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Perspectives on Sea- and Lake-Effect
Precipitation from Japan’s “Gosetsu Chitai”
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ABSTRACT: A remarkable snow climate exists on the Japanese islands of Honshu and Hokkaido
near the Sea of Japan. Mean annual snowfall in this “gosetsu chitai” (heavy snow area) exceeds
600 cm (235 in.) in some near-sea-level cities and 1,300 cm (512 in.) in some mountain areas.
Much of this snow falls from December to February during the East Asian winter monsoon when
frequent cold-air outbreaks occur over the Sea of Japan. The resulting sea-effect precipitation
systems share similarities with lake-effect precipitation systems of the Laurentian Great Lakes of
North America, but are deeper, are modulated by the regional coastal geometry and topography,
and can sometimes feature transversal mode snowbands. Snowfall can maximize in the lowlands
or the adjoining mountains depending on the direction and strength of the boundary layer flow.
Remarkable infrastructure exists in Japan for public safety, road and sidewalk maintenance, and
avalanche mitigation, yet snow-related hazards claim more than 100 lives annually. For winter
recreationists, there is no surer bet for deep powder than the mountains of Honshu and Hokkaido
near the Sea of Japan in January, but the regional snow climate is vulnerable to global warming,
especially in coastal areas. Historically, collaborative studies of sea- and lake-effect precipitation
systems involving North American and Japanese scientists have been limited. Significant potential
exists to advance our understanding and prediction of sea- and lake-effect precipitation based
on studies from the Sea of Japan region and efforts involving meteorologists in North America,
Japan, and other sea- and lake-effect regions.
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ortions of Honshu and Hokkaido Islands of

Japan experience remarkable snowfalls during

the East Asian winter monsoon when frequent
cold-air outbreaks occur over the Sea of Japan (also
known as the East Sea) (Magono et al. 1966; Tsuchiya
and Fujita 1967; Yoshino 1977; Hozumi and Magono
1984; Nakai et al. 1990; Nakai et al. 2003, 2005; Eito
et al. 2010). Within this densely populated “gosetsu
chitai” (heavy snow area), Joetsu (population:
197,000) on the west coast of central Honshu,
Aomori (population: 314,000) on the north coast
of Honshu, and Sapporo (population: 1.95 million)
on the west coast of Hokkaido average 635 cm
(250 in.), 669 cm (263 in.), and 597 cm (235 in.) of
annual snowfall, respectively (Japan Meteorological
Agency 19812010 normals; see Fig. 1 for geographic
locations). Mean annual snowfall in the adjacent
mountains can exceed 1,300 cm (512 in.). Snow
depths can reach 2 m near sea level and 7 m in the
mountains (Yamaguchi et al. 2011), with the snow
corridor along the Tateyama Kurobe Alpine Route
in the Hida Mountains (aka northern Japanese
Alps) famous for its towering snow walls when it
opens each spring (Fig. 2). While snowfall is most
prolific in Japan, some coastal areas of Korea, Russia,
and China observe less frequent but high-impact
snowstorms produced by the Sea of Japan or the
Yellow Sea (Zhou et al. 2008; Yang et al. 2009; Jung
et al. 2012; Nam et al. 2014; Podolskiy et al. 2014;
Bao and Ren 2018).

An extensive body of literature examining sea-
effect precipitation and its climatic
and societal impacts in Japan and
East Asia exists, but is often over-
looked by North American meteo-
rologists. For example, of 85 articles
in the AMS Journals Online with
“lake effect” or “lake-effect” in the
title, 83 include the phrase “Great
Lakes,” but only 23 include the
word “Japan.” Although there are
exceptions such as the 1993 Study
of Precipitation Formation in Snow
Clouds and Feasibility of Snow
Cloud Modification by Seeding,
which involved the University of
Wyoming King Air (Murakami et al.
2003; Murakami 2019), collabora-
tions between Japanese and North
American scientists investigating
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Fic. 1. Major topographic and geographic features of (a)
the Sea of Japan region and (b) central Honshu near the
Sea of Japan. Elevation (m) shaded following scale in (a).

