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Abstract We have recently experienced several heavy snowfall events, but still do not sufficiently
understand how global warming will impact changes in local extreme snowfall events. The analysis
relevant to the extreme events requires ensemble experiments with high‐resolution regional
climate modeling. In this study, we use a large number of ensemble warming projections downscaled
dynamically to 5‐km grids to examine the differences in distribution and mechanism in extreme snowfall
events over Japan between present and future climates. Japan has two typical snowfall patterns, the
winter monsoon and the south coast cyclone patterns. The domain‐averaged amount of extreme snowfall
in the south coast cyclone pattern regions appear to decrease with the rise in temperatures. Meanwhile,
the winter monsoon pattern regions showed little change as the increases in extreme snowfall in the
mountainous areas are canceled out by the decrease in the coastal areas. Based on the existing
mechanism of normal snowfall, the increase in mountain snow is caused by a temporary intensification
of cold air outbreaks. The amount of the cold air blowing from Japan Sea clearly increases only during
the days preceding the extreme snowfall event, and as the cold dry air obtains more latent heat over the
ocean, the precipitable water vapor increases. The winter monsoon then transports this air over land
where the intensification of precipitation results from orographic updraft. This sequence of processes
beginning with cold air outbreaks may have a stronger control over extreme snowfall phenomena on the
warmer field.

1. Introduction

Two general pressure systems are associated with snowfall: a “lake or ocean effect snow pattern” (e.g., as
found downwind of the Great Lakes, in the Norwegian Sea, and in the Sea of Japan) and a “snowstorm
pattern” caused by extratropical cyclones (e.g., those developing over the eastern coast of North America
and Pacific side Japan). In Japan, the ocean effect and snowstorm patterns correspond to “winter mon-
soon” and “south coast cyclone” patterns, respectively (Figure S1 in the supporting information). Many stu-
dies have investigated several processes related to normal snowfall, and Magono (1966) showed that the
winter monsoon pattern is caused by cold air outbreaks from polar regions to Japan islands as the mechan-
ism for normal snowfall. Recent studies have noted distinct regional characteristics of snowfall during
heavy snowfall events caused by the two pressure patterns (Kawase et al., 2018). Moreover, heavy snowfall
is increasing in frequency and amount in some mountainous regions as the climate warms (Kawase et al.,
2016), but is decreasing on average in regions where less precipitation falls as snow (de Vries et al., 2014;
Lute et al., 2015).

The IPCC AR5 (2014) states that regional meteorological extreme events have been gradually increasing
because of global warming. However, as noted in the IPCC AR5 (2013) and O'Gorman (2014), it is difficult
to quantitatively estimate the change in snowfall caused by warming. An extreme snowfall event is a mesos-
cale meteorological phenomenon that can pose a threat to life and/or property, thus severely impacting
human life. Heavy snowfall has a large effect on the total annual snowfall amount (Guan et al., 2013;
Lute & Abatzoglou, 2014), suggesting that it also plays a vital role in water resource availability. The
regional‐scale impact of warming on snow distributions simulated using regional climate models (RCM)
has been investigated by several studies (e.g., de Vries et al., 2014; Frei et al., 2018; Kawase et al., 2016;
Lute et al., 2015). By examining the effects of warming on representative snowfall mechanisms using the
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meteorological output from various RCM experiments, we can comprehensively understand the relationship
between snowfall and global warming.

As extreme snowfall is rare and probabilistic in nature and is affected more by internal variability
(e.g., temporal changes in the prevailing westerlies and Arctic Oscillation) than by external perturbation
(e.g., temperature rise), extracting temporal trends in incidental extreme snowfall events from a single or
even multiple simulations is difficult. Therefore, the climatic relationship between extreme snowfall and
warming shift is evaluated using uncertainties derived from ensemble experiments of RCM simulations.
Recently, a large number of RCM ensemble climate projections has become available because of contin-
uous advancements in computational capacity. The availability of these ensembles provides an opportu-
nity to improve our understanding of the uncertainty of long‐term projections, and even to investigate
extreme meteorological events with probability density function (PDF) and/or event attribution
approaches (e.g., Carril et al., 2012; Christidis et al., 2013; Inatsu et al., 2015; Khaliq et al., 2014;
Mizuta et al., 2017). A large number of ensemble members provides a smoothly shaped PDF useful for
extracting the probability of extreme events. The difference in PDFs from present and future (warmer)
conditions can be used to determine the uncertainty of projections of future extreme snowfall events.

