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Abstract

Iwamizawa on the Sea of Japan side of Hokkaido is one of the cities in Japan that
experience frequent heavy snowfall events. Warm surface-layer ocean anomalies over
the Sea of Japan can induce heavy snowfall over the Sea of Japan side of Japan;
however, the relationship between ocean temperature over the northern Sea of Japan
and snowfall events at Iwamizawa remains uncertain. This study used reanalysis data to
investigate atmospheric and oceanic circulation anomalies associated with each
anomalous heavy snowfall winter month at Iwamizawa. During all anomalous snowfall
winter months at [wamizawa, a cold air anomaly with northwesterly winds existed over
the Far East that was associated with a dipole pattern with anticyclone anomalies over
the north coast of the Eurasian Continent and cyclonic anomalies extending zonally
over the Far East and northern Pacific Ocean. The surface cold air temperature and
strong wind speed anomalies are major factor for anomalous upward turbulent heat flux
over the northern Sea of Japan during all anomalous snowfall winter months at
Iwamizawa. Additionally, during anomalous snowfall January, warm surface-layer
ocean anomaly over the northern Sea of Japan, which preceded the heavy snowfall
events at Iwamizawa by two months, has an important role in upward turbulent heat
flux anomaly. This preceding warm ocean temperature anomaly was associated with a
strong Tsushima Warm Current anomaly. Results showed that warm surface-layer
ocean anomaly over the northern Sea of Japan that precedes anomalous cold advection
from the Eurasian Continent has also large impact on producing heavy snowfall events

over western Hokkaido coastal regions near Iwamizawa in January.

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

During the winter monsoon season, the Siberian High over Eurasia and a
developed cyclone over the North Pacific create a strong surface pressure gradient over
East Asia. The northwesterly winter monsoon associated with this strong pressure
gradient leads to outbreaks of cold air from the Eurasian Continent toward Japan. The
relatively warm ocean provides a rich supply of water vapor and heat to the cold and
dry air moving over the Sea of Japan, resulting in development of convective clouds
that can cause extreme weather with heavy snowfall (e.g., Ninomiya 1968; Yoshizaki et
al. 2004; Inoue et al. 2005; Sato et al. 2017).

Takano et al. (2008) reported that air mass modification over the Sea of Japan
is strongly related to a large-scale atmospheric north—south dipole pattern (similar to the
western Pacific (WP) pattern). When the phase of the WP pattern is negative (positive),
the winter monsoon is enhanced (reduced) over East Asia, causing anomalous cold
(warm) winters over the Far East (Takaya and Nakamura 2013). Additionally, cold air
over the Eurasian Continent moves eastward with the movement of a trough in the
middle troposphere (Hori et al. 2011). Several mechanisms regarding anomalous cold
temperature over the Eurasian Continent have been reported in previous studies (Honda
et al. 2009; Inoue et al. 2012; Sato et al., 2014, Nakanowatari et al. 2014, Mori et al.
2014, Nakamura et al. 2015). The decline of sea ice over the Barents and Kara seas
strengthens the Siberian High through enhanced release of oceanic heat (Honda et al.
2009; Nakanowatari et al. 2014, Mori et al. 2014), and a poleward shift of cyclone

tracks (Inoue et al. 2012) leads to anomalous cold temperatures over the Eurasian
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Continent. The atmospheric response to changes in the Atlantic warm ocean current
(i.e., the Gulf Stream) has direct and indirect effects on cold temperature anomalies over
Eurasia (Sato et al. 2014).

Anomalous warm sea surface temperature (SST) around Japan has direct
impact on the weather over Japan (Manda et al. 2014, Ando et al. 2015). Therefore, the
relationships between SST over the Sea of Japan and precipitation over the Sea of Japan
side of Japan have been investigated in previous studies (Sato and Sugimoto 2013,
Takahashi et al. 2013, Takahashi and Idenaga 2013, Yasunaga and Tomochika 2017).
During autumn and winter, positive SST trends are observed over the northern Sea of
Japan from the 1980s to the 2000s or 2010s (Sato and Sugimoto 2013, Yasunaga and
Tomochika 2017). Numerical experiments have revealed that anomalous upward latent
heat flux associated with the warm SST anomaly over the Sea of Japan enhances
snowfall over Sea of Japan side regions of Japan (Takahashi et al. 2013). During winter,
the amount of precipitation over Sea of Japan side regions can increase on the timescale
of a few days following an increase in SST over the Sea of Japan (Takahashi and
Idenaga 2013). In contrast, in the same winter month, there is no relationship between
monthly mean precipitation over the Sea of Japan side and SST over the Sea of Japan
(Yasunaga and Tomochika 2017). This is because there are month-to-month variances
of SST over the Sea of Japan in winter months during a strong winter monsoon (Takano
et al. 2008). Therefore, the amounts of monthly precipitation over Sea of Japan side
regions in December are correlated significantly with the 1-month prior SST over the

