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Abstract 25 

Three High Frequency (HF) ocean radars were installed at the Soya/La Perouse Strait to monitor the 26 

surface current fields of the Soya Warm Current (SWC), which flows through the strait from the 27 

Sea of Japan to the Sea of Okhotsk. These ocean radars were operated for 19 years, from August 28 

2003 to March 2022. In this paper, seasonal to interannual variations in the SWC were investigated 29 

using surface current fields obtained by the HF ocean radars combined with coastal tide gauge 30 

records and sea level anomaly from satellite altimetry. The HF ocean radars clearly captured the 31 

seasonal and interannual variations in the SWC. The alongshore surface velocity of SWC showed a 32 

high correlation with the alongshore sea level difference (SLD) between the Sea of Japan and the 33 

Sea of Okhotsk if seasonal variations were included. However, anomalies of the SLD and SWC 34 

alongshore velocity exhibited a lower correlation, especially in summer. This suggests that different 35 

mechanisms may be involved in summer and winter. The alongshore SLD between Wakkanai and 36 

Abashiri, which has been utilized in previous studies as an indicator of SWC intensity, may not be 37 

appropriate for representing interannual variations in the SWC intensity in summer, when the SWC 38 

reaches the maximum current velocity. Instead, it was demonstrated that the offshore SLD anomaly 39 

estimated using satellite altimetry with the coastal tide gauge record at Wakkanai could be a better 40 

index for representing the interannual variations throughout the year. 41 

 42 

 43 
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boundary current 45 

 46 

47 



 3 

1. Introduction 48 

The Soya Warm Current (SWC) flows from the Sea of Japan to the Sea of Okhotsk through the 49 

Soya/La Perouse Strait and is part of the Tsushima Warm Current System or the Japan Sea Through 50 

Flow (Kida et al., 2016, 2021). In the Sea of Okhotsk, the SWC flows along the coast of Hokkaido 51 

Island as a coastal boundary current (Hanawa, 1984). The SWC carries warm and saline water into 52 

the Sea of Okhotsk and affects oceanic and coastal environments. Based on field observations, 53 

previous studies (e.g., Aota, 1984; Aota and Matsuyama, 1987; Matsuyama et al., 1999, 2006) have 54 

revealed the structure, seasonal variations and driving mechanisms of the SWC. The dynamics of 55 

the SWC have been discussed in theoretical studies (e.g., Ohshima and Wakatsuchi, 1990; Ohshima, 56 

1994; Mitsudera et al., 2011; Karaki et al., 2018). The SWC is ascribed to be driven by the sea level 57 

difference (SLD) between the Sea of Japan and the Sea of Okhotsk. The SLD between Wakkanai 58 

and Abashiri is commonly used to represent the SWC strength (Fig. 1). 59 

 60 

Interannual variations in the SWC have not been revealed because long-term continuous 61 

observations have not been conducted due to difficulties in field observations. Geopolitical issues in 62 

the border strait and severe winter weather, including sea ice, have prevented research cruises 63 

across the strait. Because of the high fishing activity in this area, long-term observations using 64 

moored instruments are not possible. The barotropic structure of the SWC does not allow estimation 65 

of the geostrophic current from hydrographic observations and requires direct current measurements 66 

(e.g., Aota, 1984; Matsuyama et al., 1999, 2006). Frequent repeated observations are required 67 

because of the strong tidal current (mainly diurnal constituents) in and around the strait (e.g., Aota 68 

and Matsuyama, 1987; Odamaki, 1994). 69 

 70 

To overcome these difficulties in in-situ measurements, High Frequency (HF) ocean radars (e.g., 71 

Barrick et al., 1977; Prandle, 1991) were installed around the Soya Strait, and continuous 72 
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observations of the surface current vectors over the strait were conducted for 19 years, from August 73 

2003 to March 2022. Ebuchi et al. (2006) compared the surface current velocity measured by the 74 

HF ocean radars with in-situ measurements using drifting buoys and shipboard Acoustic Doppler 75 

Current Profiles (ADCPs) and confirmed reasonable agreement. Analyzing the HF ocean radar data, 76 

they also described the tidal currents in this region and seasonal and short-term variations in the 77 

SWC. Ebuchi et al. (2009) investigated the subinertial variations in the SWC using data obtained 78 

from the HF ocean radars, coastal tide gauges, and a bottom-mounted ADCP. Fukamachi et al. 79 