Fic. 2. The snow corridor along the Tateyama Kurobe Alpine Route.
[Source: Uryah, Wikipedia Commons, CC BY-SA 3.0.]
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Fic. 3. GMIS-Pathfinder monthly mean SST (color-filled contours every 2°C, smoothed with a 9-point
smoother for clarity) in () December and (b) February. Data described by Melin (2013).

sea- and lake-effect precipitation have been limited historically. In this paper, we seek to
introduce North American meteorologists to the snow climate of western Japan, summarize
contemporary knowledge concerning sea-effect precipitation generated by the Sea of Japan,
and stimulate increased collaborations between sea- and lake-effect researchers and forecast-
ers in North America, Japan, East Asia, and other regions of the world.

The Sea of Japan region and climate
The Sea of Japan covers 978,000 km? between mainland Asia, the Korean Peninsula, the
Japanese islands of Honshu and Hokkaido, and the Russian island of Sakhalin (Fig. 1a). For
comparison, the total surface area of the Great Lakes is 244,000 km?, with Lake Superior, the
largest Great Lake, covering 82,000 km?. For northwesterly flow, the maximum fetch across
the Sea of Japan is ~850 km, compared to ~400 km for Lake Superior. Mean sea surface tem-
peratures (SSTs) in the Sea of Japan generally decline westward and poleward, with warmer
water where the Tsushima current flows along the west coast of Honshu and colder water where
the Liman current flows along the Asian coast (Dorman et al. 2004; Lim et al. 2012; Park et al.
2014). During December, SSTs increase eastward from the Asian coast with a crescent-shaped
enhanced SST gradient near the center of the Sea of Japan (Fig. 3a). SSTs decline 2°-5°C by
February, with the smallest decline near the Sea of Japan coast of Russia and the largest
decline near the Sea of Japan coast of north Honshu (Fig. 3b). Sea ice typically forms in the
Tartary Strait in December, covers an average of 3% of the Sea of Japan at maximum extent
in February, and melts by the end of March (Nihashi et al. 2017). Localized sea ice can also
form along the Asian coast near and poleward of Peter the Great Gulf (Nihashi et al. 2017).
The coastal geometry and topography of the Sea of Japan region is complex and plays an
important role in modulating sea-effect precipitation (Fig. 1a). To the west, the Korean Penin-
sula separates the Sea of Japan from the Yellow Sea and includes the Taebaek Mountains along
its east coast. The Korean Highlands form a higher, broader barrier at the base of the Korean
Peninsula. Lower terrain exists farther north near Peter the Great Gulf, with the Sikhote-Alin
Mountains rising along the Sea of Japan coast farther northwest. Downstream of the Sea
of Japan during the East Asian winter monsoon, the coastline and terrain of Honshu and
Hokkaido are complex with isolated volcanic peaks and mountain barriers of various scales
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and orientations. Central Honshu features the highest peaks and most sustained orography,
reaching over 3,000 m MSL in the Hida Mountains, 2,400 m MSL in the Kubiki Mountains, and
2,000 m MSL in the Echigo Mountains (Fig. 1b). The terrain of northern Honshu and western
Hokkaido is less formidable, but includes numerous peaks over 1,000 m, some reaching over
2,000 m (Fig. 1a). Densely populated coastal plains exist in many areas, including the Echigo
Plain of central Honshu (Fig. 1b) and the Ishikari Plain surrounding Sapporo on Hokkaido
(Fig. 1a).

