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Abstract 25 

Wintertime sea ice cover in the Okhotsk Sea (OS) exhibits strong interaction with the 26 

atmosphere over the Far East and the North Pacific. Previous studies identified that 27 

interannual variability of sea ice cover in the OS is associated with large-scale atmospheric 28 

circulations. However, the atmospheric processes responsible for rapid changes in sea ice 29 

cover in the OS on subweekly-weekly timescales remain unclear. Here, we investigate the 30 

atmospheric circulations that contribute to rapid reduction events of OS sea ice 31 

concentration (OSSIC) using daily high-resolution ocean reanalysis data. In total, we 32 

detected 21 rapid reduction events of OSSIC during 1993–2019. The reduction events 33 

shared common features in terms of atmospheric circulation, i.e., a developing extratropical 34 

cyclone over the southern OS and anomalous high pressure over the northern Bering Sea 35 

with strong surface southeasterly winds between the two. The strong southeasterlies, which 36 

blow in the opposite direction to the surface westerlies that regulate the seasonal 37 

development of sea ice cover, result in the rapid reduction of OSSIC. Substantial reduction 38 

in sea ice occurs in the northern and central OS owing to sea ice advection and sea ice melt 39 

associated with the easterly winds. The eastward-moving extratropical cyclone contributes 40 

both to rapid reduction of OSSIC and to reduction of sea level pressure over the northern 41 

North Pacific, resulting in a lagged relationship between OSSIC and the Aleutian Low. 42 
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1. Introduction 46 

The Okhotsk Sea (OS), which is located east of Siberia, is well known as one of the 47 

southernmost areas (44°–62°N) with a large fraction of seasonal sea ice cover (between 48 

November and June). More than half (50%–90%) of the OS is covered by sea ice during 49 

late February to early March (Ohshima et al. 2006). Spatial distributions of wintertime sea- 50 

ice cover and seasonal retreat/melt are consequences of multiple factors that include wind 51 

stress, ocean currents, and river discharge (e.g., Kimura and Wakatsuchi 1999; Ogi et al. 52 

2001; Ohshima et al. 2005; Simizu et al. 2014). Seasonal retreat/melt and interannual 53 

variability of sea ice in the OS lead both to large variations in the heat budget at the sea 54 

surface and to atmosphere–sea-ice–ocean interactions (Ohshima et al. 2003, 2006; Nihashi 55 

et al. 2011). Through substantial variations in surface heat flux, sea ice variability also leads 56 

to atmospheric teleconnections that include modulations of large-scale circulation patterns 57 

over Alaska and North America via Rossby wave propagation (Honda et al. 1999; Williams 58 

et al. 2021). 59 

Large interannual variability in sea ice concentrations (SIC) in the OS (hereafter, OSSIC) 60 

has attracted considerable attention from the perspective of the effects of large-scale 61 

atmospheric circulations. Previous studies found statistical connections of OSSIC 62 

interannual variability with the East Asian winter monsoon, Aleutian Low, Arctic Oscillation 63 

and North Atlantic Oscillation (Parkinson 1990; Tachibana et al. 1996; Yamazaki 2000; Liu 64 

et al. 2007; Yang et al. 2011; Toyoda et al. 2022). Toyoda et al. (2022) compared the 65 
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interannual variability of yearly maximum areal coverage of OSSIC and large-scale climate 66 

indices and found that the North Pacific Index (NPI), which is an index that reflects the 67 

strength of the Aleutian Low, showed significant negative correlation (i.e., a stronger Aleutian 68 

Low tends to coincide with larger OSSIC), at least since the 1980s. Additionally, Fang and 69 

Wallace (1998) and a number of more recent studies (Yamazaki 2000; Sasaki et al. 2007; 70 

Linkin and Nigam 2008; Yang et al. 2011) highlighted the significant relationship between 71 

the Western Pacific Pattern (Wallace and Gutzler 1981) and the interannual variability of 72 

OSSIC through sea ice drift (dynamic effect) or sea ice melt due to warm advection 73 

(thermodynamic effect). 74 

The previous studies examined the month-to-month features or interannual variability of 75 

the seasonal- mean OSSIC (Fang and Wallace 1998; Yamazaki 2000; Liu et al. 2007; Sasaki 76 

et al. 2007; Ukita et al. 2007; Yang et al. 2011). Using data with higher temporal resolution, 77 

Strong et al. (2009) identified variability of sea ice in both the Arctic Sea and the Greenland 78 

