweep bandwidth 50 kHz
Frequency sweep interval 0.5s
Transmission power 80 W (max.), 40 W (ave.)
Range resolution 3.0km
Azimuth resolution 5 deg.
Current velocity resolution 2.25cms™

Antenna type Twin monopole (transmitter)

Single cross loop (receiver)

are shown in Fig. 2. Figure 2(a) shows the surface cur-
rent field derived from the data collected at all three sta-
tions, whereas the current field shown in Fig. 2(b) was
calculated using data from two stations (SY and SR) due
to a lack of data at the NS station at that time. Both fig-
ures clearly capture the SWC, which flows from west to
east across the Soya Strait and turns toward the southeast
along the coast. Figure 2(a) also shows the southward
current along the west coast of Sakhalin, as predicted by
numerical experiments (Ohshima and Wakatsuchi, 1990;
Ohshima, 1994). Figure 2(b) shows a cyclonic eddy ob-
served at the offshore side of the SWC. The generation
mechanism of the eddy was also revealed by Ohshima
and Wakatsuchi (1990) in terms of the barotropic insta-
bility of a two-dimensional jet.
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Fig. 2. Two examples of the hourly surface current vector field. (a) 2000 JST, 17 August 2003, and (b) 0000 JST, 10 September
2003. Locations of radar stations are indicated by the solid circles.
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Fig. 3. Hourly locations of drifting buoys. Buoys A, B, and C were deployed on 1 December 2003, Buoys D and E were deployed

on 13 April 2004, and Buoy F was deployed on 25 May 2004.

3. Comparison with Data Collected by Drifting Bu-
oys
In order to evaluate the surface current vectors ob-
served by the HF radar system, we deployed a total of six
drifting buoys without drogues around the strait in De-
cember 2003, April 2004, and May 2004. The drifting

buoys (ZTB-R1S54), manufactured by Zeni Lite Buoy Co.,
Ltd., are 34 cm in diameter, 30 cm in height, and 6.5 kg
in weight. The position of each buoy is measured by the
Global Positioning System (GPS) and is reported by the
Orbcomm satellite system. The temporal interval of the
positioning was set to one hour. Figure 3 shows the tra-
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Fig. 4. Comparison of HF radar data with drifting buoy observation data for (a) zonal and (b) meridional components. Dashed
lines represent the regression lines calculated using the principal component analysis (PCA).

Table 2. Statistical values of the comparison with drifting buoy observations. Bias is defined as (HF radar — buoy).

Number of Bias Rms difference  Correlation  Slope
data points  (cms™') (cms™) coefficient
Zonal component 282 3.88 17.54 0.844 0.951
Meridional component 282 1.53 19.55 0.710 0.911
Radial component
NS Station 100 10.20 24.58 0.335 0.811
SY Station 314 4.70 16.22 0.853 0.976
SR Station 583 -1.16 15.57 0.871 0.839

jectories of the buoys. The trajectories of five of the six
buoys were near the axis of the SWC. Hourly surface
velocity was estimated from the hourly position of the
buoys and was collocated with the HF radar observations.
Assuming a current speed of a few tenths of a meter per
second, the distance traveled by drifting buoys in an hour
is estimated to be a few kilometers, which is of the same
order as the spatial resolution of the HF radars. The spa-
tial separation between the mean buoy location and the
center of the HF radar observation cell is limited to less
than 3 km. We obtained 282 collocated data points.
Figure 4 shows the result of comparison between the
surface current vectors observed by the HF radars and
those inferred from the trajectories of the drifting buoys
for the zonal and meridional components. Dashed lines
in the panels represent the regression line calculated from
principal component analysis (PCA). We utilized PCA
rather than simple linear regression, because errors in the
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current measurements reported by the drifting buoys are
not considered to be negligibly small. The number of data
points, bias (HF radar — buoy), rms difference, correla-
tion coefficient, and slope of the regression line calcu-
lated by the PCA are summarized in Table 2.