The climate of Japan is often described as monsoonal due to the predominance of wintertime
westerly to northerly flow, summertime southerly to southeasterly flow, and associated varia-
tions in precipitation (Danchenkov et al. 2000; Chang et al. 2006). This seasonal flow reversal
reflects continental-scale circulation changes associated with the Asian winter and summer
monsoon systems. The East Asian winter monsoon refers to the midlatitude component of the
Asian winter monsoon, occurs from November to March, and features the Siberian—-Mongolian
high over Asia and Aleutian low over the North Pacific (Chang et al. 2006). These dominant
circulation features result in frequent cold air outbreaks with westerly to northerly flow over
the Sea of Japan (Yoshino 1977; Fletcher et al. 2016).

Liquid precipitation equivalent (LPE) and snowfall increase dramatically across the Sea of
Japan during the East Asian winter monsoon (Fig. 4; 1981-2010 climate normals). At Vladivo-
stok near Peter the Great Gulf, mean monthly LPE from November to March is <30 mm (1.18 in.),
with a minimum of 13.4 mm (0.53 in.) in January (Tokyo Climate Center 2019). At Gangneung
and Taebaek near the east coast of the Korean Peninsula, mean monthly LPE from November
to March is greater, but still <80.3 mm (3.16 in.) (Korea Meteorological Administration 2011).
Curiously, the mean monthly LPE during these months is greater at Gangneung (26 m MSL)
than Teabaek (713 m MSL), despite the former’s lower elevation, which likely reflects enhanced
coastal precipitation associated with topographic blocking during episodic easterly flow from
the Sea of Japan (e.g., Jung et al. 2012; Nam et al. 2014). The seasonal cycle at all three sites
is pronounced with a maximum in July or August and a minimum in December or January.
Although mean annual snowfall for these sites is unavailable and likely low, they can be af-
fected by less frequent winter storms (e.g., Jung et al. 2012; Nam et al. 2014; Kim and Jin 2016).

In contrast, at Joetsu near the Sea of Japan coast of central Honshu, the mean monthly LPE
from November to March is >190 mm and exceeds 400 mm (15.75 in.) in December and Janu-
ary [Fig. 4; data for all Japanese sites from Japan Meteorological Agency (2019)]. Mean annual
snowfall is 635 cm (250 in.), with a peak in January. Farther inland at Tsunan in the foothills of
the Echigo Mountains, the mean monthly LPE from November to March is lower than Joetsu, but
still reaches over 200 mm (7.87 in.) in December and January. Mean annual snowfall is 1,349 cm
(531in.) with a monthly maximum of 443 cm (174 in.) in January, remarkable totals for a site at
452 m MSL and 37.0°N. Unlike the sites on mainland Asia, which observe their minimum monthly
LPE in December or January, Joetsu and Tsunan observe their maximum LPE in those months.

Farther north at Aomori and Sapporo, monthly mean LPE from November to March is lower,
but a greater fraction of precipitation falls as snow and the accumulation season is longer,
leading to mean annual snowfall totals of 669 and 597 cm (263 and 235 in.), respectively, com-
parable to Joetsu. The seasonal cycle at these sites is limited. In the mountains above Aomori,
mean annual snowfall at Sukayu Onsen (890 m MSL) is 1,764 cm (694 in.), including a peak
of 459 cm (180 in.) in January.! Near the base of Mt. Niseko south of Sapporo, Kutchan (176 m
MSL) observes a mean annual snowfall of 1,062 cm (418 in.) with a peak of 291 cm (115 in.) in
January. The remarkable snowfall totals in January make this
month in the mountains of Honshu and Hokkaido near the Sea
of Japan the surest bet for deep-powder skiing anywhere in the
world (Steenburgh 2014). Although quantifying the fraction | 1. yaie of 1764 cm is based on the sum of
of the LPE and snowfall produced by sea-effect processes is monthly means.

' The Japan Meteorological Agency does not pro-
vide an official annual mean for Sukayu Onsen.
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Fic. 4. Histograms of mean monthly LPE (mm, blue bars where data available) and snowfall (cm, orange
bars where data available) at selected sites in the Sea of Japan region.
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difficult, West et al. (2019) show using data from the NASA A-Train satellite constellation that
clouds and precipitation produced during potential sea-effect periods compose a majority
of the clouds and precipitation over the Sea of Japan and adjoining regions of Honshu and
Hokkaido from December through February.