Sea on a weekly timescale that was associated with North Atlantic Oscillation atmospheric 79 

forcing. Matthewman and Magnusdottir (2011) revealed a statistical relationship between 80 

the Western Pacific Pattern and SIC in the Bering Sea on a weekly timescale. Recently, 81 

Toyoda et al. (2022) examined the year-to-year variations in the dates of first appearance 82 

and final disappearance of sea ice at the Japan Meteorological Agency observatories 83 

located along the Hokkaido coast, and they found that they are related statistically to the 84 

Aleutian Low. Such studies motivated us to examine the relationship between day-to-day 85 
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variations in the spatial patterns of OSSIC and the transient atmospheric disturbances over 86 

the OS. 87 

Here, we investigate the day-to-day variability of SIC in the OS and the associated 88 

atmospheric circulations. Using daily SIC data and atmospheric reanalysis data, we examine 89 

the relationship between the two with particular emphasis on SIC reduction events because 90 

they represent striking features that are not well understood. Section 2 describes the 91 

observations and reanalysis data used for the investigation. Section 3 introduces a typical 92 

SIC reduction event and the associated atmospheric circulation pattern. Results of 93 

composite analyses of similar SIC reduction events are also examined. Finally, Section 4 94 

presents a summary and discussion. 95 

 96 

2. Data and Method 97 

We used daily outputs of the Copernicus Marine Environment Monitoring Service global 98 

eddy-resolving physical ocean reanalysis GLORYS12V1 for 1993–2019 (Lellouche et al. 99 

2021). The NEMO global ocean model (Madec et al. 2008) with horizontal resolution of 1/12° 100 

and 50 vertical levels was driven at the surface by the atmospheric reanalysis of the 101 

European Centre for Medium-Range Weather Forecasts (ERA-Interim; Dee et al. 2011). A 102 

reduced-order Kalman filter was used for assimilation of state-of-the-art observations (along-103 

track altimeter data, sea surface temperature (SST), and SIC from satellite observations, 104 

and in situ temperature and salinity vertical profiles). We used daily mean fields of SIC in 105 
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this dataset. We confirmed that the results of the SIC analyses were generally consistent 106 

with those obtained from the Optimum Interpolation Sea Surface temperature (OISST) 107 

version 2 (Reynolds et al. 2007; see Supplement 1). Figure 1 shows the SIC climatology of 108 

the OS averaged between January and March. Areas of high concentration of sea ice are 109 

found around Shantarskiy Bay and the east coast of Sakhalin Island. In this study, we 110 

obtained OSSIC by averaging the SIC in the region of 44°–62°N, 135°–157°E (Fig. 1). To 111 

compare regional SIC variability, we also calculated the area-averaged SIC in the northern 112 

and central OS (black shape in Fig. 1) and in the Sakhalin and Hokkaido coastal region (red 113 

shape in Fig. 1). 114 

We used the 6-hourly outputs from the Japanese 55-year Reanalysis (JRA-55; Kobayashi 115 

et al. 2015) to examine the relationship between OSSIC variability and the atmospheric 116 

fields. Geopotential height at the 500 hPa level, sea level pressure (SLP), and horizontal 117 

wind at 925 hPa were used in this study. We calculated daily mean fields by averaging the 118 

6-hourly atmospheric fields. To investigate the zonal wind in the OS, we calculated the area-119 

averaged 925-hPa zonal wind over the OS (hereafter, UOS) region (blue dashed rectangle 120 

in Fig. 1). 121 

 122 

3. Results 123 

3.1 Sea ice reduction event of early February 2005 124 

Figure 2 shows time series of OSSIC in individual years from 1993/94 to 2018/19. Sea ice 125 Fig. 2 

Fig. 1 
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in the OS generally begins to form in Shantarskiy Bay in late November, peaks in February–126 

March, and then disappears by May or June (Ohshima et al. 2006). The seasonal peak of 127 

OSSIC (35% in terms of climatology) shows large interannual variability, as examined in 128 

many previous related studies (Fang and Wallace 1998; Yamazaki 2000; Liu et al. 2007; 129 

Sasaki et al. 2007; Ukita et al. 2007; Yang et al. 2011). During the period of OSSIC growth 130 

(before February or March), OSSIC is sometimes reduced substantially on subweekly-to-131 

weekly timescales. As an example of such a reduction event (RE), OSSIC of 28% was 132 

reduced to 23% from January 29 to February 8, 2005 (Fig. 2). Figure 3a shows SIC in the 133 

