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Abstract 19 

Iwamizawa on the Sea of Japan side of Hokkaido is one of the cities in Japan that 20 

experience frequent heavy snowfall events. Warm surface-layer ocean anomalies over 21 

the Sea of Japan can induce heavy snowfall over the Sea of Japan side of Japan; 22 

however, the relationship between ocean temperature over the northern Sea of Japan 23 

and snowfall events at Iwamizawa remains uncertain. This study used reanalysis data to 24 

investigate atmospheric and oceanic circulation anomalies associated with each 25 

anomalous heavy snowfall winter month at Iwamizawa. During all anomalous snowfall 26 

winter months at Iwamizawa, a cold air anomaly with northwesterly winds existed over 27 

the Far East that was associated with a dipole pattern with anticyclone anomalies over 28 

the north coast of the Eurasian Continent and cyclonic anomalies extending zonally 29 

over the Far East and northern Pacific Ocean. The surface cold air temperature and 30 

strong wind speed anomalies are major factor for anomalous upward turbulent heat flux 31 

over the northern Sea of Japan during all anomalous snowfall winter months at 32 

Iwamizawa. Additionally, during anomalous snowfall January, warm surface-layer 33 

ocean anomaly over the northern Sea of Japan, which preceded the heavy snowfall 34 

events at Iwamizawa by two months, has an important role in upward turbulent heat 35 

flux anomaly. This preceding warm ocean temperature anomaly was associated with a 36 

strong Tsushima Warm Current anomaly. Results showed that warm surface-layer 37 

ocean anomaly over the northern Sea of Japan that precedes anomalous cold advection 38 

from the Eurasian Continent has also large impact on producing heavy snowfall events 39 

over western Hokkaido coastal regions near Iwamizawa in January. 40 

 41 

Keywords: Tsushima Warm Current; Sea of Japan; heavy snowfall; Iwamizawa  42 
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1. Introduction 43 

During the winter monsoon season, the Siberian High over Eurasia and a 44 

developed cyclone over the North Pacific create a strong surface pressure gradient over 45 

East Asia. The northwesterly winter monsoon associated with this strong pressure 46 

gradient leads to outbreaks of cold air from the Eurasian Continent toward Japan. The 47 

relatively warm ocean provides a rich supply of water vapor and heat to the cold and 48 

dry air moving over the Sea of Japan, resulting in development of convective clouds 49 

that can cause extreme weather with heavy snowfall (e.g., Ninomiya 1968; Yoshizaki et 50 

al. 2004; Inoue et al. 2005; Sato et al. 2017).  51 

Takano et al. (2008) reported that air mass modification over the Sea of Japan 52 

is strongly related to a large-scale atmospheric north–south dipole pattern (similar to the 53 

western Pacific (WP) pattern). When the phase of the WP pattern is negative (positive), 54 

the winter monsoon is enhanced (reduced) over East Asia, causing anomalous cold 55 

(warm) winters over the Far East (Takaya and Nakamura 2013). Additionally, cold air 56 

over the Eurasian Continent moves eastward with the movement of a trough in the 57 

middle troposphere (Hori et al. 2011). Several mechanisms regarding anomalous cold 58 

temperature over the Eurasian Continent have been reported in previous studies (Honda 59 

et al. 2009; Inoue et al. 2012; Sato et al., 2014, Nakanowatari et al. 2014, Mori et al. 60 

2014, Nakamura et al. 2015). The decline of sea ice over the Barents and Kara seas 61 

strengthens the Siberian High through enhanced release of oceanic heat (Honda et al. 62 

2009; Nakanowatari et al. 2014, Mori et al. 2014), and a poleward shift of cyclone 63 

tracks (Inoue et al. 2012) leads to anomalous cold temperatures over the Eurasian 64 
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Continent. The atmospheric response to changes in the Atlantic warm ocean current 65 

(i.e., the Gulf Stream) has direct and indirect effects on cold temperature anomalies over 66 

Eurasia (Sato et al. 2014).  67 

Anomalous warm sea surface temperature (SST) around Japan has direct 68 

impact on the weather over Japan (Manda et al. 2014, Ando et al. 2015). Therefore, the 69 

relationships between SST over the Sea of Japan and precipitation over the Sea of Japan 70 

side of Japan have been investigated in previous studies (Sato and Sugimoto 2013, 71 

Takahashi et al. 2013, Takahashi and Idenaga 2013, Yasunaga and Tomochika 2017). 72 

During autumn and winter, positive SST trends are observed over the northern Sea of 73 

Japan from the 1980s to the 2000s or 2010s (Sato and Sugimoto 2013, Yasunaga and 74 

Tomochika 2017). Numerical experiments have revealed that anomalous upward latent 75 

heat flux associated with the warm SST anomaly over the Sea of Japan enhances 76 

snowfall over Sea of Japan side regions of Japan (Takahashi et al. 2013). During winter, 77 

the amount of precipitation over Sea of Japan side regions can increase on the timescale 78 

of a few days following an increase in SST over the Sea of Japan (Takahashi and 79 

Idenaga 2013). In contrast, in the same winter month, there is no relationship between 80 

monthly mean precipitation over the Sea of Japan side and SST over the Sea of Japan 81 