(2008, 2010) estimated the volume transport of SWC by combining surface velocity fields from the 80 

HF ocean radars and vertical velocity profiles from bottom-mounted ADCPs. Ohshima et al. (2017) 81 

and Ohshima and Kuga (2023) attempted to compose a long-term time series of SWC volume 82 

transport by combining data from the HF ocean radars, historical hydrographic observations, and 83 

tide gauge records. 84 

 85 

The objective of this paper is to clarify the seasonal to interannual variations in the SWC and 86 

provide information to discuss dynamics of the SWC through relationships with coastal sea level 87 

variations. We analyzed the surface current velocity fields over 19 years obtained by the HF ocean 88 

radars around the Soya Strait, together with tide gauge records and sea level data from satellite 89 

altimetry and discussed seasonal to interannual variations in the SWC. Section 2 describes the data 90 

used in this paper and data processing. The results and discussion are presented in Section 3. 91 

Section 4 presents a summary and concluding remarks. 92 

 93 

2. Data and data processing 94 

2.1. HF ocean radars  95 

In 2003, the Institute of Low Temperature Science, Hokkaido University, installed three HF ocean 96 

radar stations around the Soya Strait. Continuous monitoring of the surface current field of SWC 97 
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was started in August 2003. The locations of the stations are shown in Fig. 1 (solid circles with NS, 98 

SY, and SR labels). The installed HF ocean radars were SeaSonde systems manufactured by 99 

CODAR, Ltd. The central frequency is 13.9 MHz. Each radar station covered approximately 70 km 100 

from the station, with range and azimuth resolutions of 3 km and 5o, respectively. The radar 101 

measured the radial components of the surface current velocity as temporal averages over a period 102 

of 1 hour. By combining the radial velocity components measured at the three stations, the surface 103 

current vectors were composed using the least squares method on 3-km grids (dots in Fig. 1). 104 

Details of the radars, stations, and data processing are described by Ebuchi et al. (2006). Operation 105 

of the HF ocean radar stations was terminated in March 2022. We obtained a long-term continuous 106 

record of the SWC surface current field over 19 years, with several gaps spanning hours to months, 107 

due to various issues during observations. 108 

 109 

Ebuchi et al. (2006) compared surface current vectors derived from the HF ocean radars with 110 

measurements from surface drifting buoys and shipboard ADCPs (Acoustic Doppler Current 111 

Profilers). It was confirmed that the surface current velocity measured by the HF ocean radars 112 

agreed well with the in-situ measurements. The typical root-mean-square error was approximately 113 

20 cm s-1. Fukamachi et al. (2008, 2010) found a similar agreement with measurements using 114 

bottom-mounted ADCPs. 115 

 116 

We analyzed hourly surface current vector data observed by the HF ocean radars from August 2003 117 

to March 2022. To remove the tidal components, a 25-hour running average was applied to the 118 

hourly time series, and the daily vector-average current fields were composed. Wind drift 119 

components were removed using the method proposed by Zhang et al. (2016) with the GPV/MSM 120 

(Grid Point Values/Moso-Scale Model) surface wind field data from the Japan Meteorological 121 
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Agency (JMA). The monthly vector-average surface current fields were calculated from the daily 122 

mean field. 123 

 124 

2.2 Coastal sea level data 125 

Because the SWC is ascribed to be driven by the SLD between the Sea of Japan and the Sea of 126 

Okhotsk (Ohshima and Wakatsuchi, 1990; Ohshima, 1994), the SLD between the Wakkanai (WK 127 

in Fig. 1) and Abashiri (AB in Fig. 1) tide gauge stations has been commonly utilized to represent 128 

the strength of the SWC in previous studies (e.g., Aota, 1984, 1987). We obtained hourly tide gauge 129 

records from the two stations. A 48-hour tide killer filter developed by Hanawa and Mitsudera 130 

(1985) was applied to remove tidal constituents, and daily mean sea levels were calculated.  Static 131 

atmospheric pressure correction was applied using the daily mean sea level pressure data obtained 132 

at weather stations in Wakkanai and Abashiri. 133 

 134 

To discuss long-term variations in sea level based on tide gauge records, we must consider land 135 

movement. Figure 2 shows the vertical land displacement anomalies observed at the GPS stations 136 

operated by the Geological Survey, Japan. We used data from the Wakkanai and Shari GPS stations 137 