OS during this event. It can be seen that SIC reduced substantially in the northern and 134 

central OS (47°–58°N, 143°–152°E) but increased along the Sakhalin and Hokkaido coastal 135 

region (44°–54°N, 142°–145°E). 136 

We found an important contribution of atmospheric forcing to OSSIC reduction. Figure 4 137 

shows the SLP and geopotential height fields on January 30 and February 2, 2005. On 138 

January 30, a trough and a ridge are found over northeastern China to Japan and over the 139 

northwestern North Pacific Ocean (160°E) to the OS, respectively (Fig. 4a). At the surface, 140 

an extratropical cyclone over northern Japan moved eastward to the southern OS (Fig. 4c). 141 

On February 2, the trough moved over the northwestern North Pacific Ocean (Fig. 4b). The 142 

developed extratropical cyclone at the surface moved eastward and merged with the area 143 

of low pressure over the North Pacific, resulting in a west-high east-low SLP pattern over 144 

East Asia (Fig. 4d). 145 

Fig. 4 

Fig. 3 
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The extratropical cyclone induced a strong surface wind over the OS. The densely packed 146 

isobars over the OS (Fig. 4c, d) suggest strong southeasterly and easterly surface winds 147 

over the central and southern OS on January 30, and easterly and northeasterly surface 148 

winds over the OS on February 2. Such strong surface winds potentially affected the surface 149 

ocean current (Fig. 3b; also see Sect. 3.3) and sea ice distribution in the OS (Kimura and 150 

Wakatsuchi 2000; Simuzu et al. 2014). Additionally, because of the surface temperature 151 

gradient over the northwestern North Pacific and the OS (Supplement 2), the easterlies also 152 

facilitated sea ice melt owing to warm air advection (see Sect. 3.3). In the next subsection, 153 

we consider similar REs and identify common features in the atmospheric circulation fields. 154 

 155 

3.2 Composite analyses 156 

Figure 5 shows OSSIC time series in individual years from December 1 to March 16. In 157 

addition to the large interannual variability in the seasonal-mean OSSIC (maximum in 158 

2000/01 and minimum in 2014/15), intraseasonal variability of OSSIC (including the RE in 159 

early February 2005) can also be found. In this study, we determined the time tendency of 160 

OSSIC (ΔOSSIC) as follows: 161 

ΔOSSIC(T) = (OSSIC(T+1) – OSSIC(T–1)) / 2,    (1) 162 

where OSSIC(T) represents OSSIC on day T. Generally, ΔOSSIC tends to be positive from 163 

early December to mid-February (reflecting the seasonal increase in SIC) but it sometimes 164 

takes a negative value. In this study, we determined a period as an RE if the period satisfied 165 

Fig. 5 
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the following conditions: (1) it occurred between December 1 and February 15; (2) it 166 

occurred before OSSIC reached its seasonal peak (e.g., before February 7 in 2017); and 167 

(3) the period of negative ΔOSSIC persisted for at least 4 days. We used requirements (1) 168 

and (2) to restrict the obtained REs to events that occurred during the period of sea ice 169 

growth in the given year. We confirmed that rapid reductions of sea ice over the southern 170 

OS due to spring storm-induced sharp temperature rises (“Haru-Ichiban”; Nishii et al. 2009) 171 

were included if we did not limit the target periods using the above requirements (1) and (2). 172 

The relationship between storm-induced southerly warm advection and sea ice melt in the 173 

OS during late winter to early spring is worthy of examination in future studies. 174 

Table 1 summarizes the REs detected between the winters of 1993/94 and 2018/19. In 175 

total, we detected 21 REs with duration in the range of 4–11 days. It should be noted that 176 

the period between January 22 and February 1, 2003 included 2 days with positive (albeit 177 

small) ΔOSSIC values but it was still considered an RE. Comparison of the REs and UOS 178 

(see Sect. 2; Fig. 5) reveals that all 21 REs were accompanied with easterly winds at the 179 

925 hPa level over the OS (negative UOS) despite the northwesterly climatological winds 180 

(Kimura and Wakatsuchi 2004). Note that not all the easterly events, especially in December 181 

(e.g., December 13–19, 1999 and December 10–17, 2013), were accompanied by REs. In 182 

early winter, OSSIC itself tends to be limited; therefore, its response to the atmospheric 183 

forcing should also be limited. 184 

Figure 6 shows a composite of the atmospheric circulation fields during the REs. As found 185 