(Yasunaga and Tomochika 2017). This is because there are month-to-month variances 82 

of SST over the Sea of Japan in winter months during a strong winter monsoon (Takano 83 

et al. 2008). Therefore, the amounts of monthly precipitation over Sea of Japan side 84 

regions in December are correlated significantly with the 1-month prior SST over the 85 

Sea of Japan (Takano et al. 2008, Yasunaga and Tomochika 2017). Warm ocean 86 
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currents have important roles in changing local and large-scale precipitation systems 87 

(Hirose and Fukudome 2006; Kunoki et al. 2015, Sato et al. 2014, 2015, 2021; Minobe 88 

et al. 2008, 2010; Minobe and Takebayashi 2015). Specifically, in the Sea of Japan, the 89 

stronger transport of the Tsushima Warm Current (TWC) during autumn causes a warm 90 

SST anomaly over the southern Sea of Japan, enhancing winter snowfall over the Sea of 91 

Japan side of Japan (Hirose and Fukudome 2006; Hirose et al. 2009; Sugimoto and 92 

Hirose 2014).  93 

Numerous studies have investigated snowfall amounts over Hokkaido, which 94 

is one of the regions of Japan that experience heavy snowfall during the winter 95 

monsoon season (Campbell et al. 2018; Shirakawa and Kameda 2019; Inatsu et al. 96 

2020; Kawazoe et al. 2020; Takahashi 2021). When the northwesterly winter monsoon 97 

is intensified over the Sea of Japan, the cloud band associated with heavy snowfall 98 

events can be observed to extend from the northern Sea of Japan to western Hokkaido 99 

(Muramatsu 1979; Fujiyoshi et al. 1992, 1998; Katsumata et al. 1998, 2000; Yoshimoto 100 

et al. 2000). A part of cloud band initially forms on the lee side of Russia’s Sikhote-Alin 101 

mountain range on the east coast of the Eurasian Continent owing to topographic effects 102 

of the mountains (Muramatsu 1979; Ohtake et al. 2008). Additionally, convective 103 

clouds associated with mesoscale systems (i.e., polar lows) bring heavy snowfall over 104 

western parts of Hokkaido (Ninomiya 1994). When the Sea of Okhotsk is covered with 105 

sea ice, cold advection from the sea ice area influences on formations and 106 

intensifications of these mesocale systems (Tsuboki et al. 1989). 107 
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The continual cloud band is formed over the Sea of Japan during the winter 108 

months, leading to relatively large climatological total amounts of snowfall in western 109 

parts of Hokkaido compared with eastern parts of Hokkaido (Fig. 1). Specifically, 110 

anomalous heavy snowfall at Iwamizawa in western Hokkaido is often greater in 111 

comparison with that at other stations in Hokkaido. During the 2020/2021 winter 112 

season, Iwamizawa experienced four extreme heavy snowfall events (Fig. 2a). Although 113 

a strong snowfall band associated with a mesoscale system was observed during the 114 

snowfall event near the end of February 2021 (Fig. 2e), snow cloud bands formed over 115 

western coastal regions of Hokkaido during the other three snowfall events that 116 

occurred in December 2020 and early February 2021 (Fig. 2b–d). There has been no 117 

study previously on the relationship between the surface-layer ocean temperature 118 

anomaly over the northern Sea of Japan and anomalous snowfall at Iwamizawa. This 119 

study investigated the atmospheric and oceanic circulation anomalies associated with 120 

anomalous winter snowfall at Iwamizawa.  121 

 122 

2. Data and Method 123 

To investigate the atmospheric and oceanic fields, monthly mean Climate 124 

Forecast System Reanalysis data from January 1979 to March 2011 and Climate 125 

Forecast System Version 2 data after April 2011 were used in this study. The National 126 

Centers for Environmental Prediction produces both these datasets on 0.5° × 0.5° grids 127 

(Saha et al. 2010, 2014). The data include meteorological (e.g., temperature, wind, 128 

specific humidity, geopotential height, turbulent heat flux and radiative heat flux) and 129 
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oceanographic (e.g., potential ocean temperature and ocean current) parameters at 130 

various levels. The atmospheric fields during winter 2020/2021 were based on Japan 131 

Meteorological Agency (JMA) Meso Scale Model data (MSM), which are provided 132 

after July 2002 (Fig. 2b–d). We supplemented in situ data with gridded analyses of 133 

precipitation derived from radar data after June 2003 provided by the JMA. 134 

Additionally, we used monthly total snowfall (MTS) data from 116 stations of the 135 

Automated Meteorological Data Acquisition System (AMeDAS) in Hokkaido (Fig. 1).  136 

To understand interannual snowfall variations at Iwamizawa, we focused on 137 

time series of MTS anomalies during each winter month (i.e., December, January, and 138 

February) at Iwamizawa (Fig. 3). Referring to this time series, we selected typical heavy 139 

and light snowfall years for which snowfall values exceed 0.7 standard deviations for 140 

each winter month. To compare the broad atmospheric and oceanic circulations, we 141 

compiled difference maps of atmospheric and oceanic fields by subtracting composites 142 

for heavy versus light snowfall winter months. Moreover, we calculated correlation 143 

coefficients for MTS at Iwamizawa with atmospheric and oceanic parameters for all 144 

winter months. 145 

To assess the contributions from SST anomaly (SSTA), surface air 146 

temperature anomaly (SATA) and surface wind speed anomaly (SWSA) to sensible and 147 

latent heat flux anomalies, we used the equations reported by Tanimoto et al. (2003). 148 

