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Subinertial and seasonal variations in the Soya Warm Current (SWC) are investi-
gated using data obtained by high frequency (HF) ocean radars, coastal tide gauges,
and a bottom-mounted acoustic Doppler current profiler (ADCP). The HF radars
clearly captured the seasonal variations in the surface current fields of the SWC.
Almost the same seasonal cycle was repeated in the period from August 2003 to March
2007, although interannual variations were also discernible. In addition to the an-
nual and interannual variations, the SWC exhibited subinertial variations with a pe-
riod of 5–20 days. The surface transport by the SWC was significantly correlated
with the sea level difference between the Sea of Japan and Sea of Okhotsk for both
the seasonal and subinertial variations, indicating that the SWC is driven by the sea
level difference between the two seas. The generation mechanism of the subinertial
variation is discussed using wind data from the European Centre for Medium-range
Weather Forecasts (ECMWF) analyses. The subinertial variations in the SWC were
significantly correlated with the meridional wind stress component over the region.
The subinertial variations in the sea level difference and surface current delay from
the meridional wind stress variations by one or two days. Sea level difference through
the strait caused by wind-generated coastally trapped waves (CTWs) along the east
coast of Sakhalin and west coast of Hokkaido is considered to be a possible mecha-
nism causing the subinertial variations in the SWC.

needed in order to investigate the structure and variations
of the SWC. However, the SWC has never been continu-
ously monitored due to the difficulty of field observa-
tion, owing to severe weather conditions and sea ice cov-
erage in winter, political issues at the border strait, and
conflicts with intensive fishing activity. Most previous
studies have been based on short-term or pointwise ob-
servations from moored current meters and shipboard
acoustic Doppler current profilers (ADCPs) together with
hydrographic surveys (e.g., Aota, 1975, 1984; Aota and
Matsuyama, 1987; Matsuyama et al., 1999, 2006; Tanaka
and Nakata, 1999; Ishizu et al., 2006). The detailed fea-
tures of the SWC and its variations have not yet been
revealed.

In order to continuously monitor the SWC in and
around the Soya Strait, three high frequency (HF) radars
were installed around the Strait (Fig. 1) in March 2003,
and continuous observations started in August 2003.
Ebuchi et al. (2006) analyzed the current data for the first
year and reported that the radars clearly captured the spa-
tial and temporal variations of the SWC in the region.

1.  Introduction
The Soya Warm Current (SWC) is a coastal bound-

ary current that flows along the coast of Hokkaido into
the Sea of Okhotsk (Fig. 1). The SWC flows into the Sea
of Okhotsk from the Sea of Japan through the Soya/La
Perouse Strait (referred to as the Soya Strait hereinafter),
which is located between Hokkaido, Japan, and Sakhalin,
Russia. It supplies warm, saline water from the Sea of
Japan to the Sea of Okhotsk and greatly affects the ocean
circulation and water mass formation in the Sea of
Okhotsk, and local climate, environment and fisheries in
the region. The volume transport by the SWC through
the Soya Strait is also important in the mass budgets of
the Seas of Japan and Okhotsk.

Since the SWC is dominated by a barotropic compo-
nent (e.g., Aota, 1975, 1984; Matsuyama et al., 1999;
Tanaka and Nakata, 1999), direct current measurement is
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Fukamachi et al. (2008) estimated the volume transport
of the SWC by combining the surface currents measured
by the HF radars and vertical current profiles measured
by a bottom-mounted ADCP. Although both of these stud-
ies used data for one year only, they demonstrated that
the HF radar is a promising tool for revealing variations
in the SWC.

In this paper we investigate subinertial, seasonal and
interannual variations in the SWC by analyzing data ob-
tained at these HF radar stations over a period of 44
months, from August 2003 to March 2007, together with
coastal tide gauge records and current measurements by
a bottom-mounted ADCP. We focus especially on the gen-
eration mechanism of the subinertial (5–20 days) varia-
tions in the SWC which are observed in the surface cur-
rent and sea level data. Data used in the paper and data
processing are described briefly in Section 2. Section 3
describes the seasonal evolution of the SWC and its
interannual variations using the HF radar observations.
Possible generation mechanisms of the subinertial varia-
tions in the SWC are discussed in Section 4. Finally, the
paper is summarized in Section 5.

2.  Data Processing

2.1  HF radar data
The three HF radar stations are located at Noshappu,

Soya, and Sarufutsu (labeled as NS, SY and SR in Fig.
1(a)) in the vicinity of the Soya Strait. 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 radars is
13.9 MHz, and the range and azimuth resolutions are 3
km and 5°, respectively. The HF radars cover a range of
approximately 70 km from the coast. The estimated cov-
erage of the three radars is shown in Fig. 1(a). The obser-
vations were made hourly. We measured the beam pat-
tern of the receiving antenna and corrected for the distor-
tion of the antenna pattern to derive accurate radial ve-
locities. Surface current vectors were composed in grid
cells of 3 × 3 km (dots in Fig. 1(a)) using the radial ve-
locity components observed by the radars according to a
least squares method. Ebuchi et al. (2006) compared the
hourly surface current velocities observed by the HF
radars with in-situ data from drifting buoys and shipboard
ADCPs. The current velocity derived from the HF radars
agreed well with these data with root-mean-square (rms)
differences less than 25 cm s–1.