Table 1 

Fig. 6 
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in the RE of February 2005 (Fig. 4b), a meridional pair of positive and negative geopotential 186 

height anomalies northward of the OS and northern Japan is consistently found in the 21 187 

REs. The statistically significant positive anomaly is elongated zonally (90°–170°E) and 188 

forms a strong meridional gradient toward the negative anomaly (20°–45°N, 125°–165°E). 189 

The SLP anomaly (Fig. 6b) also shows a meridional pattern (north-positive, south-negative). 190 

The negative SLP anomaly is found over the southern OS, northern Japan, and the 191 

northwestern North Pacific Ocean. The positive SLP anomaly is elongated zonally between 192 

Alaska and Siberia with its peak over the northern Bering Sea. The resultant strong SLP 193 

gradient over the OS suggests strong low-level southeasterlies and easterlies over the OS 194 

along the isobars. The strong surface easterlies blow in the direction opposite to that of the 195 

climatology (westerlies), resulting in the SIC reduction in the OS (Kimura and Wakatsuchi 196 

1999; Linkin and Nigam 2008; Williams et al. 2021). 197 

Figure 6a also shows SST anomalies in the Indian and Pacific Oceans during the REs. 198 

Although positive or negative SST anomalies are found in the composite analyses (e.g., cool 199 

SST over the eastern equatorial Pacific), no statistically significant anomaly at the 95% 200 

confidence level was found over the tropics. This weak relationship indicates that tropical 201 

SST forcing is not the dominant factor affecting the REs. However, SST over the Kuroshio 202 

extension region (35°–50°N, 140°E–170°W) does exhibit correlation with OSSIC, as 203 

suggested in Fang and Wallace (1998). 204 

 205 
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3.3 Temporal evolutions 206 

 The negative SLP anomaly over the southern OS (Fig. 6b) corresponds to the eastward-207 

moving extratropical cyclones (Fig. 4). Figure 7 shows the composite mean fields of SLP 208 

anomaly and low-level wind anomaly from day –4 to day +6 to examine the temporal 209 

evolutions of the atmospheric circulation fields associated with OSSIC reduction. Here, day 210 

0 denotes the start of the RE. Figure 8 shows the spatial patterns of ΔOSSIC and the low-211 

level wind over the OS. On day –4, with increasing OSSIC (Fig. 7a), no statistically 212 

significant anomaly is found in the atmospheric circulation field (Supplement 3). Figure 9 213 

shows the time series of ΔOSSIC from day –15 to day +15. Because the REs detected in 214 

this study occurred during the period of sea ice growth, ΔOSSIC tends to have positive 215 

values, including statistically significant positive values from day –5 to day –3. On day –2, 216 

the surface high pressure anomaly over the Bering Sea becomes stronger and significant 217 

(Fig. 7b, Supplement 3). Furthermore, a statistically significant low pressure anomaly 218 

(reflecting the extratropical cyclones; Fig. 4c) is found over the Korean Peninsula and 219 

western Japan. The low pressure anomaly becomes stronger and moves eastward to the 220 

southern OS on day 0 (Fig. 7c). The strong pressure gradient between the high pressure 221 

anomaly over the Bering Sea and the low pressure anomaly results in the strong 222 

southeasterly anomaly over the OS (Fig. 7c). This southeasterly anomaly indicates a 223 

reversal of the wind direction from the climatological northwesterly winds (Kimura and 224 

Wakatsuchi 2004) over the central and southern OS (Fig. 8c), contributing to the remarkable 225 

Fig. 7 

Fig. 9 

Fig. 8 
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OSSIC reduction. 226 

Between day 0 and day +4, corresponding to the period of reduction of OSSIC, negative 227 

ΔOSSIC is found over the northern and central OS (Fig. 8c–e). On day +4, the center of the 228 

low pressure anomaly moves to the North Pacific (170°E) and the high pressure anomaly 229 

becomes stronger both over Siberia (120°E) and over the northern OS (170°E; Fig. 7e). The 230 

strong meridional pressure gradient over the North Pacific Ocean causes an easterly surface 231 

wind anomaly over the Bering Sea and the OS (Fig. 7e). On day +6, SIC reduction is 232 

weakened in the northern OS but is found in the central OS (Fig. 8f). Between day +4 and 233 

day +6, the low pressure extends across the North Pacific Ocean, indicating an intensified 234 

Aleutian Low (Fig. 7e, f). The SLP anomaly averaged over the region of the NPI (30°–65°N, 235 