Most ensemble experiments have been conducted at coarse spatial resolution (>100 km) and with climate
change projections from AOGCM (Collins et al., 2013). A few studies have used large‐scale ensemble experi-
ments with several tens of kilometer resolution (e.g., Inatsu et al., 2015; Mizuta et al., 2017; Sugimoto et al.,
2018), but most large‐scale ensemble data sets have resolutions that are too coarse to assess mesoscale
extreme snowfall events (e.g., Fowler et al., 2007; Mizuta et al., 2017). To accurately simulate mesoscale
meteorological phenomena, several studies have indicated the need to include the effects of regionality along
with complicated topography (Ishizaki et al., 2012; Kawase et al., 2015, 2016; Sugimoto et al., 2018), requir-
ing higher‐resolution simulations.

Projections of how rare, extreme snowfall events will be impacted by the warming shift include large uncer-
tainties because of the limited number of simulations available from high‐resolution ensemble experiments.
(e.g., Collins et al., 2013; Deser et al., 2012; Xie et al., 2015). Inatsu et al. (2015), in an ensemble experiment
combining three RCMs and three GCMs over northern Japan, demonstrated that the uncertainty of meteor-
ological parameters largely depends on the lateral boundary conditions. The “Database for Policy Decision‐
Making for Future Climate Change” (d4PDF), a state‐of‐the‐art, large‐scale, high‐resolution ensemble data
set of climate projections, has made available a 20‐km resolution data set for the East Asia region
(Fujita et al., 2018; Mizuta et al., 2017; Murata et al., 2013; Sasaki et al., 2011). However, to more accurately
understand extreme snowfall as a mesoscale event, large‐scale ensemble experiments using high spatial
resolution are required.

In this study, we analyze the change in extreme snowfall events caused by projected future warming, and
examine their relationship with cold air outbreaks as a mechanism for extreme snowfall. To detect pure
warming‐related effects (excluding internal variability), we conducted a large number of ensemble experi-
ments at 5‐km resolution dynamically downscaled from the 20‐km resolution RCM of the d4PDF data set.
Japan has many of the world's snowiest cities. These cities are affected by the two pressure patterns favorable
for snowfall that cause snowfall in topographically complex regions. Thus, we simulate snow events over
central Japan and analyze these events using a general extreme value (GEV) distribution. In addition, we
examine the difference between present and future snowfall for each general snowfall pattern to identify
the mechanisms involved in extreme snowfall events, including their relationship with cold air outbreaks.
We extracted >1,000 years of data from the regional d4PDF data set, and conducted climate simulations
using three warming scenarios.

2. Data and Methods
2.1. Data

To obtain probabilistic future projections of low‐frequency localized snowfall events, the d4PDF regional cli-
mate data set that has scenarios of 2 K and 4 K warmer climates than the preindustrial climate is used. The
original d4PDF data set consists of outputs from global simulations using MRI‐AGCM3.2 (JMA, 2007) and
outputs from regional downscaling simulations covering the area of Japan using the Non‐Hydrostatic
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Regional Climate Model (NHRCM; Sasaki et al., 2011; Murata et al., 2013)
with horizontal grid spacings of 60 and 20 km, respectively. External for-
cing in the regional downscaling simulations was derived from MRI‐
AGCM3.2 simulations as the parent model (e.g., greenhouse gases, atmo-
spheric ozone, and aerosols). Boundary conditions, except for sea surface
temperature (SST), were derived from the spatial and temporal variations
of MRI‐CCM (Deushi & Shibata, 2011) and MRI‐CGCM3 (Yukimoto
et al., 2012). The climate of the latter half of the twentieth century is simu-
lated for 6,000 years (3,000 years for the area of Japan), and 2‐K and 4‐K
warmer climates are simulated for 3,240 and 5,400 years, respectively
(http://www.miroc‐gcm.jp/~pub/d4PDF/index_en.html). Differences
among these three simulations are caused by variations of the external for-
cing and SST (including sea ice concentration), which have the 50, 90, and
54 perturbative patterns in the present, and the 2‐K and 4‐K warmer cli-
mates, respectively (Mizuta et al., 2017). For the 2‐K and 4‐K scenarios,
SST, which is the difference between the present and future climates,
was set using the future SST distribution projected by six CMIP5 models
(Table 2 in Mizuta et al., 2017). The fundamental boundary conditions
and the perturbative pattern of the present scenario were derived from
the spatial and temporal variations of COBE‐SST2 (Hirahara et al., 2014).