Sea of Japan (Takano et al. 2008, Yasunaga and Tomochika 2017). Warm ocean
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currents have important roles in changing local and large-scale precipitation systems
(Hirose and Fukudome 2006; Kunoki et al. 2015, Sato et al. 2014, 2015, 2021; Minobe
et al. 2008, 2010; Minobe and Takebayashi 2015). Specifically, in the Sea of Japan, the
stronger transport of the Tsushima Warm Current (TWC) during autumn causes a warm
SST anomaly over the southern Sea of Japan, enhancing winter snowfall over the Sea of
Japan side of Japan (Hirose and Fukudome 2006; Hirose et al. 2009; Sugimoto and
Hirose 2014).

Numerous studies have investigated snowfall amounts over Hokkaido, which
is one of the regions of Japan that experience heavy snowfall during the winter
monsoon season (Campbell et al. 2018; Shirakawa and Kameda 2019; Inatsu et al.
2020; Kawazoe et al. 2020; Takahashi 2021). When the northwesterly winter monsoon
is intensified over the Sea of Japan, the cloud band associated with heavy snowfall
events can be observed to extend from the northern Sea of Japan to western Hokkaido
(Muramatsu 1979; Fujiyoshi et al. 1992, 1998; Katsumata et al. 1998, 2000; Yoshimoto
et al. 2000). A part of cloud band initially forms on the lee side of Russia’s Sikhote-Alin
mountain range on the east coast of the Eurasian Continent owing to topographic effects
of the mountains (Muramatsu 1979; Ohtake et al. 2008). Additionally, convective
clouds associated with mesoscale systems (i.e., polar lows) bring heavy snowfall over
western parts of Hokkaido (Ninomiya 1994). When the Sea of Okhotsk is covered with
sea ice, cold advection from the sea ice area influences on formations and

intensifications of these mesocale systems (Tsuboki et al. 1989).



108 The continual cloud band is formed over the Sea of Japan during the winter
109  months, leading to relatively large climatological total amounts of snowfall in western
110 parts of Hokkaido compared with eastern parts of Hokkaido (Fig. 1). Specifically,

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

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

113 season, Iwamizawa experienced four extreme heavy snowfall events (Fig. 2a). Although
114 astrong snowfall band associated with a mesoscale system was observed during the
115 snowfall event near the end of February 2021 (Fig. 2e), snow cloud bands formed over
116 western coastal regions of Hokkaido during the other three snowfall events that

117 occurred in December 2020 and early February 2021 (Fig. 2b—d). There has been no
118  study previously on the relationship between the surface-layer ocean temperature

119 anomaly over the northern Sea of Japan and anomalous snowfall at Iwamizawa. This
120  study investigated the atmospheric and oceanic circulation anomalies associated with
121 anomalous winter snowfall at Iwamizawa.

122
123 2. Data and Method

124 To investigate the atmospheric and oceanic fields, monthly mean Climate
125  Forecast System Reanalysis data from January 1979 to March 2011 and Climate

126  Forecast System Version 2 data after April 2011 were used in this study. The National
127  Centers for Environmental Prediction produces both these datasets on 0.5° x 0.5° grids
128  (Saha et al. 2010, 2014). The data include meteorological (e.g., temperature, wind,

129  specific humidity, geopotential height, turbulent heat flux and radiative heat flux) and
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oceanographic (e.g., potential ocean temperature and ocean current) parameters at
various levels. The atmospheric fields during winter 2020/2021 were based on Japan
Meteorological Agency (JMA) Meso Scale Model data (MSM), which are provided
after July 2002 (Fig. 2b—d). We supplemented in situ data with gridded analyses of
precipitation derived from radar data after June 2003 provided by the JMA.
Additionally, we used monthly total snowfall (MTS) data from 116 stations of the
Automated Meteorological Data Acquisition System (AMeDAS) in Hokkaido (Fig. 1).

To understand interannual snowfall variations at Iwamizawa, we focused on
time series of MTS anomalies during each winter month (i.e., December, January, and
February) at Iwamizawa (Fig. 3). Referring to this time series, we selected typical heavy
and light snowfall years for which snowfall values exceed 0.7 standard deviations for
each winter month. To compare the broad atmospheric and oceanic circulations, we
compiled difference maps of atmospheric and oceanic fields by subtracting composites
for heavy versus light snowfall winter months. Moreover, we calculated correlation
coefficients for MTS at Iwamizawa with atmospheric and oceanic parameters for all
winter months.