Both current components observed by the HF radar
show good agreement with the drifting buoy measure-
ments. The biases are negligibly small and rms differ-
ences are comparable to or slightly larger than those re-
ported by previous studies in which HF radar observa-
tions were compared with in-situ data (e.g., Stewart and
Joy, 1974; Barrick et al., 1977; Holbrook and Frisch,
1981; Lawrence and Smith, 1986; Graber et al., 1997,
Chapman and Graber, 1997; Chapman et al., 1997; Nadai
et al., 1997, 1999). The slopes of the regression line are
very close to unity. Considering the fact that the rms dif-
ference also arises from errors in the buoy measurements
and differences of spatial and temporal averaging of the
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Fig. 5. Comparison of HF radar data with drifting buoy observation data for radial current velocity. (a) NS, (b) SY, and (c) SR
stations. Dashed lines represent the regression lines calculated using the PCA.

current velocities, this is small enough to capture the sea-  plied to the current data in order to match the spatial av-
sonal variations of the SWC, which exceeds a magnitude eraging scale. Assuming a ship velocity of 10 knots (ap-
of 1 m s™! (see Section 6). proximately 5 m s71), the 15-minute average is consid-
The radial velocity components obtained from the ered to be equivalent to an average over 4.5 km, which is
three radar stations are compared with the buoy observa-  close to the spatial resolution of the radar observation.
tion data in Fig. 5. The conditions of collocation are the = We discarded the ADCP data that were obtained during
same as for the comparison of the current vectors de- periods when the ship was changing either velocity or
scribed above. Statistical values of the comparisons are  heading. The ADCP current data were collocated with the
listed in Table 2. For the SY and SR stations, the radial = HF radar observations. The spatial separation between the
velocity component agrees well with the buoy observa-  mean ship location and the center of the HF radar obser-
tions, with rms differences of 15-16 cm s~!. The correla-  vation cell was limited to less than 3 km. We obtained
tion coefficients are greater than 0.8, and the slopes of 389 collocated data points. Figure 6 shows the locations
the regression lines are close to unity. For the NS station, of the collocated data points. Most of the data were ob-
however, the scatter of the data points is larger, with an  tained within distances of 30 km from the coast of
rms difference of 24.58 cm s}, and the correlation coef-  Hokkaido.
ficient is very low (0.335), even though the number of The results of comparison of the HF radar data with
data points is less than those obtained at the other sta- the shipboard ADCP observation data for the zonal and
tions. The data shown in Fig. 5(a) suggest that the radial meridional components are shown in Fig. 7. Statistical
velocity observation at the NS station is less accurate than ~ values of the comparisons are listed in Table 3. Both com-
at the other stations. The accuracy of the radial velocity = ponents show good agreement, although the data exhibit
observed at the NS station will be discussed further in  a greater degree of scatter than Fig. 4. The rms differ-
the following section. Considering the current directions  ences are increased to 22.93 and 25.66 cm s for the zonal
of the SWC around the NS station (see Figs. 2 and 12), and meridional components, respectively. This increase
the magnitude of the radial current velocity is relatively  in the rms difference might be explained by the differ-
small there. This may also reduce the correlation between ence of observation depths between the ADCPs (5 to 10
the NS station and the buoy observations. m) and the HF radars (a few meters). In addition, the dif-
ference in averaging time (15 min. for ADCP and 1 hour
4. Comparison with Data Collected by Shipboard for HF radar) may increase the difference, and the data

ADCPs quality of the ADCP measurements is considered to be
The radar-derived surface currents are also compared  poorer than that of the drifting buoys.
with shipboard ADCP measurements, which were ob- In order to assess the effect of the difference in ob-

tained by patrol ships of the Japan Coast Guard. Typical servation depths on the comparison shown in Fig. 7, we
observation depths range from 5 to 10 m below the sur- investigated the correlation between the current velocity
face. The current velocity is reported every five minutes.  residuals and the wind velocity for the zonal and meridi-
A three-point running average (over 15 minutes) was ap-  onal components. The surface current velocity observed
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Fig. 7. Comparison of HF radar data with shipboard ADCP observation data for (a) zonal and (b) meridional components. Dashed

lines represent the regression lines calculated using the PCA.