2.2. Ensemble Design

Dynamical downscaling to 5‐km horizontal resolution was performed for
NHRCM simulations from the d4PDF 20‐km resolution regional climate
data set (Figure 1 and Table 1; Mizuta et al., 2017). The NHRCM simula-
tions employed: a three‐ice bulk cloud microphysics scheme including an
ice crystal falling process (Ikawa et al., 1991); the Kain‐Fritsch convection

Figure 1. Design of ensemble warming projection using a regional climate model.

Table 1
Model Settings

5‐km DS

Model Non‐Hydrostatic Regional Climate
Model (NHRCM)

Governing equations
for atmospheric motions

Fully compressible nonhydrostatic
equations

Horizontal discretization Grid point method
Advection term 4th‐order scheme with advection

correction
Map projection Lambert Conformal Conic Projection
Vertical coordinate systems Z*‐coordinate
Vertical grid resolution 40 m (surface layer), 904 m (top layer)
Top level of atmosphere 21,801 m (about 40 hPa)
Coarse line GLCC
Initial time 24 July
Forecast time 24 July to 30 August of the next year
Integrated‐time Step 20 s
Lateral boundary value d4PDF data set from 20‐km NHRCM
Lateral boundary relaxation Enable
Lateral boundary of relaxation
zone

50 km (10 pixels)

Adaptive moisture diffusion 3 m/s (vertical velocity threshold)
Calculated‐time step for
radiation process

15 min

Land surface type Vegetation, urban, ocean, cloud, and
sea ice

Land surface flux Improved SiB and urban canopy model
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scheme (Kain & Fritsch, 1993); the Mellor‐Yamada‐Nakanishi‐Niino Level 3 turbulence kinetic energy
scheme for planetary boundary layer conditions (Nakanishi & Niino, 2004); the Kitagawa (2000) approach
for cloud radiative effects; a clear‐sky radiation scheme (Yabu et al., 2005); the cover partial condensation
scheme for radiation process to cloud (Sommeria & Deardorff, 1977); the SiB land surface model (Sellers
et al., 1986) with improvements by Sato et al. (1989) and Hirai et al. (2007); and the urban canopy and
snow model (Aoyagi & Seino, 2011; Ito et al., 2018). The spin‐up period is 24–31 July, and the subsequent
1‐year period (1–30 August of the following year) is used as the analysis period. The horizontal grid (321
× 301) covers central Japan (26.00–46.05°N, 123.50–147.55°E), and the number of atmospheric vertical level
is 50. topographic data from GTOPO‐30 were preprocessed using the envelope detection approach.

Model settings used here were chosen based on previous work (Kawase et al., 2018; Sugimoto et al., 2018),
and were used to execute a large number of ensemble experiments in which the only inputs that change
are the lateral boundary conditions. The present scenario assumes a climatic field averaged over 1980–

Figure 2. Spatial distributions of average winter (DJF) snowfall for (a) HPB‐DS5, (b) the difference between HPB‐ and 4 K‐DS5, and (c) elevation. Snowfall is cal-
culated as a climatology for HPB‐ and 4 K‐DS5.
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2010 (HPB‐DS5), and the near‐ and far‐future scenarios assume climatic fields in which the global mean air
temperature has increased by 2 K or 4 K from the preindustrial period, based on CMIP5 results for the
middle and end of the 21st century (2K‐DS5 and 4K‐DS5, respectively). Each member of the future
scenario covers a 31‐year period. Individual member scenarios from HPB‐DS5 were randomly extracted
from the full d4PDF, and each member scenario from 2K‐DS5 and 4K‐DS5 was extracted from the six SST
patterns of the CMIP5 models (2 × 6 SST patterns = 12 members; Mizuta et al., 2017). Thus, NHRCM was
executed for a total of 1,116 years (= 31 years × 12 members × 3 scenarios). The model settings used were
validated using the Japanese 55‐year reanalysis data set (JRA55; Kobayashi et al., 2015). Evaluation
results are in reasonable agreement with observations (Kawase et al., 2018; Sugimoto et al., 2018).