To assess the contributions from SST anomaly (SSTA), surface air
temperature anomaly (SATA) and surface wind speed anomaly (SWSA) to sensible and
latent heat flux anomalies, we used the equations reported by Tanimoto et al. (2003).
The sensible and latent heat fluxes are given as the sum of climatological mean and

anomaly. Therefore, the anomalous sensible and latent heat fluxes are expressed below:
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Qf = Qr — Qz = pLCe{Uq, —Uqy + U'(q: — o) + [U' (¢t — ) - U'(as —qp)]} (1)

Qi = Qu = Qu = PaCyCullT —UT, + U' (T —T) + [U'(T — T -~ U'(Ty = TN} (2)

Qe and Qg are the latent and sensible heat fluxes, respectively. Here, p, is the air
density with the value of 1.293 kg m™, L the latent heat of vaporization for water with
the value of 2.50%10° J kg™!, ¢, the specific heat of air at constant pressure with the
value of 1004 J kg'! K*!, U is the wind speed, and Cg and Cy are transfer coefficients for
Qe and Qp, respectively. Subscripts s and a indicate values at the sea surface and 2 m
height, respectively. Overbars and primes indicate the climatological mean and the
deviation from it. The first three terms of equations (1) and (2) are considered to
represent the respective contributions from SSTA, SATA and SWSA to sensible and
latent heat fluxes (Tanimoto et al. 2003).

In addition, we estimated the contributions from horizontal ocean temperature
advection (—OV - VOT — OU - VOT) to heat balance in the surface-layer ocean. Here,
OT denotes the surface-layer ocean temperature, OV and OU denote the surface-layer

meridional and zonal ocean current, respectively.

3. Results
3.1 Atmospheric circulations causing heavy snowfall winters in northern Japan

Figure 4a—c shows difference maps of temperature at 950 hPa (T950) with sea
level pressure between heavy and light snowfall years at Iwamizawa for each winter

month. In heavy snowfall years of all winter months, the T950s have significant cold
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temperature anomalies over the Far East. Dipole patterns with an anticyclonic anomaly
over the Eurasian Continent and a cyclonic anomaly over the northern Pacific Ocean
can be seen during all heavy snowfall winter months. These patterns cause a pressure
gradient over the Far East that induces northwesterly cold advection anomalies over
northern Japan. The frequency of formation of cloud bands with heavy snowfall,
extending from the eastern Eurasian Continent to western Hokkaido, would be
increased by northwesterly cold advection anomalies. In the upper troposphere, the
differences in geopotential height at 300 hPa (Z300) has a dipole pattern with
anticyclone anomalies over the north coast of the Eurasian Continent and cyclonic
anomalies extending zonally over the Far East and northern Pacific Ocean (Fig. 4d—f).
In heavy snowfall winters, the WP pattern, which enhances northerly cold advection
associated with the winter monsoon, increases the amount of snowfall over Hokkaido
(Inatsu et al. 2021). However, there is no correlation coefficient between the MTS and
WP index (available from https://psl.noaa.gov/data/climateindices/list) for all months
during 1979 and 2020/2021 (December, January: |r[=0.0; February: |r|=0.2), indicating
that this dipole pattern is different from the WP pattern.

The propagation of wave-activity flux, which represents propagation of quasi-
stationary Rossby waves, indicates that a wave train appears from the northern Eurasian
Continent to the Far East (Fig. 4d—f). Although anomalous sea ice decline over the
Barents—Kara seas is known to induce an anticyclonic anomaly over the Barents—Kara
sector (Honda et al. 2009, Inoue et al. 2012, Mori et al. 2014, Sato et al. 2014),

statistically significant decline in sea ice in the Barents—Kara seas is not evident during
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heavy snowfall years for all winter months (Fig. 4d—f). The covered sea ice reduces heat
releasing from ocean and causes no significant differences in upward turbulent heat
fluxes over the Barents—Kara sector in all heavy snowfall months (not shown).
Additionally, during all winter months in heavy snowfall years, there are also no
differences in other factors that might influence this atmospheric circulation anomaly
(e.g., a weakened polar vortex in the stratosphere, as reported by Nakamura et al. (2015)
and poleward movement of the Gulf Stream, as reported by Sato et al. (2014)).
Teleconnections between the tropical regions and the Arctic are not seen in all heavy
snowfall months, suggesting that change in another factor over the high latitudes could
influence these atmospheric circulation anomalies. In contrast, during heavy snowfall
February months, there is statistically significant positive anomaly in sea ice
concentration over the Sea of Okhotsk (Fig. 4f). The relatively cold air mass associated
with heavy sea ice cover would influence on formation of convergent cloud with heavy
snowfall reported by previous study (Tsuboki et al. 1989). In fact, during 23 and 24
February 2021, the heavy snowfall event was induced by mesoscale systems (Fig. 2a,e).
To further investigate the relationship between MTS and atmospheric
circulation for each winter month, we calculated the correlations between MTS at
Iwamizawa and atmospheric parameters (T950 and Z300) for the three winter months
(Fig. 5). Air temperature in the lower troposphere (T950) over the Far East has
significant negative correlation with MTS at Iwamizawa in all winter months, with
particularly strong negative correlation (|r>0.6) over northern Japan (Fig. Sa—c). In the

upper troposphere, there are statistical relationships between MTS at Iwamizawa and