by HF radar is considered to be the sum of the mean sur-
face current, tidal current, and wind drift, among which
the wind drift component has the largest vertical gradient
within a few meters beneath the sea surface. At the cur-
rent measurement depth of the shipboard ADCPs, which
is deeper than that of the HF radars, the wind drift is con-
sidered to be much weaker. Figure 8§ shows a plot of
residuals (HF radar — ADCP) of the zonal and meridional
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components against the zonal and meridional wind ve-
locity. The wind speed and direction, observed hourly at
the Soya-misaki AMeDAS (Automated Meteorological
Data Acquisition System) station, located near the SY sta-
tion (Fig. 1), were temporally interpolated and collocated
with the HF radar-ADCP collocated data. A weak posi-
tive correlation between the current velocity residual and
wind velocity is discernible in both panels of Fig. 8. The



Table 3. Statistical values of the comparison with ADCP observations. Bias is defined as (HF radar — ADCP).

Number of Bias Rms difference Correlation  Slope
datapoints  (cms™") (cms™) coefficient
Zonal component 389 -3.19 22.93 0.793 1.011
Meridional component 389 2.84 25.66 0.706 0.833
Radial component
NS Station 429 -0.74 36.63 0.376 0.289
SY Station 317 2.91 26.62 0.773 1.007
SR Station 481 3.24 25.21 0.853 0.964
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Fig. 8. Comparison of HF radar data for surface current velocity residuals (HF radar — ADCP) of the (a) zonal and (b) meridional
components with the zonal and meridional wind velocity observed at the Soya-misaki AMeDAS station, located close to the
SY station. Dashed lines represent the linear regression lines.

correlation coefficients are 0.263 and 0.402 for the zonal
and meridional components, respectively. These values
of correlation coefficients are not very high, even though
they are statistically significant, with a 99% confidence
limit. Errors in the HF radar and ADCP observations may
reduce the correlation. In addition, the wind speed and
direction observed at the coastal station may not accu-
rately represent the offshore conditions. The slopes of lin-
ear regression lines fitted to the data in Fig. 8 are 0.0122
and 0.0264 for the zonal and meridional components, re-
spectively. These values are consistent with the typical
magnitude of the wind drift, which is generally consid-
ered to be a few percent of the wind speed (e.g., Wu,
1975).

A comparison of the radial velocity component for
each radar station is shown in Fig. 9. The conditions of
the collocation are the same as those for the comparison
of the current vectors described above. Statistical values

of the comparisons are listed in Table 3. For the SY and
SR stations, the radial velocity component agrees with
the ADCP observations, with rms differences of 26.6 and
252cms™, respectively. For the NS station, the data scat-
ter reveals a different trend, with a very low value of the
correlation coefficient (0.289). The rms difference in-
creases to 36.6 cm s~!. The magnitude of the radial ve-
locity is underestimated, as indicated by a very low value
of the slope (0.289). These are consistent with the result
of the buoy comparison in the previous section, indicat-
ing that the radial velocity observed at the NS station is
less accurate than those at the other stations. Obstacles
around the NS station, including a lighthouse and vari-
ous buildings, might distort the radar antenna pattern and
affect the accuracy of measurement. Although we cor-
rected for the distorted antenna pattern using the mea-
sured beam pattern of the receiving antenna, the seriously
distorted radar antenna pattern might not be fully recov-
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Fig. 9. Comparison of HF radar data with shipboard ADCP observations for radial current velocity. (a) NS, (b) SY, and (c) SR
stations. Dashed lines represent the regression lines calculated using the PCA.

Table 4. Statistical values of the comparison of the HF radar current velocity composed with and without data from the NS station
with drifting buoy and ADCP observations. Bias is defined as (HF radar — buoy) or (HF radar — ADCP).