2.3. Methods

To evaluate the frequency of occurrence of rare snowfall events using a PDF, we first compensate for the
deficiency in values within the extreme range using the GEV distribution of the extreme value theory.
Although our computational resources allowed us to conduct a model experiment for a total of 1,116 climate
years (= 372 years × 3 scenarios), the resulting number of samples is still insufficient to statistically express
the parent population. Thus, extreme snowfall events are evaluated using a GEV distribution [F(x)] that
includes the standard least squares criterion (SLSC; Coles, 2001; Fujibe, 2011):

F xð Þ ¼ exp − 1:0−k x−bð Þ=af g1=k
h i

; (1)

where a and b are the scale and location parameters, respectively. Based on the shape parameter of GEV (k),
we determine whether the distribution is Fréchet (k < 0) or Weibull (k > 0). Fréchet (Weibull) distributions
have finite lower (upper) and infinite upper (lower) endpoints. A statistical rare event is defined as the day

Figure 3. Statistical comparison of extreme snowfall between (a) the winter monsoon and (b) south coast cyclone pattern regions among HPB‐, 2K‐, and 4K‐DS5.
The region is shown in Figure 11 of Kawase et al. (2018). MaxGEV is themaximum snowfall value statistically defined by the GEV distribution (SLSC< 0.03) and k is
the shape parameter of the GEV distribution with error range ±σ.
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that has the highest daily value for a property of interest in a 1‐year period. Thus, we extract 372 extreme
event samples from three experiments. The SLSC value can be used to determine if the sample size is
statistically sufficient for the analysis (SLSC < 0.03).

We estimated spatial and temporal variations in cold air mass flux using the isentropic cold‐air analysis tool,
which defines the mass below a threshold potential temperature as a cold air mass (Iwasaki et al., 2014;
Kanno et al., 2016; Shoji et al., 2014). The cold air mass is calculated as a difference of atmospheric pressure
between geographical and isentropic surfaces:

Figure 4. (a) Difference in extreme snowfall between HPB‐ and 4 K‐DS5 in the winter monsoon pattern region. (b) Comparison of extreme snowfall distributions
between increasing (red area [a]) and decreasing (blue area) regions.

Figure 5. Spatial variations of air temperature (2 m above the surface) on an extreme snowfall day in the winter monsoon pattern region for (a) HPB‐DS5 and (b)
4K‐DS5.
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DP≡ρs−ρ θΤð Þ; (2)

where ρs is the surface pressure and ρ (θT) is the pressure on the isentrope θ = θT. Cold air mass thickness is
defined as the potential temperature below θT when the hydrostatic equilibrium condition is satisfied and
when no static unstable layer exists. Using the mass stream function (climate mean position of equatorward
flow) diagnosed by the mass‐weighted isentropic zonal mean (Iwasaki et al., 2014), the threshold potential
temperature of cold air was set as 280 K in HPB‐DS5 (i.e., θT = 280 K). Previous studies explore historical
and future changes in cold air mass flux (e.g., Kanno et al., 2016), and suggested that, by changing the ther-
modynamic equilibrium point due to global warming, the boundary layer height between warm air blowing
from lower latitudes and cold polar air is essentially moved. Thus, we changed the threshold potential tem-
perature for the future scenarios. The difference of domain‐averaged potential temperature at 850 hPa in
HPB‐DS5 from 280 K is added to the original threshold value of 280 K (i.e., θT = 281.9 K for 2K‐DS5 and
284.3 K for 4K‐DS5). The cold air mass flux is integrated from ρs to ρ (θT) as follows:

F≡∫
ρs
ρ θTð Þ

v dρ; (3)

where v is the horizontal wind.

