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ABSTRACT: The Sea of Japan (SOJ) coast and adjoining orography of central Honshu, Japan, receive substantial
snowfall each winter. A frequent contributor during cold-air outbreaks (CAOs) is the Japan Sea polar airmass con-
vergence zone (JPCZ), which forms downstream of the highland areas of the Korean Peninsula (i.e., the Korean
Highlands), extends southeastward to Honshu, and generates a mesoscale band of precipitation. Mesoscale polar
vortices (MPVs) ranging in horizontal scale from tens (i.e., meso-b-scale cyclones) to several hundreds of kilometers
(i.e., “polar lows”) are also common during CAOs and often interact with the JPCZ. Here we use satellite imagery
and Weather Research and Forecasting Model simulations to examine the formation, thermodynamic structure, and
airflow of a JPCZ that formed in the wake of an MPV during a CAO from 2 to 7 February 2018. The MPV and its
associated warm seclusion and bent-back front developed in a locally warm, convergent, and convective environ-
ment over the SOJ near the base of the Korean Peninsula. The nascent JPCZ was structurally continuous with the
bent-back front and lengthened as the MPV migrated southeastward. Trajectories illustrate how air–sea interactions
and flow splitting around the Korean Highlands and channeling through low passes and valleys along the Asian
coast affect the formation and thermodynamic structure of the JPCZ. Contrasts in airmass origin and thermody-
namic modification over the SOJ affect the cross-JPCZ temperature gradient, which reverses in sign along the JPCZ
from the Asian coast to Honshu. These results provide new insights into the thermodynamic structure of the JPCZ,
which is an important contributor to hazardous weather over Japan.
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1. Introduction

Some of the largest cool-season snowfalls and deepest sea-
sonal snowpacks observed on Earth occur near the Sea of
Japan (SOJ) coast of Japan (Takahashi et al. 2013). In the
Hokuriku region along the SOJ coast of central Honshu (see
Fig. 1 for geographic locations), the low-elevation city of
Joetsu averages 635 cm of snow annually and snow depths in
nearby mountain areas can reach 7 m (Yamaguchi et al. 2011;
Steenburgh 2014; Steenburgh and Nakai 2020). This copious
and frequent snowfall stimulates a vibrant winter-sports econ-
omy and provides regional water resources, but also creates
transportation, structural, and other hazards due to icy roads,
snow loading, and avalanches (Eito et al. 2005; Nakai et al.
2012).

Most of this snowfall comes from sea-effect precipitation
(e.g., Magono et al. 1966; Tsuchiya and Fujita 1967; Nakai
et al. 2005; Eito et al. 2010; West et al. 2019; Veals et al.
2019), which is comparable to lake-, sea-, and ocean-effect
precipitation in other regions of the world (e.g., Andersson
and Nilsson 1990; Niziol et al. 1995; Steenburgh et al. 2000;
Laird et al. 2009; Kindap 2010; Norris et al. 2013; Veals and
Steenburgh 2015; Kristovich et al. 2017). Over Japan, such
precipitation develops during the East Asian winter mon-
soon, which features anticyclonic flow around the semiper-
manent Siberian high and frequent cold-air outbreaks
(CAOs) over the warm waters of the SOJ (Mitnik 1992;

Dorman et al. 2004). During CAOs, strong sensible and latent
heat fluxes over the SOJ lead to the generation of clouds and
precipitation that are enhanced near the Japanese coast and
adjoining mountains (e.g., Kawamoto et al. 1963; Higuchi
1963; Magono 1971; Estoque and Ninomiya 1976; Nakai and
Endoh 1995; Saito et al. 1996; Yoshihara et al. 2004; Kusunoki
et al. 2005; Campbell et al. 2018; Veals et al. 2019; West et al.
2019).