The sensible and latent heat fluxes are given as the sum of climatological mean and 149 

anomaly. Therefore, the anomalous sensible and latent heat fluxes are expressed below: 150 

 151 
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 154 

QE and QH are the latent and sensible heat fluxes, respectively. Here, 𝜌! is the air 155 

density with the value of 1.293 kg m-3, L the latent heat of vaporization for water with 156 

the value of 2.50×106 J kg-1, cp the specific heat of air at constant pressure with the 157 

value of 1004 J kg-1 K-1, U is the wind speed, and CE and CH are transfer coefficients for 158 

QE and QH, respectively. Subscripts s and a indicate values at the sea surface and 2 m 159 

height, respectively. Overbars and primes indicate the climatological mean and the 160 

deviation from it. The first three terms of equations (1) and (2) are considered to 161 

represent the respective contributions from SSTA, SATA and SWSA to sensible and 162 

latent heat fluxes (Tanimoto et al. 2003). 163 

In addition, we estimated the contributions from horizontal ocean temperature 164 

advection (−𝑂𝑉 ∙ ∇𝑂𝑇 − 𝑂𝑈 ∙ ∇𝑂𝑇) to heat balance in the surface-layer ocean. Here, 165 

OT denotes the surface-layer ocean temperature, OV and OU denote the surface-layer 166 

meridional and zonal ocean current, respectively. 167 

 168 

3. Results 169 

3.1 Atmospheric circulations causing heavy snowfall winters in northern Japan 170 

Figure 4a–c shows difference maps of temperature at 950 hPa (T950) with sea 171 

level pressure between heavy and light snowfall years at Iwamizawa for each winter 172 

month. In heavy snowfall years of all winter months, the T950s have significant cold 173 
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temperature anomalies over the Far East. Dipole patterns with an anticyclonic anomaly 174 

over the Eurasian Continent and a cyclonic anomaly over the northern Pacific Ocean 175 

can be seen during all heavy snowfall winter months. These patterns cause a pressure 176 

gradient over the Far East that induces northwesterly cold advection anomalies over 177 

northern Japan. The frequency of formation of cloud bands with heavy snowfall, 178 

extending from the eastern Eurasian Continent to western Hokkaido, would be 179 

increased by northwesterly cold advection anomalies. In the upper troposphere, the 180 

differences in geopotential height at 300 hPa (Z300) has a dipole pattern with 181 

anticyclone anomalies over the north coast of the Eurasian Continent and cyclonic 182 

anomalies extending zonally over the Far East and northern Pacific Ocean (Fig. 4d–f). 183 

In heavy snowfall winters, the WP pattern, which enhances northerly cold advection 184 

associated with the winter monsoon, increases the amount of snowfall over Hokkaido 185 

(Inatsu et al. 2021). However, there is no correlation coefficient between the MTS and 186 

WP index (available from https://psl.noaa.gov/data/climateindices/list) for all months 187 

during 1979 and 2020/2021 (December, January: |r|=0.0; February: |r|=0.2), indicating 188 

that this dipole pattern is different from the WP pattern. 189 

The propagation of wave-activity flux, which represents propagation of quasi-190 

stationary Rossby waves, indicates that a wave train appears from the northern Eurasian 191 

Continent to the Far East (Fig. 4d–f). Although anomalous sea ice decline over the 192 

Barents–Kara seas is known to induce an anticyclonic anomaly over the Barents–Kara 193 

sector (Honda et al. 2009, Inoue et al. 2012, Mori et al. 2014, Sato et al. 2014), 194 

statistically significant decline in sea ice in the Barents–Kara seas is not evident during 195 
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heavy snowfall years for all winter months (Fig. 4d–f). The covered sea ice reduces heat 196 

releasing from ocean and causes no significant differences in upward turbulent heat 197 

fluxes over the Barents–Kara sector in all heavy snowfall months (not shown). 198 

Additionally, during all winter months in heavy snowfall years, there are also no 199 

differences in other factors that might influence this atmospheric circulation anomaly 200 

(e.g., a weakened polar vortex in the stratosphere, as reported by Nakamura et al. (2015) 201 

and poleward movement of the Gulf Stream, as reported by Sato et al. (2014)). 202 

Teleconnections between the tropical regions and the Arctic are not seen in all heavy 203 

snowfall months, suggesting that change in another factor over the high latitudes could 204 

influence these atmospheric circulation anomalies. In contrast, during heavy snowfall 205 

February months, there is statistically significant positive anomaly in sea ice 206 

concentration over the Sea of Okhotsk (Fig. 4f). The relatively cold air mass associated 207 

with heavy sea ice cover would influence on formation of convergent cloud with heavy 208 

snowfall reported by previous study (Tsuboki et al. 1989). In fact, during 23 and 24 209 

February 2021, the heavy snowfall event was induced by mesoscale systems (Fig. 2a,e). 210 

To further investigate the relationship between MTS and atmospheric 211 

circulation for each winter month, we calculated the correlations between MTS at 212 