Morphology of sea-effect systems

A wide range of cloud and precipitation patterns are produced during cold-air outbreaks over
the Sea of Japan. Boundary layer circulations often lead to open-cellular convection, quasi-
periodic cloud and precipitation bands oriented parallel to the mean boundary layer flow,
or quasi-periodic cloud and precipitation bands oriented normal to the mean boundary layer
flow (e.g., Fukatsu 1963; Tetehira and Fukatsu 1965; Tsuchiya and Fujita 1967; Miura 1986;
Nakai et al. 2005; Yamada et al. 2010; Eito et al. 2010). The latter two patterns are associated
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with horizontal roll convection, which pro-
duces cloud and precipitation bands that are
aligned along (across) the flow during periods
of weak (strong) boundary layer directional
shear and are referred to in Japan as “L-
mode” (“T-mode”) given their longitudinal
(transversal) band orientation relative to the
mean boundary layer flow. The two modes
can occur concurrently over the Sea of Japan
due to regional variations in boundary layer
depth and directional shear during cold-air
outbreaks (e.g., Fig. 5).

L-mode bands are analogous to quasi-
periodic wind-parallel bands found over
the Laurentian Great Lakes (e.g., Kelly 1982,
1984; Kristovich 1993; Kristovich and Laird
1998), which are referred to as type-II bands
by Niziol et al. (1995). T-mode bands appear
to be rare over the Laurentian Great Lakes
as they are not identified in climatological
studies (e.g., Kristovich and Steve 1995; Veals
and Steenburgh 2015; Laird et al. 2017) and
we know of no case studies describing such
bands in the peer-reviewed literature. The rea-
sons for the relative scarcity of T-mode bands

over the L.al.lrentlan Great Lakes are u?clear. Fic. 5. NASA MODIS visible imagery of sea-effect cloud sys-
In addition to boundary layer circula- tems on (a) 24 Jan and (b) 2 Feb 2012. Morphological types

tions, the coastal geometry and topography  defined in text; L denotes mesovortices.

of mainland Asia produces circulations and

low-level convergence that can generate broader, more intense cloud and precipitation bands
(Fig. 5). The most prominent is the Japan Sea polar airmass convergence zone (JPCZ), which
forms in response to flow interactions with the Korean Highlands and differential surface
heating between the Korean Peninsula and the western Sea of Japan (Nagata et al. 1986; Na-
gata 1987, 1991; Asai 1988; Hozumi and Magono 1984; Eito et al. 2010; West et al. 2019). The
JPCZ typically extends downstream from near the base of the Korean Peninsula, reaching
the coast of Honshu between 133° and 139°E (Eito et al. 2010). There can also be a transition
from L-mode to T-mode snowbands near the JPCZ (Eito et al. 2010).

Smaller-scale irregularities and topographic features along the Asian coast also modulate
winds, clouds, and precipitation (Hozumi and Magono 1984; Scotti 2005). One prominent ob-
stacle in the Sikhote-Alin Mountains, known in the literature as “Mt. X,” frequently produces a
cloud band that can extend to Hokkaido (Muramatsu 1979; Ohtake et al. 2009; see also Fig. 5).
Occasionally, northwesterly flow from Asia converges with northeasterly flow from the Sea
of Okhotsk, generating a cloud band over the northern Sea of Japan that can curve eastward
into Hokkaido (Katsumata et al. 1998).

Finally, mesovortices, polar lows, and associated airmass boundaries are common over
the Sea of Japan and modulate sea-effect snowfall. In some cases, the JPCZ serves as a locus
for mesovortex genesis (Asai 1988; Tsuboki and Asai 2004). During one winter season, Nakai
et al. (2005) identified 5 mesovortices during 46 sea-effect events affecting central Honshu.
The mesovortices had diameters of 20-100 km and were often accompanied by a curved
snowband and wind shift.
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Fic. 6. Conceptual model of satoyuki (lowland) snowfall. From Magono et al. (1966).