During some CAOs, sea-effect precipitation becomes
organized over the western SOJ into a broader, mesoscale
band of clouds and precipitation known as the Japan Sea
polar airmass convergence zone (JPCZ; Okabayashi 1969;
Endoh et al. 1984; Asai 1988; Murakami 2019). The JPCZ
can produce heavy snow in the Hokuriku and other regions
of southwest Honshu (Okabayashi and Satomi 1971;
Hozumi and Magono 1984; Endoh et al. 1984; Nagata et al.
1986) and forms in response to flow interactions with the
highland areas of the Korean Peninsula (the Changbai,
Jangbaek, Ohnan, or Šanggiyan Mountains, hereinafter sim-
ply called the Korean Highlands), the thermal contrast
between the Korean Peninsula and the SOJ, and the sea
surface temperature distribution of the SOJ (Nagata et al.
1986; Nagata 1991; Shinoda et al. 2021). The JPCZ typically
develops near the base of the Korean Peninsula and extends
southeast toward Honshu, most frequently intersecting the
SOJ coast between Matsue and Joetsu (see Fig. 1) (Uemura
1980; Endoh et al. 1984; Ohigashi and Tsuboki 2007; Eito
et al. 2010). As highlighted by Murakami (2019), debate
persists concerning the thermal structure of the JPCZ, with
previous studies indicating colder air to the southwest, colder
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air to the northwest, or a weak thermal contrast or warm-
tongue structure (Hozumi and Magono 1984; Nagata 1987,
1992). Nagata (1992) suggests that this cross-JPCZ tempera-
ture structure modulates the intensity, location, and structure
of the convective cloud band and other cloud features accom-
panying the JPCZ.

The JPCZ may share some similarities with terrain or ther-
mally driven mesoscale lake- and sea-effect bands in other
regions of the world. For example, thermally forced land
breezes, orographically induced convergence, and coastline
geometry can lead to mesoscale precipitation bands over the
Great Lakes, the Great Salt Lake, Lake Constance, and the
Baltic Sea (e.g., Andersson and Gustafsson 1994; Alcott et al.
2012; Umek and Gohm 2016; Steenburgh and Campbell
2017). Among the most intense are long-lake-axis parallel
bands over elongated bodies of water such as Lake Ontario
(e.g., Passarelli and Braham 1981; Steiger et al. 2013; Kristo-
vich et al. 2017; Campbell and Steenburgh 2017). Such bands
often feature a cross-band secondary circulation that organ-
izes and intensifies precipitation (Bergmaier et al. 2017).

During individual events, the position of the JPCZ fluc-
tuates with the passage of upper-level troughs, mesoscale
polar vortices (MPVs), and other large-scale features
(Endoh et al. 1984; Nagata 1993; Ohigashi and Tsuboki
2007). MPVs occur frequently during CAOs, span hori-
zontal dimensions from tens of kilometers to several hun-
dred kilometers, and can produce heavy snowfall and
damaging winds (Asai 1988; Ninomiya 1989; Ogura 1991;
Nagata 1993; Fu et al. 2004; Murakami 2019; Watanabe
et al. 2016, 2018). MPVs are observed over other mid- and
high-latitude bodies of water (e.g., Sardie and Warner
1985; Rasmussen and Lystad 1987; Businger and Walter
1988), including the Great Lakes (e.g., Laird et al. 2003;
Steiger et al. 2013), and are sometimes referred to as polar
lows when their horizontal dimensions are $ 200 km
(Rasmussen and Turner 2003; Ninomiya 1989) or meso-

b-scale vortices when their horizontal dimensions are
smaller (Nagata 1993; Tsuboki and Asai 2004). We use
the general phrase MPV to be inclusive of a wide range of
horizontal scales and the occasional upscale growth of
meso-b-scale vortices into polar lows.

MPVs form poleward of the polar front under the influence
of cold upper-level troughs (Reed 1979; Rasmussen and
Turner 2003; Shimada et al. 2014). Over the SOJ, many MPVs
form downstream of the Korean Highlands and move south-
eastward along a path similar to that of the JPCZ, often
impacting the Hokuriku region (Asai 1988; Tsuboki and Asai
2004; Watanabe et al. 2016; Yanase et al. 2016). Smaller meso-
b-scale vortices can also form in conjunction with larger MPVs
or along a well-developed JPCZ (Nagata 1993; Tsuboki and
Asai 2004). Factors that aid MPV formation and maintenance
over the SOJ or the development of meso-b-scale vortices
along the JPCZ include strong surface sensible and latent heat
fluxes, latent heating from convection, shear instability, and
baroclinic instability (Tsuboki and Wakahama 1992; Nagata
1993; Yanase et al. 2002; Kawashima and Fujiyoshi 2005; Føre
et al. 2012).