10
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the dipole pattern, with negative correlation (|r[>0.5) over the northern Pacific Ocean
and positive correlation (|r[>0.3) over the northern Eurasian Continent in all winter
months (Fig. 5d—f). The high correlations between MTS at Iwamizawa and atmospheric
variations, which indicate that anomalous cold advection associated with the meridinal
dipole pattern has an important role in Iwamizawa snowfall, are in agreement with the
findings of previous studies (Hirose and Fukudome 2006, Takano et al. 2008, Takahashi

and Idenaga 2013).

3.2 Tsushima Warm Current causing a warm surface-layer ocean anomaly over the
northern Sea of Japan

To investigate surface-layer ocean temperature anomalies in heavy snowfall
years, we examined difference maps of ocean temperature in the surface layer (5-m
depth) between heavy and light snowfall years at Iwamizawa for all winter months (Fig.
6). In heavy snowfall December months, although there are positive differences in
surface-layer ocean temperature over the northern Sea of Japan, the amplitude of this
warm anomaly is small (Fig. 6a). In contrast, difference maps of surface-layer ocean
temperature during the months prior (October and November) to heavy snowfall
December months (Fig. 6b and c) reveal a statistically significant warm anomaly around
Ishikari Bay. The correlation coefficient between MTS at Iwamizawa during December
and surface-layer ocean temperature during prior months (November and October)
shows that although the correlations have relatively small magnitude over the northern

Sea of Japan, there are significant positive correlations over Ishikari Bay (Fig. 7b, ¢).

11



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

The difference in ocean current velocity in the surface-layer shows eastward and
northeastward ocean current anomalies from the Sea of Japan to Ishikari Bay (Fig. 6b
and c), suggesting that a strong TWC anomaly would have an impact on the warm
surface-layer ocean anomaly over Ishikari Bay. To estimate the impact of ocean current
anomaly associated with the strong TWC anomaly on the surface-layer ocean
temperature anomaly, we made difference maps of contribution from horizontal ocean
temperature advection to change in surface-layer ocean temperature between heavy and
light snowfall years at Iwamizawa for all winter months (Fig.8). Although the increase
in horizontal advection associated with the strong TWC anomaly during October would
contribute to the warm surface-layer ocean anomaly over Ishikari Bay during November
(Figs. 6b and 8c), there is the small magnitude of horizontal ocean temperature
advection anomaly with no statistically significant during October (Fig. 8c). To assess
the impacts of atmospheric variations on the warm surface-layer ocean anomaly, we
calculated surface heat flux, which consists of turbulent and radiative heat fluxes.
Figure 9 shows difference maps of surface heat flux between heavy and light snowfall
years at [wamizawa for all winter months. During the months prior to heavy snowfall
December months, there are no positive differences in surface heat flux over the
northern Sea of Japan (Fig. 9b and c). These analyses suggest that other oceanic
parameters (e.g. diffusion and the entrainment through the bottom boundary of the
mixed layer) would be a major factor for the warm surface-layer ocean anomaly during
the months prior to heavy snowfall December months. However, the data assimilation

would influence the surface-layer temperature anomaly.
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In heavy snowfall January months, the ocean temperature in the surface layer
has a warm anomaly in coastal regions of the Siberian continent (Fig. 6d). During the
prior months (December and November) of heavy snowfall January months, the
magnitude and distribution of statistically significant warm surface-layer ocean
anomalies are larger than those in the prior months (November and October) of heavy
snowfall December months (Fig. 6b, c, e, and f), suggesting that the warm ocean
temperature anomalies remain even during heavy snowfall January months (Fig. 6d).
The positive correlations between surface-layer ocean temperatures during prior months
and MTS during January months are seen over the Siberia coastal regions (Fig. 7e and
f). These positive correlation patterns are similar to those of warm surface-layer ocean
anomalies in the prior months of heavy snowfall January months (Figs. 6e, and f and 7e,
and f). The preceding warm surface-layer ocean temperature anomaly over the Sea of
Japan would influence MTS at Iwamizawa in January. During two prior months of
heavy snowfall January months, over the Siberia coastal regions, northward ocean
current anomalies, which are associated with a strong northward TWC, are seen over
these preceding warm surface-layer ocean anomalies (Fig. 6e and f). There are positive
differences in horizontal ocean temperature advection over the Siberia coastal regions
(Fig. 8e and f), indicating that the warm horizontal advection anomaly associated with
the strong TWC anomaly is large enough to cause the warm surface-layer ocean
anomaly during two prior months of heavy snowfall January months. In contrast, the
significant positive differences in surface heat flux are not observed over significant

warm surface-layer ocean anomaly areas (Fig. 9¢ and f). Therefore, atmospheric
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parameters have small impact on these warm surface-layer ocean anomalies during two
prior months. These results reveal that the strong TWC anomalies during two prior
months have an important role in the warm surface-layer temperature anomaly over the
Siberia coastal regions.