This study analyzes data obtained over a period of
44 months, from August 2003 to March 2007. In order to
remove the tidal components, a 25-hour running average
was applied to the time series of hourly surface current
vectors in each grid cell, after which daily mean current
fields were calculated. A 48-hour tide-killer filter (e.g.,

Fig. 1.  (a) Map of the Soya/La Perouse Strait showing loca-
tions and coverage of the HF radar stations (NS: Noshappu,
SY: Soya, SR: Sarufutsu), locations of the tide gauge sta-
tions (WK: Wakkanai, AB: Abashiri), and bottom-mounted
ADCP (+), and (b) bathymetry of the Sea of Okhotsk based
on the General Bathymetric Chart of the Oceans (GEBCO)
data products (unit in meters). The dotted area in panel (a)
shows typical coverage of the current vectors composed by
data from the three HF radar stations. Line-A is the line
where the surface velocity profile and transport are obtained.
A conceptual path of the SWC is drawn in panel (b).

(a)

(b)
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Thompson, 1983; Hanawa and Mitsudera, 1985), which
can eliminate tidal variations more precisely, was not uti-
lized because there were several gaps in the surface cur-
rent data. The daily means were not calculated at grid
cells in which the number of hourly data points obtained
was fewer than 15.

Since the velocity data obtained by HF radars con-
tain wind drift, we attempt to remove this component us-
ing the daily nearby operational weather-forecasting wind
data from the mesoscale grid point values (GPV) provided
by the Japan Meteorological Agency. According to
Fukamachi et al. (2008), the wind drift is estimated to be
directed at 19.3° to the right of the wind and to have a
speed reduction factor of 1.6%. These values of the angle
and reduction factor were estimated by applying a least
squares method to the relationship between daily nearby
GPV wind data and the difference in daily velocities be-
tween the radar data ~25 km offshore and the uppermost
(9–13 m depth) bottom-mounted ADCP data (Fukamachi
et al., 2008). Using this angle and reduction factor, the
daily wind-drift components were calculated from the
daily wind data at nearby grid points and then removed
from the original daily radar velocity.

Figure 2 shows an example of the monthly-averaged
surface current fields (August 2003). The monthly sur-
face current vector field clearly captures the SWC, which
flows from west to east across the Soya Strait and turns
southeastward along the coast. It also shows the south-
ward current along the west coast of Sakhalin, as pre-
dicted by numerical experiments (Ohshima and
Wakatsuchi, 1990; Ohshima, 1994). Zonal component of
the surface velocity around Sakhalin might be overesti-
mated, because the radial velocity components observed
by the HF radars at outer ranges are noisier and the azi-

muth angle between the looking angles of the stations is
narrow at these ranges.

2.2  Tide gauge records
Previous studies (e.g., Aota, 1975, 1984; Matsuyama

et al., 1999; Ebuchi et al., 2006) reported that the surface
velocity of the SWC is closely related to the sea level
difference between the Seas of Japan and Okhotsk, since
the SWC is considered to be driven by the sea level dif-
ference between these two seas (Aota, 1975, 1984;
Ohshima, 1994; Lyu and Kim, 2005). In this study the
sea level data from two tide gauge stations, Wakkanai
(labeled WK in Fig. 1(a)) and Abashiri (AB in Fig. 1(a)),
are used to represent the sea level variations in the Seas
of Japan and Okhotsk, respectively. A 48-hour tide-killer
filter developed by Hanawa and Mitsudera (1985) was
applied to the hourly tide gauge records at these stations
to eliminate the tidal variation precisely. The daily-mean
sea levels were then calculated, and an atmospheric pres-

Fig. 2.  Example of the monthly averaged surface current vec-
tor field after removing wind drift (August 2003).

Fig. 3.  Time series of the sea levels at Wakkanai and Abashiri
and the difference between them (Wakkanai–Abashiri) from
August 2003 to March 2007. For clarity the time series are
drawn with a vertical shift, and dashed lines indicate zero,
which is relative to T.P. (Tokyo Peil).

Fig. 4.  Time series of the daily-averaged near-surface (9–13
m) velocity component in the southeastward direction ob-
served by the bottom-mounted ADCP from May 2004 to
May 2005.
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sure correction was performed using the daily-mean sea
level pressure observed at weather stations in Wakkanai
and Abashiri. The time series at Wakkanai and Abashiri
from August 2003 to March 2007 are shown in Fig. 3.
The time series of the two tide gauge stations have been
recorded since January 1968.