In this paper we examine the formation, thermodynamic
structure, and airflow of a JPCZ during a multiday CAO from
2 to 7 February 2018, focusing on the influence of an MPV, the
modification of airflows by the Korean Highlands, and the con-
tributions of airmass origin and air–sea interactions to the
JPCZ thermal structure. The event produced heavy snow in
the Fukui and Ishikawa Prefectures, including 146 cm in Fukui
City, with people trapped for as many as two nights in vehicles
along major highways (Kyodo News 2018). Using higher-reso-
lution modeling and a longer simulation period, we illustrate
the JPCZ structure, airmass origins, and airflow in greater
detail than previous studies. We describe our data and meth-
ods in section 2 and provide a synoptic overview of the event
in section 3. We make extensive use of a numerical simulation
by the Weather Research and Forecasting (WRF) Model,
which is validated in section 4. Section 5 illustrates the forma-
tion of the JPCZ in the wake of the MPV, while section 6 diag-
noses the thermodynamic structure and airflow of the mature

FIG. 2. WRF domains and topography (mMSL from the highest-
resolution domain, shaded following the inset scale).FIG. 1. Topography [in meters above mean sea level (MSL),

shaded following the inset scale] and geographic landmarks of the
study region. Stars indicate the Matsue and Wajima sounding loca-
tions. (Adapted from https://maps-for-free.com/.)

MONTHLY WEATHER REV I EW VOLUME 150158

Brought to you by UNIVERSITY OF UTAH | Unauthenticated | Downloaded 08/04/22 10:10 PM UTC

https://maps-for-free.com/


JPCZ including variations in the cross-JPCZ thermal contrast.
Conclusions are summarized in section 7.

2. Data and methods

Satellite imagery and regional analyses used to describe
the observed event and validate WRF simulations come
from the Japanese Himawari-8 geostationary satellite, the
ERA5 reanalysis (Hersbach et al. 2020), and Japan Meteo-
rological Agency upper-air sounding sites at Matsue and
Wajima (Fig. 1). We obtained the Himawari-8 imagery
from the University of Wisconsin–Madison Space Science
and Engineering Center (SSEC 2018) and the ERA5 rean-
alysis from the ECMWF climate data store (Copernicus
Climate Change Service 2017). The ERA5 provides hourly
reanalyses at 31-km horizontal grid spacing, although we present
only selected times and use data on a 0.258 latitude–longitude
grid. We obtained the upper-air soundings from the University
of Wyoming database (University of Wyoming 2018).

We simulate the 2–7 February 2018 (the year hereinafter
is 2018 unless otherwise noted) CAO using the Advanced

Research version of WRF, version 4.0 (Skamarock and
Klemp 2008). WRF was initialized at 1200 UTC 2 February,
24 h prior to the JPCZ formation, and run through 1200
UTC 7 February, although we focus our analysis on the
JPCZ formation and structure at maturity (i.e., through
0600 UTC 5 February for detailed analysis and 1200 UTC 5
February for comparison with observed soundings). The
simulation uses three one-way nested domains at 12-, 4-,
and 1.33-km grid spacing. The innermost 1.33-km model
domain was sufficiently large to include the Korean High-
lands, the Korean Peninsula, western and central SOJ, and
nearly all the Honshu SOJ coast (Fig. 2). Forty terrain-fol-
lowing half-h levels were used with the greatest resolution
within the boundary layer and a 5-km-deep Rayleigh damp-
ing layer at the upper boundary. Initial atmospheric conditions,
land surface conditions, sea surface temperatures, sea ice cover-
age, and snow coverage come from the National Centers for
Environmental Protection (NCEP) Global Forecast System
(GFS) global analysis on a 0.258 latitude–longitude grid (NCEP
2015). The 6-hourly lateral boundary conditions also derive
from GFS analyses. Land-use characteristics and topography