For heavy snowfall February months, there are no significant differences in
surface-layer ocean temperature in regions upstream of Iwamizawa (i.e., the northern
Sea of Japan), even during prior months (December and January) (Fig. 6g-i). The no
significant differences in warm surface-layer ocean anomalies indicate that the
atmospheric circulation anomalies have important role in producing heavy snowfall
over coastal regions of western Hokkaido during heavy snowfall February months. In
addition, MTS has no significant correlation with surface-layer ocean temperature, even
in the prior months (Fig. 7g—i). The surface-layer ocean temperature would have small
impact on MTS during heavy snowfall February months.

The negative differences in turbulent heat flux between heavy and light
snowfall years at Iwamizawa are seen over the northern Sea of Japan in all heavy
snowfall months (Fig. 10), indicating that the anomalous upward latent heat flux over
the northern Sea of Japan enhances snowfall over Sea of Japan side regions of Japan. To
assess the impact of atmospheric and oceanic anomalies on turbulent heat flux anomaly,
we further diagnosed the differences in contributions from SSTA, SATA and SWSA to
turbulent heat flux anomaly (THFA) between heavy and light snowfall months for three
winter months (Fig.11). In all heavy snowfall months, the contributions from SATA

have almost the largest negative differences (<—40 W/m) in with statistically
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significant over the entire northern Sea of Japan, meaning that SATA has the most
important role in upward THFA (Fig. 11b,e and h). In the contributions from SWSA,
negative differences (<—10 W/m) are seen over the entire northern Sea of Japan in all
heavy snowfall months (Fig. 11c,f and 1). Although the magnitudes of negative
differences in the contribution from SWSA are weaker than those from SATA, there are
the relatively large negative differences (<-30 W/m2) over western Hokkaido coastal
regions in heavy snowfall months December and February months (Fig. 11c and i). The
SWSA over the entire northern Sea of Japan also contributes to upward THFA in all
heavy snowfall months. In contrast, there are the differences in magnitude and
distribution of SSTA contribution in each winter month (Fig, 11a,d and g). In heavy
snowfall December months, the negative difference in SSTA over Ishikari Bay indicates
that warm SST anomaly contributes to upward THFA over these regions (Fig, 11a).
However, the amplitude of contribution from SSTA (>-10 W/m2) over Ishikari Bay are
smaller than that from SATA and SWSA (Fig. 11a-c), meaning that the warm SST
anomaly during heavy snowfall December months has minor impact on total snowfall at
Iwamizawa compared with atmospheric contributions anomalies (temperature and wind
speed). In heavy snowfall January months, the contribution from SSTA has relatively
large negative value (<-30 W/m2) with the largest differences (<-50 W/m) over the
Siberia continent coastal regions (Fig. 11d). The relatively large contributions from
SATA and SWSA are seen over the entire northern Sea of Japan (Fig. 11e and f).
However, MTS at Iwamizawa has relatively strong positive correlations with turbulent

heat flux over the Siberia continent coastal regions in January (not shown), meaning
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328  that upward turbulent heat flux over the Siberia continent coastal regions has the most
329  important role in MTS at Iwamizawa in January. From these results, in heavy snowfall
330  January months, the SSTA over the Siberia continent coastal region has an important
331  role in heavy snowfall at Iwamizawa, as well as atmospheric contributions (i.e. SATA
332 and SWSA). The maximum upward turbulent heat flux anomalies appear over regions
333  downstream of the specific mountain lee side marking the initial point of formation of
334  the thick cloud band (Muramatsu 1979; Ohtake et al. 2008). Over Siberia continent
335  coastal regions, the warm surface-layer ocean anomaly would provide anomalous heat
336  and moisture to atmosphere at initial formation of the cloud band.