(WK and SH in Fig. 1), because operation of the Abashiri GPS station was started in 2014. The 138 

distance between the two stations is approximately 55 km. We confirmed that the vertical land 139 

displacements at Abashiri and Shari agreed very well for the period from 2014 to 2022. 140 

 141 

From 2003 to 2022, both stations rose continuously. However, the difference between the two 142 

stations remained almost constant before 2011 and began to decrease after 2011. The magnitude of 143 

variation during this period was approximately 3 cm. We applied a 13-month running average to 144 

remove short-term variations, and used it to correct for the effects of land motion in the sea level.  145 

 146 
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2.3. Satellite altimetry data 147 

Along-track sea level anomaly (SLA) data from the TOPEX/POSEIDON and Jason-1, -2, and -3 148 

satellite altimeters were used to represent the offshore sea level. We utilized the data products of 149 

delayed-time, mono-mission, along-track SLA provided by the Archiving, Validation, and 150 

Interpretation of Satellite Oceanographic Data (AVISO)/Altimetry. The data products were 151 

downloaded from the Copernicus Marine Data Store. As shown in Fig. 1, Track 025 passes across 152 

the coverage of the HF ocean radars. The temporal interval of the observations was 9.91 days and 153 

the spatial resolution along the track was 6.7 km. Because the altimeters cannot measure the SLA 154 

accurately in the coastal region, we attempted to estimate anomalies of the SLD across the SWC by 155 

combining the altimeter-derived offshore SLA and tide gauge records at the Wakkanai Station. 156 

 157 

3. Results and discussion 158 

Figure 3 shows the monthly variations in the observed surface current vector fields. The monthly 159 

mean current vectors were averaged over the entire observation period for each month. The SWC 160 

flows along the coast of Hokkaido and exhibits clear seasonal variations. It was strong in summer 161 

and weak in winter. The current velocity increases downstream of the Soya Strait. 162 

 163 

The magnitude of the alongshore velocity component across Line A (Figs. 1 and 3) is shown as a 164 

function of distance from the coast in Fig. 4. Line A was selected because the alongshore velocity 165 

was the strongest, and data acquisition rate was the highest in the observation area. The thin blue 166 

lines indicate the horizontal profile of alongshore velocity for each year. The thick red lines with 167 

error bars indicate the average and standard deviations over the entire observation period. It is clear 168 

that almost the same seasonal cycle was repeated during this period, although interannual variations 169 

in the strength and current axis location of SWC were also discernible. In summer, the axis of the 170 
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SWC is located 20-30 km from the coast, and the maximum velocity is 0.8-1.0 m s-1. In winter, the 171 

SWC almost disappeared from the surface current profile (see also Fig. 3). 172 

 173 

The alongshore current velocity was averaged in Box B, as indicated in Figs. 1 and 3, which is 174 

approximately located at the axis of the SWC and expands from 20 to 40 km offshore and 15 x 15 175 

km in the zonal and meridional directions. The time series is shown in Fig. 5, along with the 176 

alongshore SLD between Wakkanai and Abashiri. As demonstrated in previous studies (e.g., Aota, 177 

1984; Aota and Matsuyama, 1987; Ebuchi et al. 2006, 2009), the two time series showed good 178 

correlation with a correlation coefficient of 0.871 because they exhibited distinct seasonal variations. 179 

 180 

Figure 6 shows the seasonal variations averaged over the entire observation period together with the 181 

standard deviations in the 19 years. Although the alongshore velocity and alongshore SLD varied in 182 

phase, a broader summer peak was discernible in the SLD than in the alongshore velocity. Seasonal 183 

variations were dominant in the two long-term time series, resulting in a high correlation between 184 

them, as shown in Fig. 5. 185 

 186 

Anomalies were calculated from the two time series shown in Fig. 5 by subtracting the mean 187 

seasonal variation shown in Fig. 6. The results are shown in Fig. 7. The correlation coefficient was 188 

0.584. Some peaks coincided in the two time series, whereas others did not. Variations at the 189 

decadal scale, including a recent increasing trend in the SWC, were also discernible in both the 190 

velocity and SLD anomalies. The amplitude of this trend was approximately 5 cm. This implies that 191 

the difference in vertical land displacements shown in Fig. 2 is not negligible, and a correction for 192 

land displacement is needed to investigate long-term variations in the coastal tide gauge records.  193 