3. Results

We examined the spatial distribution in snowfall accumulated during winter (December‐January‐February)
and its future change using all the ensemble experiments. The ensemble mean spatially shows a typical win-
ter monsoon pattern (average snowfall = 64.8 mm 3 month−1). Much greater snowfall is found near the Sea
of Japan than near the Pacific (Figures 2a and 2b), and higher elevations experience heavier snowfall

Figure 6. Spatial variations of cold air mass flux derived from a temporal composite analysis of 3 days before an extreme snowfall event for (a) HPB‐DS5 and (b) 4K‐
DS5. The cold air mass flux was calculated from the three‐dimensional potential temperature using the approach of Iwasaki et al. (2014). All panels are a temporal
composite of the 372 extreme snowfall days during a 372‐year period. Gray areas indicate that the cold air mass flux is zero.
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because of the lower temperature and topographic upward flow (Figures 2b and 2c). The distribution is con-
sistent with observations from the major Japanese observation networks: The Automated Meteorological
Data Acquisition System (AMeDAS) and the Japanese 55‐year reanalysis (JRA55) data set (e.g., Takahashi
& Idenaga, 2013). A comparison of climatological values of accumulated snowfall between HPB‐DS5 and
4K‐DS5 shows decreasing trends in response to the warming shift (the average and maximum difference
are 9.6 and 282.1 mm 3 month−1, respectively). Most regions showed such a distribution, and a decline in
average snowfall is prominent along the coast of the Sea of Japan.

Central Japan was divided into two regions according to snowfall‐causing atmospheric pressure pattern, and
frequency distributions of extreme snowfall were statistically analyzed using the GEV theory; a PDF of
extreme events is generated from annual maximum daily snowfall. The winter monsoon pattern
(the ocean effect snow pattern) region follows an extremal Weibull distribution (Figure 3a), and the shape
parameter of HPB‐DS5 (−0.17) is larger than that of 4K‐DS5 (−0.24). Thus, future warming is projected to
clearly increase the frequency of smaller extreme snowfall events. In contrast, the south coast cyclone pat-
tern (snowstorm pattern) region follows a Fréchet distribution (Figure 3b), with small snowfall extreme
increasing noticeably responsive to the warming shift. Unexpectedly large extreme snowfall may occur even
in the warmer future climate. The two regions have starkly different patterns, and the frequency of extreme
snowfall in the winter monsoon pattern region only slightly change for the warming shift. Thus, the impact
of temperature rise on the winter monsoon pattern region may be smaller than that on the south coast
cyclone pattern region.

We examined the difference in extreme snowfall between HPB‐DS5 and 4K‐DS5 in the winter monsoon pat-
tern region (Figure 4). An increasing trend was found in mountainous areas and a decreasing trend was
found in coastal areas (Figure 4a), consistent with previous work (e.g., Frei et al., 2018; Kawase et al.,
2016; Räisänen, 2016). In addition, the PDF in each region of increasing or decreasing extreme snowfall

Figure 7. As in Figure 6, but for spatial variations of sensible heat flux. Sensible heat flux was directly calculated by the NHRCM.
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in the winter monsoon pattern region showed different patterns (Figure 4b). In regions where extreme snow-
fall increases (“Area that is higher in 4K”), the PDF indicates that the averaged value of the extreme snowfall
slightly raising up; the frequency of smaller extreme snowfall increases; and the statistical maximum value
decreases (87.4 and 79.2 mm/day in HPB‐DS5 and 4K‐DS5, respectively). Regions with a decreasing trend in
extreme snowfall (“Area that is higher in HPB”) showed that an overall extreme snowfall is weakening and
the frequency of large extreme snowfall decreases drastically. Previous studies have shown that extreme
snowfall events decrease with global warming, except in the lowest temperature areas (de Vries et al.,
2014; Frei et al., 2018; Lute et al., 2015; Räisänen, 2016). Thus, we spatially examined the threshold for water
phase change (~0 °C) by composite analysis of air temperature on extreme snowfall days (Figures 5a and 5b).
The spatial variations are consistency to that of extreme snowfall. The boundary line of the threshold for
water phase change spatially changed toward higher altitude along with global warming, leading to clearly
increase the area that is above 0 °C in coastal areas. It suggests that the temperature rise decreases the
amount of precipitation that falls as snow. Thus, the spatial variations of extreme snowfall amount strongly
depend on air temperature changes near the threshold of the rain‐snow phase transition.