337

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

339 To investigate the distribution of MTS anomalies over Hokkaido when

340 Iwamizawa experienced heavy snowfall events, we examined difference maps of MTS
341  between heavy and light snowfall years for all winter months, produced using data from
342  AMeDAS stations in Hokkaido (Fig. 12a—c). During all heavy snowfall winter months,
343  the magnitudes of positive MTS in western Hokkaido are larger than those in eastern
344  Hokkaido owing to the northwesterly winter monsoon over the Eurasian Continent. In
345  heavy snowfall December months, the AMeDAS stations including Iwamizawa in

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

347  differences (i.e., >100 cm). Furthermore, the significant positive correlation of MTS
348 amounts at AMeDAS stations in coastal regions of western Hokkaido near Ishikari Bay

349  with MTS at Iwamizawa indicate that heavy snowfall at these stations coincide with
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heavy snowfall at Iwamizawa (Figs. 12d and 13a). In heavy snowfall January months,
relatively large positive MTS differences are evident at AMeDAS stations near
Iwamizawa (Fig. 12b). Moreover, the MTS at stations near Iwazamiwa has relatively
high positive correlation with the MTS at Iwamizawa (Figs. 12e and 13b). The
transports of airs over the Siberia continent coastal regions with the warm surface-layer
ocean anomalies are seen near Iwamizawa (Figs. 6d, 10d), meaning that these surface-
layer ocean anomalies influence snowfall at the AMeDAS stations near Iwazamiwa
(Fig. 12b). In contrast, in heavy snowfall February months, AMeDAS stations with
relatively large anomalies and high correlations are not limited to those near Iwamizawa
(Figs. 12¢,f and 13c¢). This is because heavy snowfall at Iwamizawa occurs even without
the warm surface-layer ocean anomaly over the northern Sea of Japan when a cold

outbreak associated with the northwesterly winter monsoon is strong.

4. Conclusions and discussion

Iwamizawa is in a region of western Hokkaido that experiences frequent
heavy snowfall. This study used reanalysis data to investigate the atmospheric and
oceanic circulation anomalies associated with heavy snowfall winter months at
Iwamizawa. When heavy snowfall occurs at Iwamizawa, the anomalous northwesterly
cold flow associated with a dipole pattern with an anticyclonic anomaly over the
Eurasian Continent and a cyclonic anomaly over the northern Pacific Ocean causes cold
temperatures over northern Japan during all winter months. In heavy snowfall

December and January months, a preceding warm surface-layer ocean anomaly is
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evident in regions upstream of Iwamizawa during the one and two prior months. The
MTS has statistically significant correlation with both the atmospheric circulations over
East Asia and the surface-layer ocean temperatures in upstream regions in December
and January. During these winter months, relatively large positive MTS anomalies are
seen at several AMeDAS stations in coastal regions of western Hokkaido, particularly
those near Iwamizawa. The analysis for evaluating the respective contribution from
atmospheric (i.e. cold air temperature, strong wind speed anomalies) and oceanic (i.e.
sea surface temperature anomaly) anomalies to turbulent heat flux anomaly indicate that
the atmospheric contribution has the most important role in heavy snowfall in all heavy
snowfall months. However, in heavy snowfall January months, the warm surface-layer
ocean anomaly over the northern Sea of Japan associated with strong TWC anomaly
also contributes to the increase in amount of snowfall at these stations.

The relationship between TWC volume transport at the Tsushima/Korea Strait
during summer and autumn and precipitation on the Sea of Japan side of Japan in winter
has been reported in previous studies (Hirose and Fukudome 2006, Hirose et al. 2009,
Sugimoto and Hirose 2014). Hirose et al. (2009) found that the seasonal mean strength
of the TWC at the Tsushima/Korea Strait during autumn (September—November) has
positive correlation with both seasonal mean SST over the Sea of Japan and
precipitation over Sea of Japan side regions during winter (December—February).
Additionally, over the central Sea of Japan, the warm SST anomaly related to increase
in TWC volume transport at the Tsushima/Korea Strait during the hot seasons (June—

October) enhances the latent heat flux from the ocean, contributing to increased
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precipitation over northern Japan (Sugimoto and Hirose 2014). This investigation
revealed that the strong TWC anomaly increases the surface-layer ocean temperature
over the northern Sea of Japan, leading to an increase in the amount of snowfall at
certain stations in coastal regions of western Hokkaido during January.

Linear positive trends of SST over the Sea of Japan from the late 1980s to the
late 2010s are found during all winter months (Yasunaga and Tomochika 2017).
Sensitivity experiments with different boundary conditions for SST over the Sea of
Japan revealed that the latent heat flux increase associated with warm SST anomaly
enhances the amount of precipitation over the Sea of Japan side of Japan (Takahashi et
al. 2013). Thus, warm SST anomaly over the Sea of Japan would increase the amount of
snowfall over western Hokkaido. Further investigation is required to better understand

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

Figure 1. Climatological total snowfall (MTS) at 116 Automated Meteorological Data
Acquisition System (AMeDAS) stations in Hokkaido during three winter
months (December-February) from 1979/1980 to 2020/2021. Red square
shows location of Iwamizawa station.