 194 



 9 

Scatter plots of the two time series with (Fig. 5) and without (Fig. 7) seasonal variations are shown 195 

in Fig. 8. The differences in the correlations are shown in Fig. 8. The correlation coefficient 196 

between the anomalies of the alongshore current velocity in Box B and the alongshore sea level 197 

difference between Wakkanai and Abashiri was calculated for each month. The slope of regression 198 

line was also calculated by the Principal Component Analysis (PCA). The results are shown in Fig. 199 

9. The correlation coefficient was high in the winter and low in the summer, although some 200 

fluctuations were observed. The slope also exhibited seasonal variation in concert with the 201 

correlation coefficient. Especially data from August to October showed higher values of the slope. 202 

 203 

In Fig. 8(b), the number of data points, correlation coefficients, and slope calculated by the PCA 204 

though a year are 215, 0.584, and 3.34 cm s-1/cm, respectively. In Fig. 8, blue dots, red open circles 205 

and red dots indicate data obtained in winter (November-April) and summer (May-July, and 206 

August-October), respectively. In Fig. 8(b), the anomalies of the alongshore SLD and the 207 

alongshore velocity of the SWC correlated better in winter than in summer, especially in August-208 

October, as shown in Fig. 9. The correlation coefficients are 0.750 and 0.411, and the slope 209 

calculated by the PCA are 3.59 and 9.34 cm s-1/cm for winter and summer, respectively. In Fig. 8(a), 210 

a good linear relationship between the alongshore SLD and alongshore velocity is discernible in the 211 

lower range of these parameters, which corresponds to the winter data (blue dots). In summer (red 212 

dots and red open circles, higher alongshore SLD and alongshore velocity), the velocity did not 213 

seem to correlate well with the SLD. This result is consistent with that reported by Ohshima et al. 214 

(2017) for the volume transport of SWC. 215 

 216 

These results suggest that different mechanisms work in the generation and maintenance of SWC in 217 

winter and summer. Fukamachi et al. (2008, their Fig. 2) and Fukamachi et al. (2010, their Fig. 4) 218 

exhibited seasonal variations in the SWC vertical velocity profile. In winter, the SWC shows a 219 
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barotropic structure, and the SLD between the Sea of Japan and Sea of Okhotsk is directly related to 220 

the strength of the surface current. The SLD is considered to be governed by sea level in the Sea of 221 

Okhotsk, which is largely affected by wind-generated arrested topography waves (Csanady, 1978), 222 

as already reported in previous studies (e.g., Simizu and Ohshima, 2006; Ohshima et al., 2017; 223 

Tsujino et al., 2008; Kida et al., 2016, 2021). In summer, the SWC becomes more baroclinic, and 224 

vertical stratification may affect the vertical structure of SWC. This may reduce the correlation 225 

between the SLD and surface current velocity. The results shown in Figs. 8 and 9 is in concert with 226 

the seasonal variations in the vertical velocity structure of the SWC, as observed by Fukamachi et al. 227 

(2008, 2010). According to the results, the alongshore SLD between Wakkanai and Abashiri may 228 

not be a good indicator of the strength of SWC in summer on interannual time scales, although it 229 

has been used conventionally.  230 

 231 

In the offshore direction, the geostrophic balance between the Coriolis force and the pressure 232 

gradient is considered to hold in the SWC. In this balance, the alongshore surface current velocity 233 

should be proportional to the offshore SLD, which is an ideal indicator of the strength of SWC. To 234 

estimate the offshore SLD, we required a tide gauge record from a station on Sakhalin Island, which 235 

is currently very difficult to obtain. Instead, in this study, we attempted to estimate the offshore 236 

SLD anomaly using satellite altimetry. 237 

 238 

As shown in Fig. 1, the ground track 025 of the TOPEX/POSEIDON, Jason-1, -2, and -3 altimeters 239 

passing the observation are of the HF ocean radars. However, satellite altimeters cannot accurately 240 

measure the sea surface height near the coast. Therefore, we used the offshore SLA derived from 241 

satellite altimetry with coastal tide gauge data from Wakkanai. The altimeter-derived SLA was 242 

averaged at latitude between 45.66o N and 46.00o N. The instantaneous values observed in each 243 

cycle with a temporal interval of 9.91 days were utilized without any temporal smoothing. The daily 244 
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mean value of the coastal sea level at Wakkanai was used to estimate the offshore SLD anomaly. 245 