160°E–140°W; Trenberth and Hurrel 1994) becomes statistically significant with negative 236 

sign from day +5 to day +12 (Fig. 9a). The SST anomaly averaged over the Niño3.4 region 237 

(5°S–5°N, 170°–120°W) is consistently negative from day –15 to day +15 without statistical 238 

significance at the 95% confidence level. 239 

In Fig. 9, negative ΔOSSIC can be found from day 0 to day +4. If we compare ΔOSSIC 240 

with its climatology, the negative ΔOSSIC anomaly (relative to its climatology) is statistically 241 

significant from day –1 to day +6 and it returns to the climatology on day +8. The period with 242 

a statistically significant negative anomaly of ΔOSSIC is also characterized by negative UOS 243 

(easterly wind at 925 hPa over the northern and central OS; statistically significant from day 244 

–1 to day +6; Figs. 8 and 9). The two time series are remarkably similar, suggesting a strong 245 
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relationship between OSSIC and the low-level zonal wind on a subweekly timescale. 246 

Regionally, we find a contrasting feature of the time tendency of SIC within the OS. In Fig. 247 

9b, the time series of ΔSIC in the northern and central OS (see Fig. 1) resembles that of the 248 

entire OS, indicating that the reduction of SIC during an RE is dominant in the northern and 249 

central OS. This SIC reduction is accompanied by reduction in sea water salinity in the 250 

northern and central OS (green line in Fig. 9b). The statistically significant negative anomaly 251 

in salinity (relative to its climatology) from day –1 to day +3 suggests that sea ice melt 252 

contributes to the negative ΔSIC in this region. Sea ice melt was possibly caused by warm 253 

air advection induced by the easterly wind. Surface air over the eastern OS and the 254 

northwestern North Pacific Ocean is warmer than that over Siberia and the western OS 255 

(Supplement 2). Thus, reversal of the wind direction contributes to SIC reduction via the 256 

thermodynamic effect. 257 

In contrast to the SIC reduction in the northern and central OS, ΔSIC in the Sakhalin and 258 

Hokkaido coastal region (47.6°–62.0°N, 142.3°–155.1°E) is positive with statistical 259 

significance between day –1 and day 0. The SIC increase in the Sakhalin and Hokkaido 260 

coastal region is also found in the RE of early February 2005 (Fig. 3). This inverse tendency 261 

between the two regions suggests an effect of sea ice advection and/or coastal sea ice 262 

production. The strong southeasterlies on day 0 weaken eastward expansion of sea ice, 263 

resulting in sea ice advection (Kimura and Wakatsuchi 2004) from the northern and central 264 

OS toward the Sakhalin coast (Figs. 3b and 8c). Between day –4 and day –2, northwesterly 265 
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winds dominate over the Sakhalin coast (Fig. 8a, b) but they shift to northerly or northeasterly 266 

winds on day 0 (Fig. 8c). The northerly winds and associated southward advection result in 267 

SIC increase in the southern Sakhalin and Hokkaido coastal region (Figs. 3b and 8c). 268 

The north-high south-low SLP pattern and associated easterly wind over the OS are 269 

sustained for a period of days to a week (Fig. 7a), suggesting reduction in sea ice production 270 

along the Sakhalin coast (Kimura and Wakatsuchi 2004). The results of this study suggest 271 

that eastward-moving extratropical cyclones over Japan have three important effects on SIC 272 

in the OS: (1) reduction in SIC in the northern and central OS due to warm air advection 273 

driven by easterly winds; (2) SIC reduction contributed by sea ice advection; and (3) 274 

temporary increase in sea ice along the Sakhalin coast. The third effect is not sustained 275 

because northeasterly winds also suppress sea ice production in this region. 276 

 277 

4. Summary and discussion 278 

Using daily SIC data, we investigated the meteorological processes responsible for the 279 

rapid reductions of OSSIC that occur in boreal winters. We found that surface easterly winds 280 

over the OS associated with eastward-moving extratropical cyclones made significant 281 

contributions to the REs detected during 1993–2019. The extratropical cyclones over the 282 

southern OS and anomalously high SLP over the Bering Sea produce strong southeasterly 283 

and easterly surface winds over the OS at the start and during the REs, respectively. All the 284 