Figure 2. (a) Time series of snow depth (red line: cm) and daily snowfall (black bars:
cm) at Iwamizawa station. Precipitation intensity measured by Japan
Meteorological Agency (JMA) radars (shading: mm/hr) and geopotential
height (contours: m) with wind velocity (vector: m/s) at 850-hPa level based
on JMA Meso Scale Model data (MSM) at (b) 09:00 UTC December 1, 2020,
(c) 15:00 UTC December 13, 2020, (d) 00:00 UTC February 9, 2021, and (e)
00:00 UTC February 24, 2021. Colored dots show accumulated snowfall at
AMeDAS stations during each snowfall event (SE 1: 01-02 December 2020,
SE2: 13-14 December 2020, SE 3: 08-09 February 2021, SE 4: 23-24
February 2021).

Figure 3. Time series of monthly total snowfall (MTS) anomalies (deviation from
climatology for 1979-2021) at Iwamizawa station during 1979 and 2021
(2020 for December): (a) December, (b) January, and (c) February. Red
(blue) dots indicate years with heavy (light) snowfall considered in the study.
Dashed lines show the 0.7 standard deviation.

Figure 4. Difference maps of air temperature at 950 hPa (T950) (°C: shading) with sea
level pressure (hPa: contours) between heavy and light monthly total snowfall
at Iwamizawa: (a) December, (b) January, and (c) February. Dot areas denote
significant differences exceeding the 90% confidence level. (d)—(f) Same as
(a)—(c) but for sea ice concentration (%: shading) with geopotential height
(m: contours) and wave activity fluxes at 300 hPa (WAF300) (m/s?: vectors).

Figure 5. Correlation coefficients of monthly total snowfall (MTS) at Iwamizawa with
air temperature at 950 hPa (T950): (a) December, (b) January, and (c)
February. Cross-hatched areas denote significant differences exceeding the
90% confidence level. (d)—(f) Same as (a)—(c) but for MTS with geopotential
height at 300 hPa (Z300).
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Figure 6. Difference maps of ocean temperature (°C: shading) with ocean currents (m/s:
vectors) at 5-m depth between heavy and light snowfall Decembers at
Iwamizawa for (a) 0 month (December), (b) -1 month (November), and (c) -2
month (October) lag times. Gray shading represents data that were not
significant at the 90% confidence level. Black dot shows location of
Iwamizawa station. (d)—(f) and (g)—(i) Same as (a)—(c) but for January and
February, respectively.

Figure 7. Correlation coefficients of monthly total snowfall (MTS) at Iwamizawa during
December with ocean temperature in the surface layer (5-m depth) for (a) 0
month (December), (b) -1 month (November), and (¢) -2 month (October) lag
times. Gray shading represents data that were not significant at the 90%
confidence level. (d)—(f) and (g)—(i) Same as (a)—(c) but for January and
February, respectively.

Figure 8. Same as Fig. 6 but for contribution from horizontal temperature advection to
heat balance in the surface-layer ocean.

Figure 9. Same as Fig. 6 but for surface heat flux (W/ m?: shading). Negative value
shows upward direction from ocean to atmosphere.

Figure 10. Difference maps of surface heat flux (W/m?: shading) and wind velocity at
10m (m/s: vector) between heavy and light snowfall at Iwamizawa for (a)
Decembers, (b) Januarys and (c) Februarys, respectively. Gray shading
represents data that were not significant at the 90% confidence level. Black
dot shows location of Iwamizawa station. Negative value shows upward
direction from ocean to atmosphere.

Figure 11. Difference maps of contributions from (a) sea surface temperature anomaly
(SSTA: W/ m?), (b) surface air temperature anomaly (SATA: W/ m?) and (c)
surface wind speed anomaly (SWSA: W/ m?) between heavy and light
snowfall Decembers at Iwamizawa. Negative value shows upward direction
from ocean to atmosphere. Cross-hatched areas denote significant differences
exceeding the 90% confidence level. (d)—(f) and (g)—(i) Same as (a)—(c) but
for January and February, respectively.

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

Hokkaido between heavy and light snowfall months at Iwamizawa: (a)
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December, (b) January, and (c) February. Red square shows location of
Iwamizawa station. (d)—(f) Same as (a)—(c) but for correlation coefficients of
monthly total snowfall (MTS) between Iwamizawa and each AMeDAS
station.