Daily mean alongshore velocity was used for comparison. Please note the difference of the temporal 246 

averaging scale with the results shown in Figs. 8 and 9. 247 

 248 

Figure 10(a) shows a scatter plot of the offshore SLD anomaly from the average over the entire 249 

period and the HF alongshore surface velocity. The number of data, correlation coefficient, slope 250 

calculated by the PCA were 474, 0.842, 3.25 cm s-1/cm, respectively. Anomalies from the mean 251 

seasonal variation are plotted in Fig. 10(b). The correlation coefficient and slope throughout the 252 

year were 0.620 and 5.03 cm s-1/cm, respectively. As expected, the offshore SLA exhibited a good 253 

correlation with the alongshore surface current velocity in panels (a) and (b), indicating the 254 

geostrophic balance in the SWC. Assuming the geostrophic balance between the sea level 255 

difference across the SWC, ∆h, and the mean surface velocity, U, the slope is expressed as, 256 

 257 

 U/∆h = g/f L,            (1) 258 

 259 

where g is the acceleration of gravity, f is the Coriolis parameter, and L is the horizontal distance 260 

across the SWC. Substituting g = 9.8 m s-2, f = 10-4 s-1, and L = 40 km (see Fig. 4), U/∆h is roughly 261 

estimated to be 2.5 s-1, which is consistent with the value obtained above, if we consider that the 262 

surface velocity plotted in Fig.10 was observed at the SWC axis and is higher than the mean 263 

velocity, U. 264 

 265 

In Fig. 10, data obtained in winter and summer are indicated by blue and red dots, as in Fig. 8. In 266 

Fig. 10(a), the data in summer and winter exhibit consistent relationship between the SWC velocity 267 

and the offshore SLD anomaly. In Fig. 10(b), the correlation coefficients were 0.683 and 0.564, and 268 

the slope were 5.00 and 5.05 cm s-1/cm in winter and summer, respectively. The difference between 269 
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winter and summer was much lower than that shown in Fig. 8(b). The geostrophic balance between 270 

the offshore SLD and the alongshore surface current velocity should be maintained regardless of 271 

vertical stratification in both winter and summer. 272 

 273 

4. Summary and concluding remarks 274 

We operated the HF ocean radars around the Soya Strait for 19 years, from August 2003 to March 275 

2022. In this paper, seasonal to interannual variabilities in the SWC are discussed using the data 276 

together with coastal tide gauge records and SLA from satellite altimetry. The HF ocean radars 277 

clearly captured the seasonal and interannual variations in the SWC. The alongshore surface 278 

velocity of SWC showed a high correlation with the alongshore SLD between Wakkanai and 279 

Abashiri, if seasonal variations were included. However, anomalies from the mean seasonal 280 

variations of the alongshore SLD and alongshore current velocity of SWC exhibited a lower 281 

correlation, especially in summer. This suggests that different mechanisms may be involved in 282 

summer and winter. The alongshore SLD between Wakkanai and Abashiri, which has been used in 283 

previous studies, may not be appropriate for representing interannual variations in the SWC in 284 

summer, when the SWC reached the maximum velocity. Instead, the offshore SLD anomaly 285 

estimated using satellite altimetry with the coastal tide gauge record at Wakkanai could be a better 286 

index for representing interannual variations in both winter and summer. 287 

 288 

The SWC is considered to be driven by the SLD between the Sea of Japan and the Sea of Okhotsk 289 

(e.g., Ohshima and Wakatsuchi, 1990; Ohshima, 1994). It is conjectured that the pressure gradient 290 

due to the SLD is balanced by the bottom friction. However, judging from the vertical structure of 291 

the SWC velocity (e.g., Fukamachi et al., 2008, 2010), the effects of bottom friction on the vertical 292 

structure of the SWC do not seem simple. Although new theoretical studies on the structure of SWC 293 

have been performed by Mitsudera et al. (2011) and Karaki et al. (2018), further studies are 294 
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required to reveal the detailed dynamic mechanisms of the formation, maintenance, and fluctuation 295 

of the SWC. The results suggest that vertical stratification plays an important role. Ohshima and 296 