2.3  Bottom-mounted ADCP data
An ADCP (RD Instruments WH-Sentinel 300 kHz)

was deployed 25 km off the coast of Hokkaido, where
the water depth was approximately 90 m (Fig. 1(a)). The
ADCP was housed in a trawl-resistant bottom mount (Flo-
tation Technologies AL-200) to avoid damage from fish-
ing activity. The measurement was carried out hourly from
25 May 2004 to 24 May 2005. The ADCP obtained valid
data in nineteen 4-m bins from 81–85 m to 9–13 m. To
remove the tidal components, a 25-hr running mean filter
was applied to the data, after which daily average values
were calculated. The daily-averaged, near-surface (9–13
m) velocity component in the direction of 154° (clock-
wise from north), which is the mean direction of the SWC
at this point, was used in this study. The time series is

shown in Fig. 4. Details of the ADCP observation and
analyses of the current profile data were presented by
Fukamachi et al. (2008). Although the time series of the
near-surface currents observed by the ADCP was shorter
than that of the radar data, the ADCP observations at 9–
13 m depth were considerably less affected by wind drift
than the surface currents observed by the HF radars.

2.4  Wind and wind stress fields
In Section 4 we present the relationship between

variations in the SWC and the wind stress fields over the
region. We utilized two sets of marine surface wind data
from operational meteorological models of the European
Centre for Medium-range Weather Forecasts (ECMWF).
The ECMWF/WCRP level III-A Global Atmospheric
(TOGA) Data Sets were used for the period from August
2003 to March 2007, which covers the observation pe-
riod of the HF radars. The spatial resolution of the data
sets is 2.5° × 2.5° and the temporal interval is 12 hours.
The ECMWF Re-analysis (ERA-40) level III-B Global
Atmospheric Data Archive was used for the period from
January 1968 to August 2002. The spatial resolution of

Fig. 5.  Monthly-averaged profiles of the southeastward velocity component across Line-A (Fig. 1(a)) with respect to the distance
from the coast from August 2003 to July 2004. Horizontal bars indicate the standard deviations calculated from daily-aver-
aged velocity profiles.
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the data set is 1.125° × 1.125° and the temporal interval
is 6 hours. The ERA-40 was used for the analysis of the
historical tide gauge records from 1968. The 10-m height
wind velocity from the datasets was converted to the sur-
face wind stress using the drag coefficient proposed by
Smith (1988), ignoring the stability effects of the surface
boundary layer and existence of sea ice. The wind stress
was averaged daily at each grid cell and the daily-mean
surface wind stress fields were used in this study.

3.  Seasonal and Interannual Variations in the SWC
Daily southeastward current components across Line-

A (Fig. 1(a)) were averaged monthly and are shown with
standard deviations in Fig. 5 for the one-year period from
August 2003 to July 2004. This line was selected since
the surface current velocity of the SWC was strongest in
this area (e.g., Fig. 2) and the data acquisition rate was
relatively high. The monthly mean profiles show a clear
seasonal variation. The velocity of the SWC reached a
maximum of approximately 100 cm s–1 in summer (Au-
gust and September) and became weak in winter (Janu-
ary and February). The current axis was located 20 to 40
km from the coast in this region, and the typical width of
the SWC was approximately 50 km. These features of

the SWC are consistent with the results of previous stud-
ies (Aota, 1984; Matsuyama et al., 1999). The standard
deviations in summer and fall, when the SWC was strong,
were smaller than those observed in winter, indicating
the robust structure of the SWC in summer. No offshore
data were obtained in February 2004 because of sea ice
coverage.

Figure 6 shows year-to-year variations of the
monthly-mean current profiles from August 2003 to
March 2007. The almost identical seasonal cycle was re-
peated in these years, although some profiles indicated
the presence of interannual variations. In 2004 the SWC
was stronger in May and June than in other years, but
weaker in August and September, when the locations of
the velocity peak were closer to the coast. In December
2004 the southeastward velocity was stronger and ex-
tended farther offshore, compared to other years. In 2005
the SWC almost disappeared in December, despite hav-
ing a velocity of 20–30 cm s–1 in December of other years.

Daily surface transport across Line-A was defined
by integration of the daily southeastward current compo-
nent along the line from the coast to a point at which the
component becomes negative. If the current components
were positive at all grid cells along the line, the integra-

Fig. 6.  Yearly variations of the monthly-averaged profiles of the southeastward current velocity component across Line-A.
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tion was truncated at the farthest point (approximately
60 km from the coast). Figure 7 shows the time series of
the surface transport (thick line). The surface transport
also clearly shows seasonal variations in which the maxi-
mum surface transport occurred in summer to fall, and
the minimum surface transport occurred in winter. The
time series of the near-surface velocity observed by the
bottom-mounted ADCP in Fig. 4 also shows similar sea-
sonal variations.