As snowfall in the winter monsoon pattern region depends on the amount of heat and water supplied from
the Sea of Japan by cold air outbreaks, we examined cold air masses and latent and sensible heat fluxes for 3
days before extreme snowfall events in composite analyses (Figures 6–8). Cold air masses generally flow in
plains and valleys on Eurasia toward the Japanese islands and gradually strengthen approaching the onset
of extreme snowfall (Figure 6). Sensible heat follows the same spatiotemporal pattern (Figure 7). The
warming shift results in an intensification of cold air outbreaks throughout the study area during extreme
snowfall events. As a result, latent heat flux increases lead to an overall increase in water and heat supply
from the ocean (Figure 8). The slightly decreasing sensible heat flux suggests that the temperature differ-
ence between the atmosphere and ocean is reduced by an increase in the air temperature of the cold air
outbreak itself.

Figure 8. As in Figure 6, but for spatial variations of latent heat flux. Latent heat flux was directly calculated by the NHRCM.

10.1029/2019JD030781Journal of Geophysical Research: Atmospheres

SASAI ET AL. 13,983



To examine the driving factor of extreme snowfall events, we extracted extreme days for three fluxes using
statistical rules of the extreme value theory. These days were then compared to days of extreme snowfall
(Figures 9a and 9b). The coincidence rates of the cold air mass and sensible heat fluxes increase with the
warming shift (from 43.5% to 59.4% and 47.0% to 62.6%, respectively), and those of the latent heat flux
decrease (from 36% to 28%). These and previous results related to increasing cold air mass and latent heat
fluxes and decreasing sensible heat fluxes (Figures 6–8) indicate that cold air mass flux is themost significant
constraining factor among the three parameters. The warming shift decreases the possibility that latent heat
behaviors as the constraining factor and increases that of the other two parameters, because of transporting
sufficient heat and water from ocean to the atmosphere possible.

4. Discussion

Here we demonstrate that snowfall decreases with the warming shift through a change in the phase of water
from solid to liquid (Figure 2b). Generally, global‐scale model studies have shown that future snowfall fre-
quency and snow cover areas gradually decrease with global warming (e.g., IPCC AR5, 2013; Vaughan et al.,
2013), consistent with our projections. Moreover, our spatially resolved results are consistent with point‐
scale observations of significant snow cover decrease due to declining snowfall and increasing snow melt

Figure 9. (a) Percentage of matching extreme days between snowfall and cold air mass flux, latent heat flux, and sensible heat flux for HPB‐ and 4K‐DS5. Matching
extreme days indicate that an extreme snowfall event occurred 3 days after an extreme event for air mass, latent heat, or sensible heat flux. The coincidence rate (%)
is the matching days divided by 372 (the number of extreme snowfall days) × 100%. (b) Area used in the calculation of the three constraining factors.
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(e.g., Collins et al., 2013; Kapnick & Delworth, 2013; Kapnick & Hall, 2012; Knowles et al., 2006; Mote et al.,
2005; Stewart et al., 2005). The rate of decrease is much more pronounced in the coastal area of the Sea of
Japan where there has historically been large snow accumulation. Our high‐resolution ensemble simula-
tions thus improve the scientific understanding of the regional impacts of warming.

We also find that the warming shift significantly decreases extreme snowfall in the south coast cyclone pat-
tern region, but does not greatly affect the winter monsoon pattern region. An extreme snowfall event gen-
erally requires meteorological conditions that include both stronger precipitation and a low temperature
field. These two factors are largely affected by temperature rise. For precipitation activity, a warming air par-
cel increases the saturated vapor pressure following the Clausius‐Clapeyron relation, leading to more winter
precipitation (e.g., Frei et al., 2006; Kew et al., 2011; Lenderink & van Meijgaard, 2008; O'Gorman &
Schneider, 2009; Pall et al., 2006; van Haren et al., 2012). This relationship is noticeable in our simulation
results as higher air temperature and more precipitable water vapor during extreme snowfall events in the
winter monsoon pattern region (Figure 10). However, although the coastal plain region of the Sea of
Japan is warmer, precipitation in this region decreases. Increasing saturated vapor pressure decreases the
rate of water condensation, and thus more atmospheric water is retained in the gas phase. The coldest moun-
tain region follows an increasing snowfall trend because of intensification of precipitation combined with
precipitable water remaining in the solid phase despite the warming shift. In our study area, extreme snow-
fall events are found to change through the following three mechanisms, depending on the region: (1) the
frequency of large extreme snowfall events decreases because of both effects of temperature rise and decreas-
ing precipitation in the southern part; (2) the frequency of large extreme snowfall events decreases because
of just effect of temperature rise in the plains and low‐altitude areas of northern part; and (3) the frequency
of larger extreme snowfall events increases because of effect of increasing precipitation in mountainous
(the coldest) areas of northern part.