FIG. 3. (a),(c) ERA5 500-hPa geopotential height (contours every 75 m) and absolute vorticity (shaded following the
scale at bottom left) and (b),(d) Himawari-8 visible satellite imagery and ERA5 850-hPa winds (vectors following the
inset scale), 850-hPa temperature (red contours every 48C), and sea level pressure (black contours every 4 hPa) at (top)
0600 UTC 2 Feb and (bottom) 0600 UTC 3 Feb. MPV1 and MPV2 are identified with L1 and L2, respectively.
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come from the standard WRF Preprocessing System, version
4.0, geographical input data, which rely heavily on Moderate
Resolution Imaging Spectroradiometer (MODIS) imagery.
Despite being based on a relatively coarse 0.258 grid, initial sea
surface temperature and snow-cover analyses compared favor-
ably to operational sea surface temperature and MODIS snow-
cover imagery and were deemed sufficient, with the former
used throughout the simulation. On the basis of physics suites
that have proven successful in previous lake- and sea-effect sim-
ulations (e.g., Alcott and Steenburgh 2013; McMillen and
Steenburgh 2015a,b; Campbell et al. 2018; Veals et al. 2020), we
used the Yonsei University planetary boundary layer scheme
(Hong et al. 2006), Thompson cloud microphysics scheme
(Thompson et al. 2008), Noah land surface model (Chen and
Dudhia 2001), Dudhia shortwave radiation scheme (Dudhia
1989), revised MM5 surface layer parameterization (Jiménez
et al. 2012), Rapid Radiative Transfer Model (for longwave
radiation; Iacono et al. 2008), and the Kain–Fritsch 2 cumulus
parameterization (Kain 2004). The former was used only for
the 12-km domain, with the 4- and 1.33-km domains being con-
vection permitting.

Three-dimensional trajectories are calculated with second-
order, semi-implicit discretization from 10-min model output
from the 1.33-km domain using open-source Python code
described by Gowan (2019), which is based on techniques

described in Miltenberger et al. (2013; see their section 2.1).
In addition to trajectory paths, we present potential tempera-
ture, boundary layer and radiation (longwave and shortwave)
scheme heating rates, and cloud microphysics scheme heating
rates to illustrate processes along trajectories. The boundary
layer and radiation scheme heating rates are combined for
brevity, with contributions from the latter typically largest
along trajectories on the lowest model level over the Sea of
Japan where longwave emissions from the relatively warm
water surface are absorbed by water vapor in the cold overly-
ing air mass.

3. Synoptic overview

The 2–7 February CAO featured a JPCZ that formed
over the western SOJ in the wake of two MPVs. The first
MPV (hereinafter MPV1) formed near the East Korean
Bay as an upper-level trough approached the western SOJ
at 0600 UTC 2 February (Figs. 3a,b). Over the next 24 h,
MPV1 moved eastward and northeastward, growing in
horizontal scale, and by 0600 UTC 3 February was cen-
tered off the northern SOJ coast of Honshu (Fig. 3d). A
second upper-level shortwave trough and associated abso-
lute-vorticity maximum began to move over the SOJ at
this time and, along with the development of low-level

FIG. 4. As in Fig. 3, but for (a),(b) 0600 UTC 4 Feb and (c),(d) 0600 UTC 7 Feb; JPCZ is identified with a black dashed line.

MONTHLY WEATHER REV I EW VOLUME 150160

Brought to you by UNIVERSITY OF UTAH | Unauthenticated | Downloaded 08/04/22 10:10 PM UTC



flow across the Korean Highlands, led to the development
of a second MPV (hereinafter MPV2) over the western
SOJ (Figs. 3c,d).

The upper-level trough progressed eastward through
0600 UTC 4 February with MPV1 deepening near the south-
west coast of Hokkaido Island (Figs. 4a,b). Over the western
SOJ, temperatures decreased ∼48C in response to cold air
advection (cf. Figs. 3d and 4b) and MPV2 moved southeast-
ward toward Honshu where it dissipated near the Noto Penin-
sula at ∼0400 UTC 4 February (not shown). By 0600 UTC 4
February, the JPCZ that developed in the wake of MPV2
extended from the coastal area downstream of the Korean
Highlands to the Honshu coast (Fig. 4b). Conditions during
this period featured large-scale, low-level, northerly to north-
westerly flow that interacted with the Korean Highlands and
permeated the western SOJ (Fig. 4b). This synoptic

environment persisted through ∼0600 UTC 7 February, when
the upper-level flow became more zonal and the JPCZ began
to weaken (Figs. 4c,d). The intersection of the JPCZ with the
Honshu SOJ coast varied between ∼1338 and ∼1378E during
the event (e.g., Figs. 4b,d).