The driving force of the SWC is ascribed to the sea
level difference between the Seas of Japan and Okhotsk
(Aota, 1975, 1984; Ohshima, 1994; Lyu and Kim, 2005).
Most previous studies conventionally used the sea level
difference between the Wakkanai (WK in Fig. 1(a)) and
Abashiri (AB) tide gauge stations to represent the sea level
difference between the two seas. A time series of sea level
difference (same as in Fig. 3) is shown in Fig. 7 for com-
parison (thin line). The surface transport of the SWC and
the sea level difference shows a good correlation with a
correlation coefficient of 0.787. This result confirms that
the SWC is driven by the sea level difference between
the Seas of Japan and Okhotsk. Both time series also ex-
hibit variations with time scales of approximately 10 to
15 days. These subinertial variations are discussed in the
following section.

According to Figs. 6 and 7, it seems that interannual
variations in the seasonal cycle of the SWC are not very
significant. In Fig. 7 the sea level difference between
Wakkanai and Abashiri, which is used to represent the
intensity of the driving force of the SWC, shows similar
seasonal cycles for the four years of the study. Under this
condition, the structure of the SWC in this region, in-
cluding the intensity of the current, location of the cur-
rent axis, and shape of the horizontal velocity profile, did
not change greatly, as shown in Fig. 6. This result might
be interpreted in the light of the fact that the structure of
the SWC in this region is controlled by the effects of bot-
tom topography as coastal boundary current (Ohshima and

Wakatsuchi, 1990). However, historical sea level records
at these tide gauge stations show that the sea level differ-
ence between the Seas of Japan and Okhotsk varies sig-
nificantly over interannual and decadal scales (e.g.,
Matsuyama et al., 1999; Minobe and Nakamura, 2004).
Further studies using the longer time series of the current
field data from HF radar and ADCP measurement are
needed to clarify the interannual to decadal variations in
the structure of the SWC.

Tsujino et al. (2008) investigated mechanisms gov-
erning the mean state and seasonal variation of the vol-
ume transports through the straits of the Sea of Japan us-
ing a simple analytical model and a basin-scale general
circulation model. They simulated the seasonal variation
of the volume transport through the Tsushima/Korea
Strait, which is very similar to that observed by Takikawa
et al. (2005). We believe that the seasonal variation of
the volume transport through the Soya Strait and the mass
budget of the Sea of Japan are of great interest. In this
paper, however, we do not directly compare the observa-
tions by the HF radars with the results supplied by the
models of Tsujino et al. (2008), because the HF radars
only measure the surface velocity fields and cannot di-
rectly observe the volume transport of the SWC. In order
to discuss relationships between the seasonal variations
in the SWC and those of other straits, such as Tsushima/
Korea, and, Tsugaru Straits, we have to estimate the vol-
ume transport accurately. Fukamachi et al. (2008) esti-
mated the SWC volume transport by combing the verti-
cal velocity profiles measured by a bottom-mounted
ADCP with surface current fields derived from the HF
radar system for one year only. However, the ADCP data
are not available for the whole period of the HF radar
observation. An ADCP observation campaign is now
underway in this region, and we shall explore the sea-
sonal variation in the SWC volume transport and its rela-
tionship with those in the other straits in the near future.

4.  Subinertial Variations in the SWC
Figure 7 shows that subinertial variations exist in the

Fig. 7.  Daily surface transport of the SWC (thick line) across
Line-A and sea level difference between Wakkanai and
Abashiri (thin line).

Fig. 8.  Daily surface transport of the SWC (thin line) and sea
level difference between Wakkanai and Abashiri (dashed
line) for one year starting from August 2003.
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SWC surface transport as well as the sea level difference
along the Soya Strait with a temporal scale of approxi-
mately 10–15 days. Figure 8 is a close-up of Fig. 7 for
the one-year period after August 2003. The surface trans-
port and sea level difference oscillated coherently with a
period of 10–15 days. These subinertial variations are also
discernible in the near-surface current velocity observed
with the bottom-mounted ADCP (Fig. 4). These velocity
variations were observed from the surface to the bottom
in the ADCP data, though the amplitude decreased slightly
toward the bottom (data not shown here). Similar winter-
time variations in the SWC were also reported by Aota
and Kawamura (1978), although the generating mecha-
nism of the variations was not clarified. In this section
we explore possible generating mechanisms of the
subinertial variations.

Figure 9 shows the variance-preserving spectra of
the sea levels at (a) Wakkanai and (b) Abashiri, (c) the
sea level difference (Wakkanai–Abashiri), (d) the surface
transport observed by the HF radars, and (e) near-surface
(9–13 m depth) velocity observed by the bottom-mounted
ADCP. The spectra in panels (a)–(d) were calculated from
the time series for 1024 days starting in August 2003,
while the spectrum in panel (e) was calculated from the
time series for 363 days from May 2004 with zero pad-
ding. Gaps in the time series were filled by linear inter-
polation. The mean and trend were removed from all the
time series by fitting linear functions. Fast Fourier Trans-

form (FFT) analysis was used to calculate the spectra. A
Hanning filter was applied 20 times to smooth the spec-
tra. The 95% confidence intervals were estimated accord-
ing to Emery and Thomson (2001) and are shown in the
figure.