Here we summarize the mechanism leading to extreme snowfall in the winter monsoon pattern region
under projected warming conditions, based on an existing snowfall mechanism for the Sea of Japan side
of Japan (Figure 11; e.g., Magono, 1966; Takahashi et al., 2013). Approaching the onset of extreme snowfall,
the cold air mass flux flowing from Siberia toward the Sea of Japan increases with the warming shift, and the
temperature of the cold air parcel itself increases as its temperature difference with the sea surface decreases
(Figures 6 and 7). A relatively cold air mass receives large amounts of energy and water from the ocean, and
is projected to receive even larger amounts of energy and water under future warming conditions responsive
to the cold dry air mass increases (Figures 7 and 8). Subsequently, the warming and wetting of low‐altitude
air causes a convective instability, leading to the generation and development of a snow cloud. By increasing
the total heat and water supplied by the ocean, convection also tends to become unstable. These results sug-
gest that the intensification of overall convective activity may lead to the development of more snow clouds
above the unstable layer (Takahashi et al., 2013). Although clouds reaching the Japanese islands in the East
Asian monsoon increase the potential for terrestrial rainfall, land precipitation does not necessarily increase

Figure 10. (a) Differences in air temperature, (b) precipitable water vapor, and (c) precipitation between HPB‐ and 4K‐DS5 (“4K‐DS5−HPB‐DS5”) during extreme
snowfall events in the winter monsoon pattern region.
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over the whole winter monsoon pattern region. The reason for this may be related to orographic updraft,
which facilitates precipitation by mixing supercooled water and ice crystals in snow clouds (i.e., the
mountain snow pattern). In fact, the plain area along the coast of the Sea of Japan has a relatively smaller
effect of the orographic updraft, and changes little and may decrease slightly in precipitation even though
precipitable water increases (Figures 2b and 10). However, over the mountains, air in the lower layer is
cooled by the orographic updraft, and condensing water vapor leads to increased precipitation. Therefore,
future temperature increases are projected to strengthen precipitation over mountainous areas and convec-
tive activity over the Sea of Japan, leading to an enhancement in extreme snowfall events in the winter mon-
soon pattern region.

We conclude that the mechanism discussed above causes the difference in response of extreme snowfall to
temperature rise between the Japan Sea side and the Pacific side of Japanese islands, and is expected to result
in greater regional variation of extreme snowfall amounts. To understand the difference between “the plains
and low‐altitude areas of northern part” and “mountainous (the coldest) areas of northern part”, the rela-
tionship between global‐scale temperature increases and local‐scale winter precipitation must be under-
stood. Generally, cold air outbreaks determine the amount of snowfall, and the intensity of cold air mass flux

Figure 11. Mechanism leading to an extreme snowfall event in the winter monsoon pattern region over the Sea of Japan side of Japan in (a) the present and (b)
future warmer climate.
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(i.e., cold air outbreaks) is projected to decrease globally as a result of global warming (e.g., Kanno et al.,
2016; Park et al., 2011; Screen et al., 2015; Vavrus et al., 2006). However, our results predict a strengthening
of cold air mass flux during extreme snowfall events (Figures 6a and 6b) and an increase of the coincidence
rate between extreme event days (Figure 9a), suggesting that cold air outbreaks may play an increasingly
important role in extreme snowfall events. In contrast, latent heat flux increases with the warming shift
(Figures 8a and 8b), and the coincidence rate between extreme latent heat and snowfall days decreases
(Figure 9a). This suggests that latent heat flux will play a decreasingly important role in extreme snowfall
events. To forecast the occurrence of extreme snowfall events under future warmer conditions early and
accurately, it is necessary to enhance the system of meteorological monitoring relevant to both cold air out-
breaks and precipitation and link mesoscale observations to synoptic‐scale results.