Figure 13. Scatter plots of correlation coefficients of monthly total snowfall (MTS) and
distances between Iwamizawa and each AMeDAS station for (a) December,

(b) January and (c) February.
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Figure 1. Climatological total snowfall (MTS) at 116 Automated Meteorological Data Acquisition
System (AMeDAS) stations in Hokkaido during three winter months (December-February) from

1979/1980 to 2020/2021. Red square shows location of Iwamizawa station.
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637  Figure 2. (a) Time series of snow depth (red line: cm) and daily snowfall (black bars: cm) at Iwamizawa
638  station. Precipitation intensity measured by Japan Meteorological Agency (JMA) radars (shading: mm/hr)
639  and geopotential height (contours: m) with wind velocity (vector: m/s) at 850-hPa level based on JMA
640 Meso Scale Model data (MSM) at (b) 09:00 UTC December 1, 2020, (c¢) 15:00 UTC December 13, 2020,
641 (d) 00:00 UTC February 9, 2021, and (e) 00:00 UTC February 24, 2021. Colored dots show accumulated
642  snowfall at AMeDAS stations during each snowfall event (SE 1: 01-02 December 2020, SE2: 13-14

643  December 2020, SE 3: 08-09 February 2021, SE 4: 23-24 February 2021).
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Figure 3. Time series of monthly total snowfall (MTS) anomalies (deviation from climatology for 1979—
2021) at Iwamizawa station during 1979 and 2021 (2020 for December): (a) December, (b) January, and
(c) February. Red (blue) dots indicate years with heavy (light) snowfall considered in the study. Dashed
lines show the 0.7 standard deviation.
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650 Figure 4. Difference maps of air temperature at 950 hPa (T950) (°C: shading) with sea level pressure
651 (hPa: contours) between heavy and light monthly total snowfall at Iwamizawa: (a) December, (b)
652  January, and (c) February. Cross-hatched areas denote significant differences exceeding the 90%

693  confidence level. (d)—(f) Same as (a)—(c) but for sea ice concentration (%: shading) with geopotential
654  height (m: contours) and wave activity fluxes at 300 hPa (WAF300) (m/s?: vectors).
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Figure 6. Difference maps of ocean temperature (°C: shading) with ocean currents (m/s: vectors) at 5-m
depth between heavy and light snowfall Decembers at Iwamizawa for (a) 0 month (December), (b) -1
month (November), and (c) -2 month (October) lag times. Gray shading represents data that were not
significant at the 90% confidence level. Black dot shows location of Iwamizawa station. (d)—(f) and (g)—
(i) Same as (a)—(c) but for January and February, respectively.
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lwamizawa MTS vs Ocean Temperature (5m depth)
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665

666 Figure 7. Correlation coefficients of monthly total snowfall (MTS) at Iwamizawa during December with
667 ocean temperature in the surface layer (5-m depth) for (a) 0 month (December), (b) -1 month

668 (November), and (c) -2 month (October) lag times. Gray shading represents data that were not significant
669  at the 90% confidence level. (d)—(f) and (g)—(i) Same as (a)—(c) but for January and February,

670  respectively.
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Horizontal advection (—0QV-VOT—0QU-VOT) differences
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671 Figure 8. Same as Fig. 6 but for contribution from horizontal temperature advection to heat balance in the

672  surface-layer ocean.
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Surface heat flux differences
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673 Figure 9. Same as Fig. 6 but for surface heat flux (W/ m?: shading). Negative value shows upward
674  direction from ocean to atmosphere.
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Turbulent heat flux differences
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Figure 10. Difference maps of surface heat flux (W/m?: shading) and wind velocity at 10m (m/s: vector)
between heavy and light snowfall at Iwamizawa for (a) Decembers, (b) Januarys and (c) Februarys,
respectively. Gray shading represents data that were not significant at the 90% confidence level. Black
dot shows location of [Iwamizawa station. Negative value shows upward direction from ocean to
atmosphere.
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Cotributions of each anomaly to THFA
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680  Figure 11. Difference maps of contributions from (a) sea surface temperature anomaly (SSTA: W/ m?),
681 (b) surface air temperature anomaly (SATA: W/ m?) and (c) surface wind speed anomaly (SWSA: W/ m?)
682  between heavy and light snowfall Decembers at Iwamizawa. Negative value shows upward direction

683 from ocean to atmosphere. Cross-hatched areas denote significant differences exceeding the 90%

684 confidence level. (d)—(f) and (g)—(i) Same as (a)—(c) but for January and February, respectively.
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Figure 12. (a) Difference maps of monthly total snowfall (MTS) at AMeDAS stations in Hokkaido
between heavy and light snowfall months at Iwamizawa: (a) December, (b) January, and (c) February.
Red square shows location of Iwamizawa station. (d)—(f) Same as (a)—(c) but for correlation coefficients
of monthly total snowfall (MTS) between Iwamizawa and each AMeDAS station.
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Figure 13. Scatter plots of correlation coefficients of monthly total snowfall (MTS) and distances between
Iwamizawa and each AMeDAS station for (a) December, (b) January and (c) February.
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