In the spectra of the sea level difference (c), surface
transport (d) and near-surface velocity (e), a broad peak
at a frequency ranging from 5 to 20 days representing the
subinertial variations can be discerned, together with a
peak corresponding to the annual cycle. The period of
the subinertial variations is longer than those of a
Helmholtz resonance caused by atmospheric pressure
variations (3–5 days, e.g., Lyu et al., 2002; Park and Watts,
2005), and of the shear instability of the SWC (1–3 days,
Ohshima and Wakatsuchi, 1990).

Onishi et al. (2004) analyzed a time series of vol-
ume transport of the Tsugaru Warm Current observed by
a shipboard ADCP and revealed a fortnightly oscillation.
They inferred that the difference in the long-period lunar
fortnightly (Mf) tide (13.66-day period) amplitude be-
tween the Sea of Japan and the North Pacific may have
been responsible for the oscillation. The Mf tide is more
energetic in the Sea of Japan, with an amplitude of 1–3
cm, while its amplitudes in the North Pacific and the Sea
of Okhotsk are considerably smaller (Japan Coast Guard,
1992). A similar mechanism might cause the subinertial
variations in the SWC, because it is driven by the sea
level difference between the Seas of Japan and Okhotsk.

Fig. 9.  Variance-preserving spectra of (a) the sea levels at Wakkanai and (b) Abashiri, (c) the sea level difference (Wakkanai–
Abashiri), (d) the surface transport observed by the HF radars, and (e) the near-surface (9–13 m depth) velocity observed by
the bottom-mounted ADCP. Unit of frequency is cycle per day (cpd). The frequency of the Mf tidal constituent is indicated by
dashed lines. The 95% confidence limit is shown by a vertical bar.
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In the spectrum of the sea level at Wakkanai (Fig.
9(a)) a sharp spike is discernible at the frequency of the
Mf tide (dashed line), while the peak of the Mf tide is
lower in the spectrum at Abashiri (Fig. 9(b)). This differ-
ence in the Mf tide amplitudes in the two seas caused a
sharp peak at the Mf tide frequency in the spectrum of
the sea level difference (Fig. 9(c)), as discussed by Onishi
et al. (2004). In Figs. 9(d) and (e), however, the spectral
peaks are broad and the energy is not concentrated at the
Mf tide frequency.

Figure 10 shows cross spectra between the sea level
difference and (a) the HF radar surface transport or
(b) ADCP near-surface velocity. The spectral analysis was
performed in the same way as for the power spectra shown
in Fig. 9. Negative phase indicates that the sea level dif-
ference leads. In the frequency band of the subinertial
variations around the period of 5–20 days (Fig. 9), the
coherence between the sea level difference and the sur-
face transport is generally high, as expected from the time
series in Figs. 7 and 8. The coherence between the sea
level difference and near-surface velocity is also high in

the same frequency band. The sea level variations slightly
lead the variations in the surface transport and near-sur-
face velocity in this frequency range. However, the co-
herence at the Mf tide frequency is very low compared to
those observed at the surrounding frequencies.

These results from the spectral analyses do not sup-
port the hypothesis that the subinertial variations in the
SWC are caused by the difference between the Mf tide
amplitudes in the Seas of Japan and Okhotsk. Although
we consider the fact that the lengths of time series of the
HF radar and bottom-mounted ADCP data are limited and
acknowledge that several gaps in the time series have been
filled by linear interpolation, the spectral peaks in Figs.
9(d) and (e) are considerably broader than those expected
to be generated by the Mf tidal constituent. The coher-
ence between the sea level difference and SWC surface
transport or near-surface velocity at the Mf tide frequency
is very low, as shown in Fig. 10. In Figs. 3(a) and (b) the
subinertial variations are discernible not only in the sea
level in Wakkanai but also in Abashiri, implying that the
subinertial variations in the sea level difference in Fig.
3(c) are not generated solely by the contribution from the
Sea of Japan, where the Mf tide amplitude is consider-
ably larger than in the Sea of Okhotsk. Based on these
results it is difficult to interpret all the subinertial varia-
tions in the SWC using only the Mf tide amplitude differ-
ence between the two seas, although the Mf tide is likely
to contribute, at least partially, at a specific frequency.