REs occurred during the periods with reversal of the low-level wind direction, indicating the 285 
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close relationship between the transient atmospheric eddies and the OSSIC. The easterlies 286 

result in reduction of SIC in the northern and central OS, possibly owing to sea ice advection 287 

and sea ice melt associated with warm air advection. Sea ice advection also contributes to 288 

the increase in SIC along the Sakhalin coast. The NPI becomes negative after the start of 289 

the REs with a 3-day lag because of the extratropical cyclone moving eastward from the 290 

southern OS to the North Pacific Ocean. Here, we only suggest possible contributions to 291 

regional SIC variability by sea ice melt and sea ice advection associated with the easterly 292 

winds. Further research based on ocean–sea-ice–atmosphere coupled model simulations 293 

is needed for quantitative evaluation of the dynamic/thermodynamic contributions. 294 

The subseasonal features of OSSIC and associated atmospheric circulations identified in 295 

this study are potentially important in terms of the interannual variability of the seasonal 296 

mean OSSIC. Liu et al. (2007) identified that the seasonal mean negative SLP anomaly over 297 

the OS and the North Pacific Ocean tends to be observed in years with light SIC in the OS 298 

and the Bering Sea (Fig. 3b in Liu et al. 2007). Yang et al. (2011) showed that a weaker 299 

Aleutian Low and lower SLP over the southern OS are found during years with less OSSIC 300 

(Fig. 5a in Yang et al. 2011). These SLP patterns are partly consistent with the composite 301 

patterns during the REs detected in the current study (Fig. 6b). However, the seasonal mean 302 

anomaly of the atmospheric circulation fields associated with the interannual variability of 303 

OSSIC identified in previous studies should also include the effect of the OSSIC perturbation 304 

to the atmosphere (Honda et al. 1999), which exhibits a similar SLP pattern (low SLP 305 
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anomaly over the OS and high SLP anomaly over the Bering Sea during periods with low 306 

OSSIC) to that in this study. The results of the current study are potentially helpful for 307 

illuminating the importance of subseasonal processes on the interannual variability of 308 

OSSIC. 309 

 310 

Supplement 311 

Supplement 1 provides SIC in the Okhotsk Sea for the example case of early February 2005 312 

obtained from OISST V2. Supplement 2 shows the climatology in surface air temperature in 313 

the OS. Supplement 3 shows the statistical significance of the SLP anomalies shown in Fig. 314 

7.  315 
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 420 

Fig. 1  Climatology of sea ice concentration (SIC; %) in the Okhotsk Sea (OS). SIC is 421 

averaged for 1993–2019 during January, February, and March. Black dashed rectangle 422 

indicates the region (44°–62°N, 135°–157°E) used for calculation of OSSIC. Red and 423 

black solid shapes indicate the Sakhalin and Hokkaido coastal region (44.0°–53.2°N, 424 

142.3°–144.4°E) and the northern and central Okhotsk Sea region (47.6°–62.0°N, 425 

142.3°–155.1°E), respectively. Blue dashed rectangle indicates the region (47.6°–59.0°N, 426 

142.3°–155.1°E) used for calculation of the zonal wind over the Okhotsk Sea (UOS). 427 

 428 

Fig. 2  Time series of OSSIC (%) between November 1 to June 30 in each year (1993/94–429 

2018/19). Magenta line indicates OSSIC between November 1, 2004 and June 30, 2005. 430 

 431 

Fig. 3  SIC in the Okhotsk Sea in the example case of early February 2005. (a) SIC anomaly 432 

(shading; %) during February 1–7 minus January 26–31, 2005. Contours indicate SIC (5% 433 

and 90%) during January 26–31, 2005. Black rectangle indicates the domain examined in 434 

b. (b) Similar to (a) but with surface (0.5-m depth) sea water velocity (vector; m s–1) during 435 

February 1–7, 2005. 436 

 437 
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Fig. 4  Geopotential height at 500 hPa (Z500; m) and sea level pressure (SLP; hPa) in the 438 

example case of early February 2005. (a) Contours indicate Z500 at 00 UTC on January 439 

30 and (b) at 18 UTC on February 2, 2005. Shading represents Z500 anomaly relative to 440 

its climatology (1991–2020). (c) Contours and shading indicate SLP at 00 UTC on January 441 

30, and (d) at 18 UTC on February 2, 2005. 442 

 443 

Fig. 5  Time series of OSSIC and UOS between December 1 and March 16 in 26 winters 444 

(from 1993/94 to 2018/19). The horizontal axis ranges for the leap years (1996, 2000, 445 

2004, 2008, 2012, and 2016) are from December 1 to March 15. Gray lines indicate 446 

OSSIC (%). Red and blue shading represents positive (westerly) and negative (easterly) 447 