Iwamizawa and atmospheric parameters (T950 and Z300) for the three winter months 213 

(Fig. 5). Air temperature in the lower troposphere (T950) over the Far East has 214 

significant negative correlation with MTS at Iwamizawa in all winter months, with 215 

particularly strong negative correlation (|r|>0.6) over northern Japan (Fig. 5a–c). In the 216 

upper troposphere, there are statistical relationships between MTS at Iwamizawa and 217 
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the dipole pattern, with negative correlation (|r|>0.5) over the northern Pacific Ocean 218 

and positive correlation (|r|>0.3) over the northern Eurasian Continent in all winter 219 

months (Fig. 5d–f). The high correlations between MTS at Iwamizawa and atmospheric 220 

variations, which indicate that anomalous cold advection associated with the meridinal 221 

dipole pattern has an important role in Iwamizawa snowfall, are in agreement with the 222 

findings of previous studies (Hirose and Fukudome 2006, Takano et al. 2008, Takahashi 223 

and Idenaga 2013). 224 

 225 

3.2 Tsushima Warm Current causing a warm surface-layer ocean anomaly over the 226 

northern Sea of Japan 227 

 To investigate surface-layer ocean temperature anomalies in heavy snowfall 228 

years, we examined difference maps of ocean temperature in the surface layer (5-m 229 

depth) between heavy and light snowfall years at Iwamizawa for all winter months (Fig. 230 

6). In heavy snowfall December months, although there are positive differences in 231 

surface-layer ocean temperature over the northern Sea of Japan, the amplitude of this 232 

warm anomaly is small (Fig. 6a). In contrast, difference maps of surface-layer ocean 233 

temperature during the months prior (October and November) to heavy snowfall 234 

December months (Fig. 6b and c) reveal a statistically significant warm anomaly around 235 

Ishikari Bay. The correlation coefficient between MTS at Iwamizawa during December 236 

and surface-layer ocean temperature during prior months (November and October) 237 

shows that although the correlations have relatively small magnitude over the northern 238 

Sea of Japan, there are significant positive correlations over Ishikari Bay (Fig. 7b, c). 239 
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The difference in ocean current velocity in the surface-layer shows eastward and 240 

northeastward ocean current anomalies from the Sea of Japan to Ishikari Bay (Fig. 6b 241 

and c), suggesting that a strong TWC anomaly would have an impact on the warm 242 

surface-layer ocean anomaly over Ishikari Bay. To estimate the impact of ocean current 243 

anomaly associated with the strong TWC anomaly on the surface-layer ocean 244 

temperature anomaly, we made difference maps of contribution from horizontal ocean 245 

temperature advection to change in surface-layer ocean temperature between heavy and 246 

light snowfall years at Iwamizawa for all winter months (Fig.8). Although the increase 247 

in horizontal advection associated with the strong TWC anomaly during October would 248 

contribute to the warm surface-layer ocean anomaly over Ishikari Bay during November 249 

(Figs. 6b and 8c), there is the small magnitude of horizontal ocean temperature 250 

advection anomaly with no statistically significant during October (Fig. 8c). To assess 251 

the impacts of atmospheric variations on the warm surface-layer ocean anomaly, we 252 

calculated surface heat flux, which consists of turbulent and radiative heat fluxes. 253 

Figure 9 shows difference maps of surface heat flux between heavy and light snowfall 254 

years at Iwamizawa for all winter months. During the months prior to heavy snowfall 255 

December months, there are no positive differences in surface heat flux over the 256 

northern Sea of Japan (Fig. 9b and c). These analyses suggest that other oceanic 257 

parameters (e.g. diffusion and the entrainment through the bottom boundary of the 258 

mixed layer) would be a major factor for the warm surface-layer ocean anomaly during 259 

the months prior to heavy snowfall December months. However, the data assimilation 260 

would influence the surface-layer temperature anomaly. 261 
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In heavy snowfall January months, the ocean temperature in the surface layer 262 

has a warm anomaly in coastal regions of the Siberian continent (Fig. 6d). During the 263 

prior months (December and November) of heavy snowfall January months, the 264 

magnitude and distribution of statistically significant warm surface-layer ocean 265 

anomalies are larger than those in the prior months (November and October) of heavy 266 

snowfall December months (Fig. 6b, c, e, and f), suggesting that the warm ocean 267 

temperature anomalies remain even during heavy snowfall January months (Fig. 6d). 268 

The positive correlations between surface-layer ocean temperatures during prior months 269 

and MTS during January months are seen over the Siberia coastal regions (Fig. 7e and 270 

f). These positive correlation patterns are similar to those of warm surface-layer ocean 271 

anomalies in the prior months of heavy snowfall January months (Figs. 6e, and f and 7e, 272 

and f). The preceding warm surface-layer ocean temperature anomaly over the Sea of 273 

Japan would influence MTS at Iwamizawa in January. During two prior months of 274 

heavy snowfall January months, over the Siberia coastal regions, northward ocean 275 

current anomalies, which are associated with a strong northward TWC, are seen over 276 

these preceding warm surface-layer ocean anomalies (Fig. 6e and f). There are positive 277 

differences in horizontal ocean temperature advection over the Siberia coastal regions 278 