Number of Bias Rms difference  Correlation  Slope
data points  (cms™') (cms™) coefficient
Drifting buoys
With NS station data
Zonal component 10 -14.23 18.40 0.601 0.849
Meridional component 10 2.49 12.95 0.860 0.914
Without NS station data
Zonal component 272 4.54 17.14 0.826 0.976
Meridional component 272 1.49 19.75 0.696 0.911
ADCP
With NS station data
Zonal component 19 3.62 21.78 0.639 1.028
Meridional component 19 3.30 28.45 0.713 0.897
Without NS station data
Zonal component 370 -3.64 22.41 0.789 1.012
Meridional component 370 2.87 25.00 0.730 0.853

ered.

Table 4 summarizes the comparison of the HF radar
current vectors composed with and without data from the
NS station with drifting buoy and ADCP observations. In
general, the current vectors derived with and without the
radial velocities from the NS station do not show signifi-
cant deviations, even though very few data points have
been derived with data from the NS station. However,
Figs. 5 and 9 show that the NS station underestimated the
radial current velocity with respect to observations by the
drifting buoys and ADCPs. As such, it is concluded that
current velocities composed with observations from the
NS station, which are mainly located west of 142°E, are
less reliable and may be underestimated.
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5. Tidal Currentsin the Soya Strait

Figure 10 shows stick diagrams (panel (b)) of the
surface current vectors at nine representative points in
and around the Soya Strait (panel (a)) in August 2003.
Diurnal tidal constituents are dominant in this area. Pre-
vious studies analyzing current data observed by moored
current meters reported that the K1 and O1 constituents
are dominant in this area (e.g., Aota and Matsuyama,
1987; Odamaki, 1994). In the region of the SWC (points
E, F, H, and 1), the surface vectors are mostly aligned to
the southeast and the diurnal tidal components have al-
most the same magnitude as the mean current.

Harmonic analysis with 11 major tidal constituents
(Mm, MSf, K1, O1, P1, Q1, M2, S2, N2, K2, 2SM2),
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order to avoid overlap. The thick and thin ellipses denote
clockwise and counter-clockwise rotation, respectively. The
thin lines in the ellipses represent the phase.

which were selected according to Odamaki (1994), was
applied to time series of the surface currents for a 12-
month period starting in August 2003. Figure 11 shows
the distribution of the calculated tidal current ellipses for
the (a) K1 and (b) O1 constituents. In most of the obser-
vation area, the tidal current ellipses for both of the con-
stituents are aligned from northwest to southeast and show
a clockwise rotation. Spatial variations of the current
speed, direction, phase, and ellipticity are very smooth
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and seem to follow the coastline and bottom topography
(Fig. 1(b)). These features are consistent with results of
previous studies using data from point-wise observations
(e.g., Aota and Matsuyama, 1987; Odamaki, 1994). In an
area off Sarufutsu, Odamaki (1994) reported the magni-
tude of tidal currents as 10 to 20 cm s~! for both of the
constituents, which agrees with the result shown in Fig.
11. Odamaki (1994) reported, however, that the long axes
of the ellipses for the K1 and O1 constituents reaches 91.5
and 98.2 cm s7!, respectively, in the Soya Strait, and these
values are much greater than the results shown in Fig.
11. Underestimation of the radial velocity by the NS sta-
tion, as discussed in Sections 3 and 4 above, may be a
possible reason for the underestimation of the tidal cur-
rent amplitude in this region, although the results of com-
parisons in Table 4 do not show such a large underesti-
mation of the amplitude of the current vectors composed
with data from the NS station. We also estimated the tidal
ellipses from the surface current velocities composed from
only the radial velocities measured at the SY and SR sta-
tions. The result (not shown here) is almost same as in
Fig. 11, and there is still a great difference from the re-
sults reported by Odamaki (1994) in the Soya Strait. Fur-
ther studies are needed to assess the quality of the HF

radar data in the strait and to clarify reasons for the dis-
crepancy of tidal amplitudes.