Downstream orographic effects

Formidable topography exists on Honshu and Hokkaido that strongly influences the intensity,
distribution, and inland penetration of sea-effect precipitation (Veals et al. 2019). Although it
is commonly assumed that precipitation and snowfall increase with altitude, events near the
Sea of Japan sometimes produce heavier precipitation in the lowlands and adjoining foothills.
Magono et al. (1966) distinguished between “satoyuki” snowfalls with heavier lowland ac-
cumulations and “yamayuki” snowfalls with heavier mountain accumulations, emphasizing
that the former can produce damage in populated areas. They describe a conceptual model
for satoyuki snowfalls that includes an inversion near mountain top and clouds confined
to the windward lowlands, with heavier, rimed ice crystals such as graupel falling near the
coast and lightly rimed crystals falling farther inland (Fig. 6). In some instances, katabatic
flow develops along the coast, opposes the large-scale flow, and produces or enhances a
land-breeze front that generates precipitation near the coast or off shore (Ishihara et al. 1989;
Yoshihara et al. 2004; Eito et al. 2005). Veals et al. (2019) show that for a given flow direction
(e.g., 290°), the inland penetration and orographic enhancement of sea-effect precipitation
increases with the mean boundary layer (i.e., 950-800 hPa) wind speed (Fig. 7). The inland
penetration of lake-effect precipitation and enhancement over the 500-m high Tug Hill Plateau
similarly increases with the strength of the boundary layer flow downstream of Lake Ontario
(e.g., Villani et al. 2017; Eipper et al. 2018; Veals et al. 2018).

Microphysical processes

There is a rich history of cloud microphysical research in Japan, including the extensive obser-
vation and classification of natural snow and ice crystals based largely on samples collected
near the Sea of Japan (e.g., Nakaya and Sekido 1938; Nakaya 1954; Magono and Lee 1966;
Kikuchi et al. 2013). Since 2002, quasi-continuous measurements of wintertime precipitation
have been made by the Falling Snow Observatory operated by the Snow and Ice Research
Center at the National Research Institute for Earth Science and Disaster Resilience in Nagaoka
near the Sea of Japan coast of central Honshu (Ishizaka et al. 2013; see Fig. 1b for location).
The typical surface temperature in Nagaoka during winter precipitation is ~0°C (Yamaguchi
et al. 2013), which leads to the frequent generation of snow aggregates composed of well-rimed
dendrites that can exceed a size of 10 mm (Ishizaka et al. 2013). Graupel is also common due
to the strong updrafts and large supercooled cloud water concentrations in sea-effect clouds,
which leads to accretional growth (Murakami et al. 1994). L-mode snowbands in particular
often bring snowfall composed mostly of graupel, which has spherical or conical shapes and
forms a layer within the snowpack with a small particle-to-particle contact area. Such a layer
tends to be weak (i.e., less cohesive) and can serve as the failure layer for avalanches (Abe
2004). “Graupel” here not only refers to particles with diameters up to 5 mm, but also spheri-
cal and conical soft hail with a diameter of 7 mm, which is common in Nagaoka. Sometimes
the diameter exceeds even 10 mm. Such particles are soft and easily crushed when squeezed
between two fingers, indicating that the particle does not experience the wet-growth process.
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Fic. 7. (@) Mean radar-derived (color shading) and gauge (filled circles) LPE rate (mm h-' following scale
at bottom left) during sea-effect periods with a mean 950-800 hPa wind direction of 290° and wind
speed <8.8 m s™'. (b) Frequency of radar echoes >10 dBZ (color shading following scale at bottom right),
terrain (gray shaded), mean radar-derived LPE rate (blue line), and gauge LPE rate (circles) along transect
denoted by dashed line in (a). (c),(d) and (e),(f) As in (a),(b), but for mean wind speeds of 11.5-13.6 m s'
and =16.4 m s, respectively. From Veals et al. (2019).