(Fig. 8e and f), indicating that the warm horizontal advection anomaly associated with 279 

the strong TWC anomaly is large enough to cause the warm surface-layer ocean 280 

anomaly during two prior months of heavy snowfall January months. In contrast, the 281 

significant positive differences in surface heat flux are not observed over significant 282 

warm surface-layer ocean anomaly areas (Fig. 9e and f). Therefore, atmospheric 283 
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parameters have small impact on these warm surface-layer ocean anomalies during two 284 

prior months. These results reveal that the strong TWC anomalies during two prior 285 

months have an important role in the warm surface-layer temperature anomaly over the 286 

Siberia coastal regions.  287 

For heavy snowfall February months, there are no significant differences in 288 

surface-layer ocean temperature in regions upstream of Iwamizawa (i.e., the northern 289 

Sea of Japan), even during prior months (December and January) (Fig. 6g-i). The no 290 

significant differences in warm surface-layer ocean anomalies indicate that the 291 

atmospheric circulation anomalies have important role in producing heavy snowfall 292 

over coastal regions of western Hokkaido during heavy snowfall February months. In 293 

addition, MTS has no significant correlation with surface-layer ocean temperature, even 294 

in the prior months (Fig. 7g–i). The surface-layer ocean temperature would have small 295 

impact on MTS during heavy snowfall February months. 296 

 The negative differences in turbulent heat flux between heavy and light 297 

snowfall years at Iwamizawa are seen over the northern Sea of Japan in all heavy 298 

snowfall months (Fig. 10), indicating that the anomalous upward latent heat flux over 299 

the northern Sea of Japan enhances snowfall over Sea of Japan side regions of Japan. To 300 

assess the impact of atmospheric and oceanic anomalies on turbulent heat flux anomaly, 301 

we further diagnosed the differences in contributions from SSTA, SATA and SWSA to 302 

turbulent heat flux anomaly (THFA) between heavy and light snowfall months for three 303 

winter months (Fig.11). In all heavy snowfall months, the contributions from SATA 304 

have almost the largest negative differences (<–40 W/m-2) in with statistically 305 
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significant over the entire northern Sea of Japan, meaning that SATA has the most 306 

important role in upward THFA (Fig. 11b,e and h). In the contributions from SWSA, 307 

negative differences (<–10 W/m-2) are seen over the entire northern Sea of Japan in all 308 

heavy snowfall months (Fig. 11c,f and i). Although the magnitudes of negative 309 

differences in the contribution from SWSA are weaker than those from SATA, there are 310 

the relatively large negative differences (<–30 W/m-2) over western Hokkaido coastal 311 

regions in heavy snowfall months December and February months (Fig. 11c and i). The 312 

SWSA over the entire northern Sea of Japan also contributes to upward THFA in all 313 

heavy snowfall months. In contrast, there are the differences in magnitude and 314 

distribution of SSTA contribution in each winter month (Fig, 11a,d and g). In heavy 315 

snowfall December months, the negative difference in SSTA over Ishikari Bay indicates 316 

that warm SST anomaly contributes to upward THFA over these regions (Fig, 11a). 317 

However, the amplitude of contribution from SSTA (>–10 W/m-2) over Ishikari Bay are 318 

smaller than that from SATA and SWSA (Fig. 11a-c), meaning that the warm SST 319 

anomaly during heavy snowfall December months has minor impact on total snowfall at 320 

Iwamizawa compared with atmospheric contributions anomalies (temperature and wind 321 

speed). In heavy snowfall January months, the contribution from SSTA has relatively 322 

large negative value (<–30 W/m-2) with the largest differences (<–50 W/m-2) over the 323 

Siberia continent coastal regions (Fig. 11d). The relatively large contributions from 324 

SATA and SWSA are seen over the entire northern Sea of Japan (Fig. 11e and f). 325 

However, MTS at Iwamizawa has relatively strong positive correlations with turbulent 326 

heat flux over the Siberia continent coastal regions in January (not shown), meaning 327 



 16 

that upward turbulent heat flux over the Siberia continent coastal regions has the most 328 

important role in MTS at Iwamizawa in January. From these results, in heavy snowfall 329 

January months, the SSTA over the Siberia continent coastal region has an important 330 

role in heavy snowfall at Iwamizawa, as well as atmospheric contributions (i.e. SATA 331 

and SWSA). The maximum upward turbulent heat flux anomalies appear over regions 332 

downstream of the specific mountain lee side marking the initial point of formation of 333 

the thick cloud band (Muramatsu 1979; Ohtake et al. 2008). Over Siberia continent 334 

coastal regions, the warm surface-layer ocean anomaly would provide anomalous heat 335 

and moisture to atmosphere at initial formation of the cloud band. 336 

 337 

3.3 Relationship between total snowfall at Iwamizawa and other Hokkaido regions 338 

To investigate the distribution of MTS anomalies over Hokkaido when 339 

Iwamizawa experienced heavy snowfall events, we examined difference maps of MTS 340 

between heavy and light snowfall years for all winter months, produced using data from 341 

AMeDAS stations in Hokkaido (Fig. 12a–c). During all heavy snowfall winter months, 342 

the magnitudes of positive MTS in western Hokkaido are larger than those in eastern 343 