6. Seasonal Variation of the Soya Warm Current
Using the surface current vector fields observed by
the HF radars, we now discuss seasonal variations of the
SWC. In order to remove the tidal constituents, a 25-hour
running average was applied to the time series of the
hourly surface current vectors in each grid cell, after
which daily and monthly mean current fields were calcu-
lated. A 48-hour tide-killer filter (e.g., Thompson, 1983;
Hanawa and Mitsudera, 1985), which can more precisely
eliminate tidal variations, was not utilized because there
were several gaps in the surface current data. The daily
and monthly means were not calculated at grid cells in
which the number of data obtained was fewer than 15
and 20, respectively. Figure 12 shows the monthly-aver-
aged surface current fields from August 2003 to July 2004.
Current data in the Soya Strait are missing for some
months because NS station observations were interrupted
for a variety of reasons, and the current fields were com-
posed using data from the other two stations only. Data
in the eastern part of the current field are missing in Feb-
ruary because this area was partly covered by sea ice.
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In panels (a)-(d) and (h)—(l) of Fig. 12, the SWC is
shown to flow from west to east across the Soya Strait
and to turn toward the southeast along the coast, as shown
in Fig. 2. The surface current in a region between the SY
and SR stations is stronger than that in the Soya Strait.
Even though there is a possibility that the influence of
underestimation of the radial current velocity at the NS
station, as described in Sections 3 and 4 above, may cause
a reduction in the current speed in the strait, the effect of
bottom topography is a possible reason for the accelera-
tion of the current in this region. The SWC shows a clear
seasonal variation, being stronger in summer (August—
November) and almost disappearing in winter (Decem-
ber—February). The maximum current speed exceeds 1
m s~! in a region east of the SY station. Since the surface
current velocity observed by the HF radars includes the
wind drift, the monthly-averaged current fields shown in
Fig. 12 also include some contribution from the wind drift
components due to the seasonally prevailing winds.

Along the west coast of Sakhalin a southward cur-
rent is discernible in August (a) and November (d). Al-
though the existence of this southward current has been
predicted by numerical experiments (e.g., Ohshima and
Wakatsuchi, 1990; Ohshima, 1994), no direct observa-
tions have been reported. This southward current also

shows clear seasonal variations, and its maximum veloc-
ity reaches approximately 60 cm s~! in August. The un-
derestimation of the radial velocity at the NS station is
anticipated to have an effect on this region. However, the
qualitative features of the southward current may not be
affected, since the current direction coincides approxi-
mately with the line of sight of the NS station and the
magnitude of the current speed is sufficiently robust.

Daily southeastward current components across Line-
A (Fig. 1), located off Hama-Onishibetsu, were averaged
monthly and are shown with standard deviations in Fig.
13. This line was selected since the surface current ve-
locity of the SWC is strongest in this area (Fig. 12) and is
free from the underestimation of the radial velocity at the
NS station. The monthly mean profiles also show a clear
seasonal variation. The velocity of the SWC reaches its
maximum of approximately 1 m s~ in the summer (Au-
gust and September) and becomes weak in the winter
(January and February). The current axis is located 20 to
40 km from the coast in this region, and the typical width
of the SWC is approximately 50 km. These features of
the SWC are consistent with the results of short-term or
point-wise observations reported in previous studies
(Aota, 1984; Matsuyama et al., 1999).

Daily surface transport across Line-A was defined
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by the integration of the daily southeastward current com-
ponent along the line from the coast to a point at which
the component becomes negative. If the current compo-
nents were positive at all grid cells along the line, the
integration was truncated at the farthest point (approxi-
mately 60 km from the coast). Figure 14 shows the time
series of the surface transport (thick line). Note that the
unit of surface transport is not volume/time but area/time,
because the HF radars provide only the surface current
velocity. Assuming a barotropic flow structure, if the sur-
face transport is multiplied by a depth of 30 to 50 m (Aota,
1984), the maximum volume transport is roughly esti-
mated to range up to 1 x 10° to 2 x 10® m3s™" (1 to 2 Sv)
as daily averages. Data are often absent during the winter
(from January to March) because the observation region
is covered by sea ice. The surface transport clearly shows
a seasonal variation in which the maximum surface trans-
port occurs in summer and the minimum surface trans-
port occurs in winter. As monthly averages, the maximum
and minimum surface transports are observed to be 2.6 x
10*m?s! in September 2003 and 3.6 x 10* m?s~! in Janu-
ary 2004, respectively. The mean surface transport dur-
ing this one-year period is 1.8 x 10* m?s™!. Assuming a
depth of 40 m, these values correspond to volume trans-
ports of 1.0, 0.1, and 0.7 Sv, respectively.