Kajikawa (1976) showed that the density of graupel particles in sea-effect storms varies sig-
nificantly, which may cause large uncertainty in the calculation of radar backscattering and
quantitative precipitation estimates from radar.

Graupel falls predominantly in coastal areas, producing as much as one-third of the pre-
cipitation during January along the Sea of Japan coast of central Honshu (Mizuno 1992). A
decline in graupel farther inland may reflect the loss of surface sensible and latent heating
and the resulting decline in updraft strength, supercooled liquid water availability, and ac-
cretional growth (Takeda et al. 1982; Harimaya and Kanemura 1995). The causes of this inland
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transition have not been carefully investigated, but such changes are broadly consistent
with the convective-to-stratiform transition that occurs, for example, downstream of Lake
Ontario (Minder et al. 2015). Nevertheless, in some instances orographic updrafts generated
by Japanese topography can counter this transition and increase supercooled liquid water
availability, accretional growth, and graupel production or size (Nakai et al. 1998).
Mesoscale snowbands generated by the JPCZ can produce heavy snowfall and typically
reach greater heights than other sea-effect systems. Murakami (2019) presents a conceptual
model of JPCZ cloud bands based on aircraft and ship observations that features a cloud
top that reaches nearly 6 km, suggesting significant ice nucleation in the low temperature
environment. Aircraft observations have revealed high ice crystal concentrations reaching
1,000 L and 0.3 g m3 in the well-developed convective cloud region of JPCZ (Murakami 2019).

Hazards and benefits
The combination of extreme snowfall and high population density near the Sea of Japan poses
great challenges for public safety, road and sidewalk maintenance, and avalanche mitigation.
Although estimates vary, Japan likely averages over 100 deaths and 400 injuries each year
due to snow and ice hazards, with most victims succumbing due to snow-removal activities
(Nakai et al. 2012; Heimburger 2018, p. 32). Structural collapses, “roofalanches” (masses of
snow sliding off of roofs), and avalanches also cause fatalities. The 1963 “gosetsu” (heavy
snowfall) winter led to 231 fatalities and 1,735 total or partially damaged homes nationwide
(Nakamura and Shimizu 1996; Heimburger 2018). Snow depths reached 3.18 m in Nagaoka (21 m
MSL). The 1918 Mitsumata avalanche disaster in the Niigata prefecture, which killed 155, ranks
as the one of the 10 worst avalanche disasters
by deaths worldwide since the sixteenth cen-
tury (Ancey 2016). North of Hokkaido, Russia’s
Sakhalin Island east of the Sea of Japan and
Kuril Islands east of the Sea of Okhotsk also
see frequent sea-effect snowfalls and, while
the population density is low, their per capita
avalanche fatality rate is among the highest in
the world (Podolskiy et al. 2019). Most of the
victims are residents and workers, rather than
recreationists.

Coastal cities of central Honshu near the
Sea of Japan experience relatively mild winters
with mean surface temperatures >0°C even
during the months of January and February
(Ishizaka 2004; Kawase et al. 2013). With
temperatures frequently near or even above
the melting point, groundwater spraying onto
roadways or sidewalks is used extensively
to melt and remove snow (Fig. 8). In Obama
City, for example, the mean annual snowfall
is 179 cm (70 in.), but the daily mean tempera-
ture in January, the coldest month of the year,
is 3.7°C. Groundwater used for snowmelt ac-
counted for 13% of the groundwater usage in
Obama City in 2011 (the remaining use was pri-