Hokkaido owing to the northwesterly winter monsoon over the Eurasian Continent. In 344 

heavy snowfall December months, the AMeDAS stations including Iwamizawa in 345 

coastal regions downstream of Ishikari Bay have relatively large positive MTS 346 

differences (i.e., >100 cm). Furthermore, the significant positive correlation of MTS 347 

amounts at AMeDAS stations in coastal regions of western Hokkaido near Ishikari Bay 348 

with MTS at Iwamizawa indicate that heavy snowfall at these stations coincide with 349 
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heavy snowfall at Iwamizawa (Figs. 12d and 13a). In heavy snowfall January months, 350 

relatively large positive MTS differences are evident at AMeDAS stations near 351 

Iwamizawa (Fig. 12b). Moreover, the MTS at stations near Iwazamiwa has relatively 352 

high positive correlation with the MTS at Iwamizawa (Figs. 12e and 13b). The 353 

transports of airs over the Siberia continent coastal regions with the warm surface-layer 354 

ocean anomalies are seen near Iwamizawa (Figs. 6d, 10d), meaning that these surface-355 

layer ocean anomalies influence snowfall at the AMeDAS stations near Iwazamiwa 356 

(Fig. 12b). In contrast, in heavy snowfall February months, AMeDAS stations with 357 

relatively large anomalies and high correlations are not limited to those near Iwamizawa 358 

(Figs. 12c,f and 13c). This is because heavy snowfall at Iwamizawa occurs even without 359 

the warm surface-layer ocean anomaly over the northern Sea of Japan when a cold 360 

outbreak associated with the northwesterly winter monsoon is strong. 361 

 362 

4. Conclusions and discussion 363 

Iwamizawa is in a region of western Hokkaido that experiences frequent 364 

heavy snowfall. This study used reanalysis data to investigate the atmospheric and 365 

oceanic circulation anomalies associated with heavy snowfall winter months at 366 

Iwamizawa. When heavy snowfall occurs at Iwamizawa, the anomalous northwesterly 367 

cold flow associated with a dipole pattern with an anticyclonic anomaly over the 368 

Eurasian Continent and a cyclonic anomaly over the northern Pacific Ocean causes cold 369 

temperatures over northern Japan during all winter months. In heavy snowfall 370 

December and January months, a preceding warm surface-layer ocean anomaly is 371 
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evident in regions upstream of Iwamizawa during the one and two prior months. The 372 

MTS has statistically significant correlation with both the atmospheric circulations over 373 

East Asia and the surface-layer ocean temperatures in upstream regions in December 374 

and January. During these winter months, relatively large positive MTS anomalies are 375 

seen at several AMeDAS stations in coastal regions of western Hokkaido, particularly 376 

those near Iwamizawa. The analysis for evaluating the respective contribution from 377 

atmospheric (i.e. cold air temperature, strong wind speed anomalies) and oceanic (i.e. 378 

sea surface temperature anomaly) anomalies to turbulent heat flux anomaly indicate that 379 

the atmospheric contribution has the most important role in heavy snowfall in all heavy 380 

snowfall months. However, in heavy snowfall January months, the warm surface-layer 381 

ocean anomaly over the northern Sea of Japan associated with strong TWC anomaly 382 

also contributes to the increase in amount of snowfall at these stations.  383 

The relationship between TWC volume transport at the Tsushima/Korea Strait 384 

during summer and autumn and precipitation on the Sea of Japan side of Japan in winter 385 

has been reported in previous studies (Hirose and Fukudome 2006, Hirose et al. 2009, 386 

Sugimoto and Hirose 2014). Hirose et al. (2009) found that the seasonal mean strength 387 

of the TWC at the Tsushima/Korea Strait during autumn (September–November) has 388 

positive correlation with both seasonal mean SST over the Sea of Japan and 389 

precipitation over Sea of Japan side regions during winter (December–February). 390 

Additionally, over the central Sea of Japan, the warm SST anomaly related to increase 391 

in TWC volume transport at the Tsushima/Korea Strait during the hot seasons (June–392 

October) enhances the latent heat flux from the ocean, contributing to increased 393 
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precipitation over northern Japan (Sugimoto and Hirose 2014). This investigation 394 

revealed that the strong TWC anomaly increases the surface-layer ocean temperature 395 

over the northern Sea of Japan, leading to an increase in the amount of snowfall at 396 

certain stations in coastal regions of western Hokkaido during January.  397 

Linear positive trends of SST over the Sea of Japan from the late 1980s to the 398 

late 2010s are found during all winter months (Yasunaga and Tomochika 2017). 399 

Sensitivity experiments with different boundary conditions for SST over the Sea of 400 

Japan revealed that the latent heat flux increase associated with warm SST anomaly 401 

enhances the amount of precipitation over the Sea of Japan side of Japan (Takahashi et 402 

al. 2013). Thus, warm SST anomaly over the Sea of Japan would increase the amount of 403 

snowfall over western Hokkaido. Further investigation is required to better understand 404 

the potential future changes in precipitation over Hokkaido.  405 
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List of Figures: 562 

Figure 1. Climatological total snowfall (MTS) at 116 Automated Meteorological Data 563 