Instead of the Mf tide amplitude difference, we ex-
amined the contribution of synoptic winds for the gen-
eration of subinertial variations in the SWC. Figure 11
shows the lag correlation between the ERA-40 wind stress
fields and sea level difference (Wakkanai–Abashiri) for
the period from January 1968 to August 2002. The azi-
muth direction of the wind stress component, which gives
the maximum correlation with the sea level difference, is
shown by the direction of the arrows, and the maximum
correlation coefficient is denoted by the length of the ar-
rows and contours. The maximum value of the correla-
tion coefficient (0.564) is found in the vicinity of the Soya
Strait with a one-day lag (middle panel), implying that
the variations in the wind stress field lead those of the
sea level difference by one day. The sea level difference
is correlated with meridional wind stress, and southerly
winds were observed to increase the sea level difference.

Given the result that the sea level difference between
the Seas of Japan and Okhotsk is correlated with the me-
ridional wind stress, we consider coastally trapped waves
(CTWs) generated along the east and west coasts by the
meridional wind as a possible mechanism causing the
subinertial variations in the sea level difference and the
velocity field of the SWC. Figure 12 shows a diagram of
the mechanism. The coastlines of Sakhalin and Hokkaido
are simplified to two meridional boxes (c.f., Fig. 1(b)).

Fig. 10.  Cross spectra of the sea level difference (Wakkanai–
Abashiri) with (a) the HF radar surface transport and
(b) ADCP near-surface velocity. Top and bottom panels
show the squared-coherence and phase, respectively. Nega-
tive phase indicates that the sea level difference leads. The
frequency of the Mf tidal constituent is indicated by verti-
cal dashed lines, while horizontal dashed lines in upper
panels represent the 95% confidence limit. Dashed curves
in lower panels indicate phase lags (sea level leads) of 12
(upper), 24 (middle), and 48 (lower) hours, respectively.
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The Seas of Japan and Okhotsk, which are located west
and east of the boxes, are connected by a narrow, shallow
zonal strait (Soya Strait). Continental shelves extend along
the coastlines west and east of the boxes. We assumed
that a spatially uniform southerly wind blows over this
region. The meridional wind generates CTWs propagat-
ing northward along the west coast and southward along
the east coast (e.g., Gill and Schumann, 1974; Gill, 1982).
In the case of the southerly wind, CTWs set up the sea
level toward the coast in the Sea of Japan, whereas they
decrease the sea level toward the coast in the Sea of
Okhotsk. As a result, the sea level difference is enhanced
by the CTWs propagating on both sides of the strait. Con-
versely, the sea level difference is reduced under the north-
erly wind. The sea level difference along the strait is be-
lieved to respond to the wind with some delay due to the
propagation of the CTWs. Takeyama (2002) and Ishikawa
(2007) presented similar ideas for interpreting the rela-
tionship between subinertial variations in the SWC and
synoptic winds considering the effects of continental shelf
waves.

The mechanism described above is qualitatively con-
sistent with the results shown in Fig. 11. The variations
in the sea level difference are thought to produce the
subinertial variations in the current velocity of the SWC.
Mizuta et al. (2005) analyzed long-term current meas-
urements of the East Sakhalin Current off the east coast
of Sakhalin Island and reported that the subinertial varia-
tions of the current velocity could be interpreted as CTWs
generated by alongshore wind stress.

In order to confirm the relationship between the
meridional wind and sea level difference, a cross spec-
trum between the ERA-40 meridional wind stress com-
ponent and sea level difference was calculated for the

period from January 1968 to August 2002. A grid cell lo-
cated east of Sakhalin (47.25°N, 145.125°E) was selected
for the ERA-40 wind stress to avoid the effects of land.
Gaps in the time series of the sea level difference were
filled by linear interpolation. The time series were divided
into 12 segments with a length of 1024 days. The mean
and trend were removed from all the samples of the time
series by fitting linear functions. The FFT analysis was
used to calculate the quadrature spectra. The 12 quadrature
spectra were averaged and a Hanning filter was applied 4
times to smooth the spectra.

Figure 13 shows the (a) variance-preserving spectra
of the ERA-40 meridional wind stress, (b) of the sea level

Fig. 11.  Lag correlation between the ERA-40 wind stress fields and sea level difference (Wakkanai–Abashiri) from January 1968
to August 2002. The azimuth direction of the wind stress component, which gives the maximum correlation with the sea level
difference, is shown by the direction of arrows, and the maximum correlation coefficient is shown by the length of arrows and
contours. Negative lag time indicates that the wind stress field leads the sea level difference.

Fig. 12.  Diagram of the generation mechanism of the subinertial
variations in the SWC by wind-generated coastally trapped
waves (CTWs).
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Fig. 14.  Cross spectra of the ECMWF meridional wind stress
at (47.5°N, 145.0°E) with (a) the HF radar surface trans-
port and (b) ADCP near-surface current velocity. Top and
bottom panels show the squared coherence and phase, re-
spectively. Negative phase indicates that the meridional
wind stress leads. The frequency of the Mf tidal constituent
is indicated by dashed vertical lines, while the horizontal
dashed lines in upper panels represent the 95% confidence
limits. Dashed curves in the bottom panels indicate phase
lags (wind leads) of one (upper) and two (lower) days, re-
spectively.