Kuga (2023) attempted to develop a new method to estimate the SWC volume transport from the 297 

alongshore SLD between Wakkanai and Abashiri by explicitly considering the baroclinic 298 

component. 299 

 300 

In this study, we utilized standard altimeter SLA data product to estimate the offshore SLD 301 

combined with the coastal sea level at the Wakkanai tide gauge station because standard altimeter 302 

data do not contain accurate SLA in coastal regions. However, prototype coastal altimeter products, 303 

such as PISTACH (Prototype Innovant de Système de Traitement pour les Applications Côtières et 304 

l'Hydrologie) and CTOH (Center for Topographic Studies of the Oceans and Hydrosphere), have 305 

recently been produced and distributed by several research projects (e.g., Vignudelli et al., 2011). 306 

Although it is not straightforward to use these coastal altimeter products compared to the standard 307 

altimeter products at present, we may directly derive the SLA profiles of the SWC in the coastal 308 

region from these data products in future studies. In December 2022, a new type of satellite 309 

altimeter, the Ka-band Radar Interferometer (KaRIN) on Surface water and Ocean Topography 310 

(SWOT) satellite, was launched by the National Aeronautics and Space Administration (NASA). It 311 

measures ocean and surface water levels over a 120-km wide swath with a 20 km gap along the 312 

nadir. The typical spatial resolution of the SLA measurements is 1 km. Using this new type of 313 

satellite altimeter, we can observe more detailed features of the SWC. 314 

 315 
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Figure legends 419 

 420 

Figure 1. Map of the Soya/La Perouse Strait, location and coverage of the HF radar stations (solid 421 

circles, NS: Noshappu radar station, SY: Soya radar station, SR: Sarufutsu radar station), 422 

locations of the tide gauge stations (solid triangles, WK: Wakkanai, AB: Abashiri), and GPS 423 

stations (solid squares, WK: Wakkanai, SH: Shari). Fans indicate 70 km radii from the HF 424 

ocean radar stations and approximate directions of observations. The dots are 3-km grids, 425 

where the surface current vectors are composed from the radial velocity components 426 

obtained at the HF ocean radar stations. Line A and Box B were used to depict the horizontal 427 

alongshore velocity profiles and estimate the alongshore velocity at the SWC axis, 428 

respectively. The thin line labeled 025 indicates ground track 025 of satellite altimetry 429 

(TOPEX/POSEIODON, Jason-1, -2, and -3). 430 

 431 

Figure 2. Anomalies of vertical land movements at the GPS stations in Wakkanai (red) and Shari 432 

(blue), and the difference between the two stations (black). The average values for the entire 433 

study period were subtracted. 434 

 435 

Figure 3. Bi-monthly variations in monthly mean surface current fields. (a) February, (b) April, (c) 436 

June, (d) August, (e) October, and (f) December. The locations of Line A and Box B are 437 

indicated by red line and blue box. Monthly maps for the full 12 months are shown in Online 438 

Resource 1.  439 

 440 

Figure 4. Magnitude of the alongshore velocity component along Line A (Fig. 1) as a function of 441 

distance from the coast. The thin blue lines indicate the monthly mean horizontal profile of 442 
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the alongshore velocity for each year. The thick red lines with error bars indicate the average 443 

and standard deviations over the entire observation period. 444 

 445 

Figure 5. Time series of monthly mean alongshore current velocity in Box B (blue) and alongshore 446 

sea level difference between Wakkanai and Abashiri (red). 447 

 448 

Figure 6. Seasonal variations in the alongshore current velocity in Box B (blue) and the alongshore 449 

sea level difference between Wakkanai and Abashiri (red) averaged over the entire 450 

observation period. Error bars indicate the standard deviations.  451 

 452 

Figure 7. Anomalies of the alongshore current velocity in Box B (blue) and the alongshore sea 453 

level difference between Wakkanai and Abashiri (red) from the mean monthly average over 454 

the entire observation period. 455 

 456 

Figure 8. Scatter plots of the alongshore current velocity in Box B and the alongshore sea level 457 

difference between Wakkanai and Abashiri (a) with and (b) without seasonal variation. Red 458 

open circles, red dots and blue dots indicate the data obtained in May-July, August-October, 459 

and November-April, respectively.   460 

 461 

Figure 9. Seasonal variations in the correlation coefficient between the anomalies of the alongshore 462 

current velocity in Box B and the alongshore sea level difference between Wakkanai and 463 