Acquisition System (AMeDAS) stations in Hokkaido during three winter 564 

months (December-February) from 1979/1980 to 2020/2021. Red square 565 

shows location of Iwamizawa station. 566 

Figure 2. (a) Time series of snow depth (red line: cm) and daily snowfall (black bars: 567 

cm) at Iwamizawa station. Precipitation intensity measured by Japan 568 

Meteorological Agency (JMA) radars (shading: mm/hr) and geopotential 569 

height (contours: m) with wind velocity (vector: m/s) at 850-hPa level based 570 

on JMA Meso Scale Model data (MSM) at (b) 09:00 UTC December 1, 2020, 571 

(c) 15:00 UTC December 13, 2020, (d) 00:00 UTC February 9, 2021, and (e) 572 

00:00 UTC February 24, 2021. Colored dots show accumulated snowfall at 573 

AMeDAS stations during each snowfall event (SE 1: 01-02 December 2020, 574 

SE2: 13-14 December 2020, SE 3: 08-09 February 2021, SE 4: 23-24 575 

February 2021). 576 

Figure 3. Time series of monthly total snowfall (MTS) anomalies (deviation from 577 

climatology for 1979–2021) at Iwamizawa station during 1979 and 2021 578 

(2020 for December): (a) December, (b) January, and (c) February. Red 579 

(blue) dots indicate years with heavy (light) snowfall considered in the study. 580 

Dashed lines show the 0.7 standard deviation. 581 

Figure 4. Difference maps of air temperature at 950 hPa (T950) (°C: shading) with sea 582 

level pressure (hPa: contours) between heavy and light monthly total snowfall 583 

at Iwamizawa: (a) December, (b) January, and (c) February. Dot areas denote 584 

significant differences exceeding the 90% confidence level. (d)–(f) Same as 585 

(a)–(c) but for sea ice concentration (%: shading) with geopotential height 586 

(m: contours) and wave activity fluxes at 300 hPa (WAF300) (m/s2: vectors). 587 

Figure 5. Correlation coefficients of monthly total snowfall (MTS) at Iwamizawa with 588 

air temperature at 950 hPa (T950): (a) December, (b) January, and (c) 589 

February. Cross-hatched areas denote significant differences exceeding the 590 

90% confidence level. (d)–(f) Same as (a)–(c) but for MTS with geopotential 591 

height at 300 hPa (Z300). 592 



 27 

Figure 6. Difference maps of ocean temperature (°C: shading) with ocean currents (m/s: 593 

vectors) at 5-m depth between heavy and light snowfall Decembers at 594 

Iwamizawa for (a) 0 month (December), (b) -1 month (November), and (c) -2 595 

month (October) lag times. Gray shading represents data that were not 596 

significant at the 90% confidence level. Black dot shows location of 597 

Iwamizawa station. (d)–(f) and (g)–(i) Same as (a)–(c) but for January and 598 

February, respectively. 599 

Figure 7. Correlation coefficients of monthly total snowfall (MTS) at Iwamizawa during 600 

December with ocean temperature in the surface layer (5-m depth) for (a) 0 601 

month (December), (b) -1 month (November), and (c) -2 month (October) lag 602 

times. Gray shading represents data that were not significant at the 90% 603 

confidence level. (d)–(f) and (g)–(i) Same as (a)–(c) but for January and 604 

February, respectively. 605 

Figure 8. Same as Fig. 6 but for contribution from horizontal temperature advection to 606 

heat balance in the surface-layer ocean. 607 

Figure 9. Same as Fig. 6 but for surface heat flux (W/ m2: shading). Negative value 608 

shows upward direction from ocean to atmosphere. 609 

Figure 10. Difference maps of surface heat flux (W/m2: shading) and wind velocity at 610 

10m (m/s: vector) between heavy and light snowfall at Iwamizawa for (a) 611 

Decembers, (b) Januarys and (c) Februarys, respectively. Gray shading 612 

represents data that were not significant at the 90% confidence level. Black 613 

dot shows location of Iwamizawa station. Negative value shows upward 614 

direction from ocean to atmosphere. 615 

Figure 11. Difference maps of contributions from (a) sea surface temperature anomaly 616 

(SSTA: W/ m2), (b) surface air temperature anomaly (SATA: W/ m2) and (c) 617 

surface wind speed anomaly (SWSA: W/ m2) between heavy and light 618 

snowfall Decembers at Iwamizawa. Negative value shows upward direction 619 

from ocean to atmosphere. Cross-hatched areas denote significant differences 620 

exceeding the 90% confidence level. (d)–(f) and (g)–(i) Same as (a)–(c) but 621 

for January and February, respectively. 622 

Figure 12. (a) Difference maps of monthly total snowfall (MTS) at AMeDAS stations in 623 

Hokkaido between heavy and light snowfall months at Iwamizawa: (a) 624 
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December, (b) January, and (c) February. Red square shows location of 625 

Iwamizawa station. (d)–(f) Same as (a)–(c) but for correlation coefficients of 626 

monthly total snowfall (MTS) between Iwamizawa and each AMeDAS 627 

station. 628 

Figure 13. Scatter plots of correlation coefficients of monthly total snowfall (MTS) and 629 

distances between Iwamizawa and each AMeDAS station for (a) December, 630 

(b) January and (c) February.  631 
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 632 

Figure 1. Climatological total snowfall (MTS) at 116 Automated Meteorological Data Acquisition 633 