The driving force of the SWC is ascribed to the sea
level difference between the Sea of Japan and the Sea of
Okhotsk (Aota, 1984; Ohshima, 1994). The surface ve-
locity of the SWC has been reported to be closely related
to the sea level difference (Aota, 1984; Matsuyama et al.,
1999). For comparison with the surface transport as ob-
served by the HF radars, we calculated the sea level dif-

ference between two tide gauge stations, Wakkanai
(labeled as WK in Fig. 1) and Abashiri (AB in Fig. 1),
which represents the sea level difference between the Sea
of Japan and the Sea of Okhotsk. A 48-hour tide-killer
filter developed by Hanawa and Mitsudera (1985) was
applied to the hourly tide gauge records at these stations
in order to eliminate the tidal variation precisely. The
daily-mean sea levels were then calculated, and atmos-
pheric pressure correction was performed using the daily-
mean sea level pressure observed at weather stations in
the cities of Wakkanai and Abashiri. The time series is
shown by a thin line in Fig. 14. The surface transport of
the SWC and the sea level difference show a good corre-
lation with a correlation coefficient of 0.762. Both time
series exhibit not only seasonal variation but also varia-
tions with time scales of approximately 10 days and a
few months. The results shown in Fig. 14 confirm the
correlation at various time scales between the SWC and
the sea level difference. These results confirm that the
SWC is driven by the sea level difference between the
Sea of Japan and the Sea of Okhotsk. The response time
of the SWC to the change in the sea level difference is
considered to be shorter than approximately 10 days, since
the both time series show coherent variation up to this
temporal scale.

7. Summary and Concluding Remarks

In order to monitor the Soya Warm Current (SWC),
three HF ocean radar stations were installed around the
Soya/La Perouse Strait. Surface current velocity as ob-
served by the radars was compared with data collected
using drifting buoys and shipboard ADCPs. The current
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velocity derived from the radars was shown to agree well
with that observed by the drifting buoys. The bias is neg-
ligibly small and rms differences are less than 20 cm s™!
for both zonal and meridional components in the buoy
comparison. The observed velocity also exhibits a rea-
sonable agreement with the shipboard ADCP data, even
though the rms differences are slightly increased due to
the difference in observation depths of the ADCP and HF
radar. The HF radars clearly capture the seasonal varia-
tions of the SWC. The velocity of the SWC reaches its
maximum, approximately 1 m s7!, in the summer, and
becomes weaker in the winter. The surface transport by
the SWC shows a significant correlation with the sea level
difference along the strait as derived from coastal tide
gauge records at Wakkanai and Abashiri, both seasonally,
and for time scales of 10 days and a few months.

We have shown here that the HF radar system is an
excellent tool for continuous monitoring of the SWC. We
intend to extend the time series of the surface current field
for several years in order to examine the robustness of
the seasonal variation reported here, and to discuss
interannual variations of the SWC. As discussed in Sec-
tions 3 and 4, improved measurement at the NS station is
required in order to obtain more reliable current data, es-
pecially in the Soya Strait. Further investigations are also
needed to explain the differences in the observed tidal
currents between the HF radar and previous studies based
on observations using moored current meters as described
in Section 5. In Section 6 we discussed the variations of
SWC using the surface transport derived from the HF ra-
dar observations. However, assessment of the water ex-
change between the Sea of Japan and the Sea of Okhotsk
requires information on the volume transport, which can-
not be directly inferred from the surface observations by
the HF radars only. A long-term mooring observation pro-
gram using an upward ADCP is now underway in this
region in order to obtain the vertical structures of the SWC
and their variations, which will be used to estimate the
volume transport from the surface current vectors through
empirical relationships.
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