Abashiri from the mean monthly average over the entire observation period (red). Slopes 464 

calculated from the PCA analysis is indicated in blue. 465 

466 
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Figure 10. Scatter plots of the offshore sea level difference anomaly estimated using satellite 467 

altimetry and coastal tide gauge records at Wakkanai and the HF alongshore surface velocity. 468 

(a) Absolute values including seasonal variations, and (b) anomalies from the mean monthly 469 

average over the entire observation period. Red and blue dots indicate the data obtained in 470 

summer (May-October) and winter (November-April), respectively. 471 

472 
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 473 

Figure 1. Map of the Soya/La Perouse Strait, location and coverage of the HF radar stations (solid 474 

circles, NS: Noshappu radar station, SY: Soya radar station, SR: Sarufutsu radar station), 475 

locations of the tide gauge stations (solid triangles, WK: Wakkanai, AB: Abashiri), and GPS 476 

stations (solid squares, WK: Wakkanai, SH: Shari). Fans indicate 70 km radii from the HF 477 

ocean radar stations and approximate directions of observations. The dots are 3-km grids, 478 

where the surface current vectors are composed from the radial velocity components 479 

obtained at the HF ocean radar stations. Line A and Box B were used to depict the horizontal 480 

alongshore velocity profiles and estimate the alongshore velocity at the SWC axis, 481 

respectively. The thin line labeled 025 indicates ground track 025 of satellite altimetry 482 

(TOPEX/POSEIODON, Jason-1, -2, and -3). 483 

484 
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 485 

Figure 2. Anomalies of vertical land movements at the GPS stations in Wakkanai (red) and Shari 486 

(blue), and the difference between the two stations (black). The average values for the entire 487 

study period were subtracted. 488 

489 
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 490 

Figure 3. Bi-monthly variations in monthly mean surface current fields. (a) February, (b) April, (c) 491 

June, (d) August, (e) October, and (f) December. The locations of Line A and Box B are 492 

indicated by red line and blue box. Monthly maps for the full 12 months are shown Online 493 

Resource 1.  494 
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 495 

Figure 4. Magnitude of the alongshore velocity component along Line A (Fig. 1) as a function of 496 

distance from the coast. The thin blue lines indicate the monthly mean horizontal profile of 497 

the alongshore velocity for each year. The thick red lines with error bars indicate the average 498 

and standard deviations over the entire observation period. 499 
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 500 

Figure 5. Time series of monthly mean alongshore current velocity in Box B (blue) and alongshore 501 

sea level difference between Wakkanai and Abashiri (red). 502 

503 
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 504 

Figure 6. Seasonal variations in the alongshore current velocity in Box B (blue) and the alongshore 505 

sea level difference between Wakkanai and Abashiri (red) averaged over the entire 506 

observation period. Error bars indicate the standard deviations.  507 

508 
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 509 

Figure 7. Anomalies of the alongshore current velocity in Box B (blue) and the alongshore sea 510 

level difference between Wakkanai and Abashiri (red) from the mean monthly average over 511 

the entire observation period. 512 

513 
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 514 

Figure 8. Scatter plots of the alongshore current velocity in Box B and the alongshore sea level 515 

difference between Wakkanai and Abashiri (a) with and (b) without seasonal variation. Red 516 

open circles, red dots and blue dots indicate the data obtained in May-July, August-October, 517 

and November-April, respectively.   518 

519 
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 520 

Figure 9. Seasonal variations in the correlation coefficient between the anomalies of the alongshore 521 

current velocity in Box B and the alongshore sea level difference between Wakkanai and 522 

Abashiri from the mean monthly average over the entire observation period (red). Slopes 523 

calculated from the PCA analysis is indicated in blue. 524 

525 



 30 

 526 

Figure 10 Scatter plots of the offshore sea level difference anomaly estimated using satellite 527 

altimetry and coastal tide gauge records at Wakkanai and the HF alongshore surface velocity. 528 

(a) Absolute values including seasonal variations, and (b) anomalies from the mean monthly 529 

average over the entire observation period. Red and blue dots indicate data obtained in 530 

summer (May-October) and winter (November-April), respectively. 531 

532 
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Online Resource 1 (Supplementary Information) 533 

 534 

Figure S1. Monthly mean surface current fields from (a) January to (l) December. The locations of 535 

Line A and Box B are indicated by red line and blue box. 536 