System (AMeDAS) stations in Hokkaido during three winter months (December-February) from 634 

1979/1980 to 2020/2021. Red square shows location of Iwamizawa station.   635 
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 636 

Figure 2. (a) Time series of snow depth (red line: cm) and daily snowfall (black bars: cm) at Iwamizawa 637 
station. Precipitation intensity measured by Japan Meteorological Agency (JMA) radars (shading: mm/hr) 638 
and geopotential height (contours: m) with wind velocity (vector: m/s) at 850-hPa level based on JMA 639 
Meso Scale Model data (MSM) at (b) 09:00 UTC December 1, 2020, (c) 15:00 UTC December 13, 2020, 640 
(d) 00:00 UTC February 9, 2021, and (e) 00:00 UTC February 24, 2021. Colored dots show accumulated 641 
snowfall at AMeDAS stations during each snowfall event (SE 1: 01-02 December 2020, SE2: 13-14 642 
December 2020, SE 3: 08-09 February 2021, SE 4: 23-24 February 2021).   643 
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 644 
Figure 3. Time series of monthly total snowfall (MTS) anomalies (deviation from climatology for 1979–645 
2021) at Iwamizawa station during 1979 and 2021 (2020 for December): (a) December, (b) January, and 646 
(c) February. Red (blue) dots indicate years with heavy (light) snowfall considered in the study. Dashed 647 
lines show the 0.7 standard deviation.  648 
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 649 

Figure 4. Difference maps of air temperature at 950 hPa (T950) (°C: shading) with sea level pressure 650 
(hPa: contours) between heavy and light monthly total snowfall at Iwamizawa: (a) December, (b) 651 
January, and (c) February. Cross-hatched areas denote significant differences exceeding the 90% 652 
confidence level. (d)–(f) Same as (a)–(c) but for sea ice concentration (%: shading) with geopotential 653 
height (m: contours) and wave activity fluxes at 300 hPa (WAF300) (m/s2: vectors).   654 
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Figure 5. Correlation coefficients of monthly total snowfall (MTS) at Iwamizawa with air temperature at 655 
950 hPa (T950): (a) December, (b) January, and (c) February. Dot areas denote significant differences 656 
exceeding the 90% confidence level. (d)–(f) Same as (a)–(c) but for MTS with geopotential height at 300 657 
hPa (Z300).  658 
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 659 
Figure 6. Difference maps of ocean temperature (°C: shading) with ocean currents (m/s: vectors) at 5-m 660 
depth between heavy and light snowfall Decembers at Iwamizawa for (a) 0 month (December), (b) -1 661 
month (November), and (c) -2 month (October) lag times. Gray shading represents data that were not 662 
significant at the 90% confidence level. Black dot shows location of Iwamizawa station. (d)–(f) and (g)–663 
(i) Same as (a)–(c) but for January and February, respectively.   664 
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 665 
Figure 7. Correlation coefficients of monthly total snowfall (MTS) at Iwamizawa during December with 666 
ocean temperature in the surface layer (5-m depth) for (a) 0 month (December), (b) -1 month 667 
(November), and (c) -2 month (October) lag times. Gray shading represents data that were not significant 668 
at the 90% confidence level. (d)–(f) and (g)–(i) Same as (a)–(c) but for January and February, 669 
respectively.  670 
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Figure 8. Same as Fig. 6 but for contribution from horizontal temperature advection to heat balance in the 671 
surface-layer ocean.  672 
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Figure 9. Same as Fig. 6 but for surface heat flux (W/ m2: shading). Negative value shows upward 673 
direction from ocean to atmosphere.  674 
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Figure 10. Difference maps of surface heat flux (W/m2: shading) and wind velocity at 10m (m/s: vector) 675 
between heavy and light snowfall at Iwamizawa for (a) Decembers, (b) Januarys and (c) Februarys, 676 
respectively. Gray shading represents data that were not significant at the 90% confidence level. Black 677 
dot shows location of Iwamizawa station. Negative value shows upward direction from ocean to 678 
atmosphere.  679 
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Figure 11. Difference maps of contributions from (a) sea surface temperature anomaly (SSTA: W/ m2), 680 
(b) surface air temperature anomaly (SATA: W/ m2) and (c) surface wind speed anomaly (SWSA: W/ m2) 681 
between heavy and light snowfall Decembers at Iwamizawa. Negative value shows upward direction 682 
from ocean to atmosphere. Cross-hatched areas denote significant differences exceeding the 90% 683 
confidence level. (d)–(f) and (g)–(i) Same as (a)–(c) but for January and February, respectively.  684 
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 685 
Figure 12. (a) Difference maps of monthly total snowfall (MTS) at AMeDAS stations in Hokkaido 686 
between heavy and light snowfall months at Iwamizawa: (a) December, (b) January, and (c) February. 687 
Red square shows location of Iwamizawa station. (d)–(f) Same as (a)–(c) but for correlation coefficients 688 
of monthly total snowfall (MTS) between Iwamizawa and each AMeDAS station. 689 

  690 
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Figure 13. Scatter plots of correlation coefficients of monthly total snowfall (MTS) and distances between 742 
Iwamizawa and each AMeDAS station for (a) December, (b) January and (c) February. 743 