Fig. 13.  Variance-preserving spectra of (a) the ERA-40 me-
ridional wind stress at (47.25°N, 145.125°E) and (b) sea
level difference (Wakkanai–Abashiri), and (c) the squared
coherence and (d) the phase of the cross spectrum between
them, calculated for the period from January 1968 to Au-
gust 2002. Negative phase indicates that the meridional wind
stress leads. The 95% confidence limit is indicated by a
vertical bar in (a) and (b) and by a horizontal dashed line in
(c). The frequency of the Mf tidal constituent is indicated
by dashed vertical lines. Dashed curves in (d) indicate phase
lags (wind leads) of one (upper) and two (lower) days, re-
spectively.

difference, (c) the squared coherence, and (d) phase of
the cross spectrum between them. The variance-preserv-
ing spectrum of the meridional wind stress has two peaks;
one at lower frequency corresponds to the annual cycle,
and the other at 3–5 day periods represents synoptic vari-
ations of the wind stress fields. As Fig. 9(c) also shows,
the spectrum of the sea level difference exhibits a broad
peak around the 5–20 day period with a sharp spike at the
Mf tide frequency. The coherence also shows a broad peak
in the frequency range of the subinertial variations. The
phase indicates that the sea level difference was delayed
by one to two days from the meridional wind stress vari-
ations in this frequency range (see the dashed curves in
Fig. 13(d)). These results are consistent with those shown
in Fig. 11 and support the mechanism in which the
subinertial variations in the sea level difference are caused
by the wind-generated CTWs, as depicted schematically
in Fig. 12. In Figs. 13(a) and (b), the spectrum of the
meridional wind stress has a peak around 5 days, while
that of the sea level difference has a peak around 10 days.

This difference in the peak periods implies that the re-
sponse of the CTWs to the alongshore winds depends on
the frequency. One can readily imagine that the CTWs
are unable to respond to wind variations at very high fre-
quency and that they may act as a low-pass filter (e.g.,
Gill and Schumann, 1974; Gill, 1982).

Cross spectra of the ECMWF meridional wind stress
with the HF radar-derived surface transport and ADCP-
derived near-surface current velocity were calculated us-
ing the wind stress data at one grid cell at (47.5°N,
145.0°E) and are shown in Fig. 14. The same procedure
was used to calculate the cross spectra as those shown in
Fig. 10. The result confirms that the surface transport and
near-surface velocity of the SWC varied coherently with
the meridional wind stress in the frequency range of 5–
20 day periods, with a phase lag of one to two days (see
the dashed curves in lower panels of Fig. 14). These re-
sults also support the generation mechanism of the
subinertial variations described above.

Figure 15 shows the cross spectra between the ERA-
40 meridional wind stress component and sea levels at
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Fig. 15.  Cross spectra of the ERA-40 meridional wind stress at
(47.25°N, 145.125°E) with the sea levels at (a) Wakkanai,
and (b) Abashiri. Top and bottom panels show the squared
coherence and phase, respectively. Negative phase indicates
that the meridional wind stress leads. The frequency of the
Mf tidal constituent is indicated by dashed vertical lines,
while the horizontal dashed lines in upper panels represent
the 95% confidence limits. Dashed curves in the bottom
panels indicate phase lags (wind leads) of one (upper) and
two (lower) days, respectively.

the subinertial frequency range. However, the cross spec-
trum between the sea levels at Wakkanai and Abashiri
(not shown) showed neither significant coherence nor a
180° phase difference in the frequency range. We may
interpret the results as follows. The anomaly in the sea
level difference caused by the CTWs produces an anomaly
in the current. By the geostrophic balance, the anomaly
in the current sets up the sea level along the coast, which
is in-phase in Wakkanai and Abashiri and tends to reduce
the sea level difference caused by the CTWs. This ad-
justment might smear the coherence and phase relation-
ship between the sea levels at Wakkanai and Abashiri.

Along the east coast of Sakhalin, Mizuta et al. (2005)
clearly revealed the southward propagation of CTWs at
subinertial frequencies (4 to 26 days) by analyzing long-
term current measurements. Since we could not obtain
sea level data along the east coast of Sakhalin and the
number of tide gauge stations located in northern
Hokkaido is very limited, we cannot exhibit the propaga-
tion of the CTWs using sea level data. From the results
of Mizuta et al. (2005), however, it is reasonable to con-
sider that sea level variations caused by the CTWs are
dominant in the subinertial frequency range.