] - : R Fic. 8. Snow melting and removal using (a) road sprinklers
marily domestic, including drinking water), but Nagano and (b) water tubes at the Snow and Ice Re-

its use for snow removal offered a substantial  search Center in Nagaoka.
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savings over conventional approaches (Burnett et al. 2018). Elsewhere, road and sidewalk
heating systems are deployed in many areas and snow-flowing roadside gutter systems and
snow-melting tanks are used in Sapporo to melt and remove snow (Morita and Tago 2005;
Permanent International Association of Road Congresses 2014). During fiscal year 2018,
Sapporo plowed or removed snow from 5,711 km of roads and 3,033 km of sidewalks, oper-
ated road heating systems at 547 locations, and utilized 8 snow-flowing gutters and 11 snow-
melting tanks (City of Sapporo 2019). The gutters drain downslope and contain free-flowing
river water or warm treated sewage effluent that melts snow that is dumped through grates
by residents. The tanks are used to dispose snow removed from roads, with sewage effluent
or heating from waste incineration providing energy for snowmelt (Permanent International
Association of Road Congresses 2014).

Japan has extensive road weather information systems and the Snow and Ice Research Cen-
ter at the National Research Institute for Earth Science and Disaster Resilience has developed a
Snow Disaster Forecasting System (SDFS) for predicting avalanche potential, reduced visibility,
road conditions, and snow accretion (Nakai et al. 2012; Permanent International Association
of Road Congresses 2014; Nakai et al. 2019). The SDFS integrates atmospheric (large scale and
cloud resolving), snow metamorphism, blowing snow, avalanche, and road-weather models.

Skiers, snowboarders, and Japan’s winter-sports economy are major beneficiaries of this
snowfall. Sapporo and Nagano each hosted an Olympic Winter Games in 1972 and 1998, re-
spectively, and there are over 500 ski and snowboard areas in Japan.

Vulnerability to climate change

In mild coastal regions along the Sea of Japan, dia-
batic cooling produced by melting and sublimating
snow is often critical for lowering snow levels and
produces a pronounced peak in precipitation fre-
quency at surface (i.e., 2 m) temperatures near 0°C
[e.g., Nagaoka (Fig. 9); Yamaguchi et al. 2013]. This
yields great sensitivity of precipitation type (rain or
snow) to temperature, with snowfall fraction, snow

4
3 L
2

Proportion (%)

depth, and snow-cover duration declining abruptly -
with a small increase in temperature (Suzuki 2006; -1 O -5 0 5

10

Yamaguchi et al. 2011; Kawase et al. 2012). Ishii Temperalure (OC)

and Suzuki (2011) document significant long-term

15

FiG. 9. Proportion of the winter (December-Febru-

declines in snowfall in these temperature-sensitive  ary) LPE vs surface (i.e., 2 m) temperature at Naga-

coastal regions from 1962 to 2009. More recently the  oka. Adapted from Yamaguchi et al. (2013).

Japan Meteorological Agency reported that from 1962

to 2017 the ratio of annual maximum snow depth relative to the 1981—2010 average declined
at low-elevation sites near the Sea of Japan at a rate of 13.8% per decade in western Honshu
(95% confidence level), 12.3% per decade in central Honshu (99% confidence level), and 3.3%
per decade (90% confidence level) in northern Honshu and Hokkaido (Japan Meteorological
Agency 2018).

At higher elevations, however, Ishii and Suzuki (2011) did not find significant long-term
trends in snowfall and Yamaguchi et al. (2011) found no notable increases in mean winter
temperature or reduction in maximum snow depth and maximum snowpack water equivalent
at recently installed mountain observing sites in central Honshu from 1990 to 2010, although
they note this is a short data record. It appears that declines in snowfall and snowpack asso-
ciated with long-term warming trends are most evident in relatively warm, low-latitude and
low-elevation regions near the Sea of Japan, but to date are weak or undetectable in relatively
cold, high-latitude or high-elevation regions. Snow measures exhibit similar temperature
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and altitudinal dependencies in western North America (e.g., Pierce et al. 2008; Pierce and
Cayan 2013).