UOS (m s–1), respectively, determined as 925 hPa zonal wind averaged over 47.6°–448 

59.0°N, 142.3°–155.1°E (Fig. 1). Shading in light magenta indicates sea-ice reduction 449 

events (REs). 450 

 451 

Fig. 6  Composite Z500, SLP, and SIC in the Okhotsk Sea during periods of REs. (a) Red 452 

and blue contours indicate Z500 anomaly (±10, 20, 30, 40 and 50 m). Light blue-light red 453 

shading indicates sea surface temperature (SST; K) anomaly based on OISST version 2 454 

(Reynolds et al. 2007). Blue-cyan shading in (a) and (b) indicates SIC in the Okhotsk Sea 455 

(%). (b) Red and blue contours indicate SLP anomaly (±0.5, 1.0, 1.5, 2.0, and 2.5 hPa). 456 

Vectors indicate horizontal wind anomaly (m s–1) at 925 hPa. Stipples indicate areas with 457 

95% statistical confidence of (a) the Z500 anomaly and (b) the SLP anomaly. 458 

 459 

Fig. 7  Composite maps of SLP anomaly and horizontal wind anomaly at 925 hPa at (a) 4 460 

days before the start of the REs (day –4), (b) day –2, (c) at the start (day 0), (d) 2 days 461 

after the start of REs (day +2), (e) day +4, and (f) day +6. Red (blue) contours indicate 462 

positive (negative) SLP anomaly (±0.5, 1.0, 1.5, 2.0, and 2.5 hPa). Vectors indicate 463 
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horizontal wind anomaly (m s–1) at 925 hPa. 464 

 465 

Fig. 8  Similar to Fig. 7, but composite maps of horizontal wind at 925 hPa over the Okhotsk 466 

Sea region. Shading indicates time tendency of SIC (% day–1) in the Okhotsk Sea. 467 

Stipples indicate areas with 95% statistical confidence of the time tendency of SIC. 468 

 469 

Fig. 9  Lagged composite between day –15 and day +15. (a) Black line indicates time 470 

tendency of OSSIC (ΔOSSIC, % day–1). Gray dotted line indicates climatology of ΔOSSIC. 471 

Blue line represents UOS (m s–1). Green line indicates SST anomaly over the Niño3.4 472 

region (5°S–5°N, 170°–120°W; K). Brown line indicates SLP anomaly over the North 473 

Pacific Index region (30°–65°N, 160°E–140°W; hPa). Thick lines indicate >95% 474 

confidence levels. Black thick line indicates >95% confidence levels of ΔOSSIC anomaly 475 

relative to its climatology (black line minus gray dotted line). (b) Black and magenta lines 476 

indicate time tendency of SIC in the Sakhalin and Hokkaido coastal region (43.5°–53.2°N, 477 

142.3°–144.4°E) and the northern and central OS region (47.6°–62.0°N, 142.3°–155.1°E), 478 

respectively (Fig. 1). Green line indicates time tendency of sea surface salinity (PSU) in 479 

the northern and central OS region. Thick lines indicate >95% confidence levels of ΔSIC 480 

anomaly relative to the climatology (dotted lines). 481 

  482 



 24

Table. 1  Detected reduction events (REs) in Okhotsk Sea (OS) sea ice concentration 483 

(OSSIC). The case of January 22 to February 1, 2003 includes the period of January 26–484 

27 with positive ΔOSSIC (Eq. (1)). 485 
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 489 

 490 

Fig. 1  Climatology of sea ice concentration (SIC; %) in the Okhotsk Sea (OS). SIC is 491 

averaged for 1993–2019 during January, February, and March. Black dashed rectangle 492 

indicates the region (44°–62°N, 135°–157°E) used for calculation of OSSIC. Red and 493 

black solid shapes indicate the Sakhalin and Hokkaido coastal region (44.0°–53.2°N, 494 

142.3°–144.4°E) and the northern and central Okhotsk Sea region (47.6°–62.0°N, 495 

142.3°–155.1°E), respectively. Blue dashed rectangle indicates the region (47.6°–59.0°N, 496 

142.3°–155.1°E) used for calculation of the zonal wind over the Okhotsk Sea (UOS). 497 
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 499 

 500 

Fig. 2  Time series of OSSIC (%) between November 1 to June 30 in each year (1993/94–501 

2018/19). Magenta line indicates OSSIC between November 1, 2004 and June 30, 2005. 502 
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 503 

Fig. 3  SIC in the Okhotsk Sea in the example case of early February 2005. (a) SIC anomaly 504 