Several possible mechanisms have been proposed to
explain how synoptic wind forcing over a narrow, shal-
low strait affects the volume transport through the strait.
Lyu and Kim (2005) reported that the volume transport
of the Tsushima Current through the Korea/Tsushima
Strait is correlated with wind stress along the strait with
a time scale of monthly periods, suggesting that the
alongshore wind stress directly drives the strait flows.
They estimated the effect of wind stress along the Soya
Strait on the SWC volume transport to be one order of
magnitude smaller than that of the Tsushima Current.
Conversely, Jacobs et al. (2005) reported a correlation
between the volume transport of the Tsushima Current
and the wind stress across the strait in a synoptic fre-
quency band (2–20 days), suggesting a Kelvin wave
propagation as a possible mechanism. Ko et al. (2003)
reported that observed current reversals at the Taiwan
Strait could be explained by the combination of local wind
stress over the strait and remote wind stress in the Yellow
and East China Seas, the effect of which is provided by
CTWs. The primary mechanism through which synoptic
wind variation affects the current field and volume trans-
port in a strait may depend on the shape of the coastlines
and bathymetry surrounding the strait. The wind-gener-
ated CTWs, as proposed in this study, could be one of the
possible physical mechanisms responsible for subinertial
variations in a strait with straight coastlines with conti-
nental shelves, like the Soya Strait.

5.  Summary and Concluding Remarks
Subinertial and seasonal variations in the SWC have

(a) Wakkanai and (b) Abashiri, respectively. The same
procedure was used to calculate the cross spectra as those
for Fig. 13. The sea levels at both stations exhibit signifi-
cant coherence with the meridional wind stress in the
subinertial frequency range, although the coherence of
the sea level at Abashiri is higher than that at Wakkanai.
The coherence at Abashiri is higher in shorter periods (<10
days), while that at Wakkanai is higher in longer periods
(>10 days). The phase relationship with the meridional
wind stress is 180° opposed between Wakkanai and
Abashiri, with time lags of one or two days from the wind
stress in this frequency range. A positive meridional wind
stress (i.e., southerly wind) generates a high sea level at
Wakkanai and a low sea level at Abashiri with a lag of
one or two days. This result also coincides with the sche-
matic image in Fig. 12.

When the CTWs propagate along the east coast of
Sakhalin and west coast of Hokkaido, the CTWs are ex-
pected to cause opposite anomalies in the sea levels along
the both coasts, as depicted in Fig. 12. The sea levels at
Wakkanai and Abashiri are expected to be out of phase in
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been investigated using data obtained by the HF ocean
radars, coastal tide gauges, and a bottom-mounted ADCP.
The HF radars clearly captured the seasonal variations in
the surface current fields of the SWC. The velocity of the
SWC reached its maximum, approximately 100 cm s–1,
in summer and fall, and became weaker in winter. The
velocity core is located 20 to 30 km off the coast, and its
width is approximately 50 km. A similar seasonal cycle
was observed in the period from August 2003 to March
2007. Interannual variations were also discernible to some
extent, although the time series analyzed in this paper
are not long enough to discuss interannual variations in
the SWC. In addition to the annual and interannual vari-
ations, the SWC exhibited subinertial variations with a
period of 5–20 days. The surface transport by the SWC
shows a significant correlation with the sea level differ-
ence between the Seas of Japan and Okhotsk as derived
from the coastal tide gauge records at Wakkanai and
Abashiri, for both seasonal and subinertial variations.
These results indicate that the SWC is driven by the sea
level difference between the two seas.

The generation mechanisms of the subinertial varia-
tions are here discussed using the surface transport esti-
mated from the HF radar velocity fields, the near-surface
current velocities observed by the ADCP, and the sea level
difference between the Seas of Japan and Okhotsk de-
rived from the coastal tide gauge records, together with
wind data from the ECMWF analyses. The difference in
the Mf tide amplitudes between the two seas may not be
responsible for the subinertial variations, although Onishi
et al. (2004) inferred that the fortnightly oscillations in
the Tsugaru Warm Current may be caused by the differ-
ence between the Sea of Japan and the North Pacific. The
differences of the shape of the coastlines and bathymetry
in and around the Soya and Tsugaru Straits may be one of
the reasons for the difference in generating mechanisms.

The results show that subinertial variations in the
SWC are significantly correlated with the meridional wind
stress component over the region. The subinertial varia-
tions in the sea level difference and surface current are
delayed from the meridional wind stress variations by one
or two days. We conclude that sea level difference through
the strait caused by wind-generated CTWs on the east
coast of Sakhalin and west coast of Hokkaido can be con-
sidered as a possible mechanism causing the subinertial
variations in the SWC. Further studies using numerical
models are needed to explore the physical mechanisms
of the subinertial variations in the SWC in detail. As dem-
onstrated by this study, the subinertial variations have a
significant influence on the intensity of the SWC and are
expected to have a marked impact on the marine environ-
ment and fisheries in this region. An understanding of
the physical mechanisms is necessary for accurate pre-
diction of the variations in the SWC.
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