The fact that the frequency and strength of extreme snowfall events are enhanced even in the 4‐K sce-
nario is important not only for the scientific understanding of extreme snowfall but also for natural dis-
aster preparation and climate change adaptation over the coming decades. High‐resolution, large‐scale
ensemble experiments generally require significant research effort and computational resources, but as
noted above, their results can be used to accurately estimate extreme mesoscale events. In this study,
domain‐averaged values are used to identify extreme meteorological events, and thus the statistical sam-
ple of extreme events from the ensemble results are mainly of the mountain snow type (Figures 3a and
3b). However, extreme snowfall amounts may decrease with the warming shift in plain regions
(Figure 4a). Understanding the difference of snowfall pattern accompanying geographical characteristics
between plain and mountain areas is also relevant to climate change adaptation, because plain area has
larger population. Future work will focus on advancing our understanding of local‐scale extreme snow-
fall by analyzing polar air mass convergence zones and mesobeta‐scale cyclones that cause updrafts
(e.g., Tsuboki & Asai, 2004).

5. Conclusions

We conducted a 5‐km resolution ensemble warming projection using the 20‐km resolution d4PDF data set
for lateral boundary conditions and examined the change in extreme snowfall with warming, and related
mechanisms by comparing results for present, near‐, and far‐future climate scenarios. The model experi-
ment, computed using the Earth Simulator, provided >1,000 years of simulated climate data. To accurately
assess the frequency of occurrence of these rare events, we increased the sample set using the extreme value
theory (GEV distribution). We analyzed cold air outbreaks using the isentropic cold air analysis tool, and
determined the mechanism of extreme snowfall events in the winter monsoon pattern and assessed the
related meteorological processes.

The response to warming of extreme snowfall in winter monsoon regions is found to differ from that in south
coast cyclone pattern regions. The domain‐averaged amount of extreme snowfall in the south coast cyclone
pattern regions is found to decrease with warming in the HPB‐DS5 to 2K‐ and 4K‐DS5 scenarios, but that in
the winter monsoon pattern regions showed no significant difference among the three climate scenarios.
This study mainly focused on future changes to extreme snowfall events in winter monsoon pattern regions.
Results from composite analyses of the ensemble experiment reveal that future warming greatly increases
saturated water vapor according to the Clausius‐Clapeyron relationship, leading to an increase in winter pre-
cipitation; future warming is projected to result in a crossing of the threshold for water phase change in part
of the studied region. Three regional mechanisms for snowfall are here determined: (1) The frequency of
large extreme snowfall events decreases because of both effects of temperature rise and decreasing precipita-
tion in the southern part; (2) the frequency of large extreme snowfall events decreases because of just effect
of temperature rise in the plains and low‐altitude areas of northern part; and (3) the frequency of larger
extreme snowfall events increases because of effect of increasing precipitation in mountainous (the coldest)
areas of northern part. On the Sea of Japan side, future warming is projected to lead to an increase in dry cold
air mass flux from Siberia, which increases the frequency of snow cloud formation by supplying heat and
water from the ocean. This suggests a need to enhance the monitoring of cold air outbreaks for extreme
weather forecasting under warming conditions.

To further advance the scientific understanding of extreme snowfall events, the approach applied here of
examining each meteorological process related to extreme snowfall should be applied to each region with
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a similar mechanism for snowfall resulting from cold air outbreaks. The mechanisms for extreme snowfall
found here will benefit the development of improved forecasts of heavy snowfall and long‐term disaster pre-
paredness. Additional analyses of specific meteorological phenomena related to local‐scale snowfall will
improve our understanding of the spatial distribution of extreme snowfall events. Although high‐resolution,
large‐scale ensemble dynamical downscaling requires significant research effort and computational
resources, this study demonstrates that such an investment is worth the effort given its relevance to extreme
meteorological phenomena.
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