Regional climate modeling studies suggest, however, that declines in snowfall and snow-
pack will eventually occur at all elevations. For example, pseudo-global-warming ensembles
for central Honshu near the Sea of Japan that assume ~2°C of regional wintertime warming
feature reduced maximum snow depths at all elevations, with declines of 20%-54% near
sea level and 8%—22% above 2,000 m depending on the experiment (Kawase et al. 2013, see
their Fig. 4). Snowfall similarly declines 35%-47% near sea level and 0%-12% above 2,000
m (Kawase et al. 2013, see their Fig. 6). The experiment with no snowfall decline above 2,000
m featured a 6% increase in precipitation, which offsets declines in the fraction of precipita-
tion falling as snow. However, regional climate model ensembles based on accelerated [i.e.,
representative concentration pathway 8.5 (RCP8.5)] scenarios suggest a decline in winter
(December—February) precipitation along all of Honshu and southwest Hokkaido near the Sea
of Japan due to a weaker winter monsoon (Kawase et al. 2015, 2016). In contrast, precipitation
increases over northwest and interior Hokkaido due to stronger northwesterly flow over the
northern Sea of Japan in response to decreased ice cover over the Sea of Okhotsk, as well as
an increase of high-latitude humidity (Kawase et al. 2015). Nevertheless, total winter snow-
fall declines along all of Honshu and Hokkaido near the Sea of Japan except in the highest,
interior region of Hokkaido (Fig. 10). These results suggest long-term declines in snowfall and
snowpack are likely across most of Japan’s gosetsu chitai during the twenty-first century, with
the declines largest in lower-latitude regions near sea level and smallest at higher altitudes
and latitudes. Paradoxically, regional climate simulations under an RCP8.5 scenario suggest
an increase in the magnitude of the most extreme daily snowfall events in areas just inland
from the Sea of Japan (Kawase et al. 2016). These areas remain cold enough to observe larger
daily snowfall totals produced by more intense mesoscale convergence along the JPCZ or
orographic effects even as snowpack and total snowfall decline.

Summary

Frequent sea-effect precipitation pro- 45N
duces prolific snowfalls and deep
seasonal snowpacks during the East ; ¢

I~ 66

Asian winter monsoon in Japan’s “gos-

CONTINENT

etsu chitai” (heavy snow region) near
the Sea of Japan. Extensive research
describes the structure, dynamics, and
microphysical processes of sea-effect
precipitation systems, public safety
and snow removal activities, and re-
cent and projected long-term trends in
snowfall and snowpack in this region.
Compared with similar storms pro-
duced by the Laurentian Great Lakes,
sea-effect systems generated by the Sea
of Japan are modulated by the regional
coastal geometry and topography,
extend to greater depth, and more
frequently feature transversal-mode
snowbands. Significant infrastructure
exists for snow removal, which, in
some regions, uses techniques (e.g.,
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groundwater spraying) that are not widely deployed in North America but take advantage of
the relatively mild, coastal snow climate. Snowfall and snowpacks in coastal areas of west-
ern and central Honshu near the Sea of Japan are especially vulnerable to global warming,
although snowfall and snowpack are projected to decline even in colder higher-latitude and
higher-altitude regions of Japan under high emissions scenarios.

There is significant potential to advance our understanding and prediction of sea- and
lake-effect precipitation through increased awareness of research from the Sea of Japan region
and strengthening collaborations between scientists in North America, Japan, East Asia, and
other sea- and lake-effect regions. In particular, comparison of the characteristics of sea- and
lake-effect systems in various regions of the world is important for understanding the funda-
mental processes that control the mode of sea- and lake-effect systems and their influence on
the intensity and distribution of precipitation. Clarifying the regional microphysical differ-
ences of sea- and lake-effect clouds may lead to the improvement of quantitative precipitation
estimates from meteorological radars and the parameterization of microphysical processes
by numerical models.
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