(shading; %) during February 1–7 minus January 26–31, 2005. Contours indicate SIC (5% 505 

and 90%) during January 26–31, 2005. Black rectangle indicates the domain examined in 506 

b. (b) Similar to (a) but with surface (0.5 m depth) sea water velocity (vector; m s–1) during 507 

February 1–7, 2005. 508 

509 
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 510 

Fig. 4  Geopotential height at 500 hPa (Z500; m) and sea level pressure (SLP; hPa) in the 511 

example case of early February 2005. (a) Contours indicate Z500 at 00 UTC on January 512 

30 and (b) at 18 UTC on February 2, 2005. Shading represents Z500 anomaly relative to 513 

its climatology (1991–2020). (c) Contours and shading indicate SLP at 00 UTC on January 514 

30, and (d) at 18 UTC on February 2, 2005. 515 
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 517 

Fig. 5  Time series of OSSIC and UOS between December 1 and March 16 in 26 winters 518 

(from 1993/94 to 2018/19). The horizontal axis ranges for the leap years (1996, 2000, 519 

2004, 2008, 2012, and 2016) are from December 1 to March 15. Gray lines indicate 520 

OSSIC (%). Red and blue shading represents positive (westerly) and negative (easterly) 521 

UOS (m s–1), respectively, determined as 925 hPa zonal wind averaged over 47.6°–522 

59.0°N, 142.3°–155.1°E (Fig. 1). Shading in light magenta indicates sea-ice reduction 523 

events (REs). 524 
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 526 

Fig. 6  Composite Z500, SLP, and SIC in the Okhotsk Sea during periods of REs. (a) Red 527 

and blue contours indicate Z500 anomaly (±10, 20, 30, 40 and 50 m). Light blue-light red 528 

shading indicates sea surface temperature (SST; K) anomaly based on OISST version 2 529 

(Reynolds et al. 2007). Blue-cyan shading in (a) and (b) indicates SIC in the Okhotsk Sea 530 

(%). (b) Red and blue contours indicate SLP anomaly (±0.5, 1.0, 1.5, 2.0, and 2.5 hPa). 531 

Vectors indicate horizontal wind anomaly (m s–1) at 925 hPa. Stipples indicate areas with 532 

95% statistical confidence of (a) the Z500 anomaly and (b) the SLP anomaly. 533 
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 535 

Fig. 7  Composite maps of SLP anomaly and horizontal wind anomaly at 925 hPa at (a) 4 536 

days before the start of the REs (day –4), (b) day –2, (c) at the start (day 0), (d) 2 days 537 

after the start of REs (day +2), (e) day +4, and (f) day +6. Red (blue) contours indicate 538 

positive (negative) SLP anomaly (±0.5, 1.0, 1.5, 2.0, and 2.5 hPa). Vectors indicate 539 

horizontal wind anomaly (m s–1) at 925 hPa. 540 
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 542 

 543 

Fig. 8  Similar to Fig. 7, but composite maps of horizontal wind at 925 hPa over the Okhotsk 544 

Sea region. Shading indicates time tendency of SIC (% day–1) in the Okhotsk Sea. 545 

Stipples indicate areas with 95% statistical confidence of the time tendency of SIC. 546 
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 548 

 549 

Fig. 9  Lagged composite between day –15 and day +15. (a) Black line indicates time 550 

tendency of OSSIC (ΔOSSIC, % day–1). Gray dotted line indicates climatology of ΔOSSIC. 551 

Blue line represents UOS (m s–1). Green line indicates SST anomaly over the Niño3.4 552 

region (5°S–5°N, 170°–120°W; K). Brown line indicates SLP anomaly over the North 553 

Pacific Index region (30°–65°N, 160°E–140°W; hPa). Thick lines indicate >95% 554 

confidence levels. Black thick line indicates >95% confidence levels of ΔOSSIC anomaly 555 

relative to its climatology (black line minus gray dotted line). (b) Black and magenta lines 556 

indicate time tendency of SIC in the Sakhalin and Hokkaido coastal region (43.5°–53.2°N, 557 

142.3°–144.4°E) and the northern and central OS region (47.6°–62.0°N, 142.3°–155.1°E), 558 
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respectively (Fig. 1). Green line indicates time tendency of sea surface salinity (PSU) in 559 

the northern and central OS region. Thick lines indicate >95% confidence levels of ΔSIC 560 

anomaly relative to the climatology (dotted lines). 561 
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