4. Model validation

Given the paucity of in situ observations over the SOJ,
we first validate the WRF simulation through comparison
with Himawari-8 visible satellite imagery. Overlays of simu-
lated sea level pressure, lowest half-h-level wind vectors,
and lowest half-h-level radar reflectivity on Himawari-
8 imagery indicate that WRF captures well the structure
and evolution of MPV1, MPV2, and the JPCZ (Fig. 5).
At 0600 UTC 3 February, the WRF sea level pressure,

FIG. 5. Himawari-8 visible satellite imagery, WRF lowest half-h-level radar reflectivity (shaded following the scale
at bottom), WRF sea level pressure (black contours every 4 hPa), and WRF lowest half-h-level winds (vectors follow-
ing the inset scale) at (a) 0600 UTC 3 Feb, (b) 0600 UTC 4 Feb, (c) 0600 UTC 5 Feb, and (d) 0600 UTC 6 Feb. MPV1
and MPV2 are identified with L1 and L2, respectively.
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wind, and radar reflectivity fields are consistent with the
observed MPV1 cloud pattern in the eastern SOJ (Fig. 5a).
Over the western SOJ, the comma shaped WRF reflectivity
band matches well with the observed cloud band accompa-
nying MPV2. By 0600 UTC 4 February, WRF continues to
compare well to the observed MPV1 cloud pattern and
produces a band of locally high radar reflectivity that
closely matches the observed cloud pattern along the
JPCZ in the wake of the now dissipated MPV2 (Fig. 5b).
The lowest half-h level winds also appear consistent with
observed cloud streets. The close correspondence of the
WRF reflectivity band to the observed cloud band along
the JPCZ, including the arc-shaped structure and sinuous
pattern near the Honshu coast, continues through the
study period, although the simulated MPV1 low center is
perhaps 200 km east of that inferred from satellite imagery
(Figs. 5c,d).

Simulated soundings near the JPCZ at Matsue at
1200 UTC 3 and 4 February and at Wajima at 1200 UTC
5 February feature temperatures and dewpoints close to
observed (Fig. 6). However, the stable layer at the top of
the simulated boundary layer is lower and less defined
than observed, biases that are common in WRF (e.g., Con-
iglio et al. 2013; Campbell et al. 2018). Winds near and
beneath the inversion are generally within ∼5 m s21 and
∼208 of observed. Overall, comparisons with Himawari-
8 imagery and the observed soundings indicate that WRF
captures the mesoscale structure of the MPVs and JPCZ
remarkably well, although boundary layer depths along
the SOJ coast of Honshu are underdone. We now focus on
the evolution of MPV2 and the formation of the JPCZ in
its wake.

5. MPV2 and the development of the nascent JPCZ

Prior to the development of MPV2, locally warm air, low-
level convergence, and weak troughing existed over the west-
ern SOJ near the base of the Korean Peninsula (Fig. 7a;
troughing not explicitly shown). As cyclonic vorticity advec-
tion associated with the second upper-level short-wave trough
moved over the SOJ (see also Fig. 3), convergence and associ-
ated troughing intensified, consistent with expectations from
quasigeostrophic or potential vorticity theory and other MPV
events over the SOJ (e.g., Montgomery and Farrell 1992;
Yanase et al. 2002; Tsuboki and Asai 2004; Watanabe et al.
2018). Condensational warming within the accompanying
cloud system and vortex stretching in the lee of the Korean
Highlands likely aided low-level vorticity development (e.g.,
Nagata 1993). At 0000 UTC 3 February, the incipient MPV2
low center was at ∼39.58N, 1298E with northwesterly flow and
cold advection to the southwest and south and cold advection
in northeasterly flow to the northeast and north (Fig. 7b). By
0600 UTC 3 February, MPV2 developed a warm seclusion
with a strong temperature gradient along a bent-back front
rearward of the low center (Fig. 7c).

At this time, a band of heavy precipitation extended
southward and southeastward along the developing JPCZ
and bent-back front, wrapping partially around MPV2 and
the precipitation-free warm seclusion (Fig. 8a). A cross sec-
tion bisecting the warm seclusion (A–A′; cross sections here
and elsewhere based on averages 610 km normal to each
cross section to reduce fine-scale variability and illustrate
mesoscale structure) shows the strong temperature gradient,
narrow plume of ascent, and precipitation band accompany-
ing the bent-back front (Fig. 8b). This structure is similar to
that found near the inner core of intense marine frontal

FIG. 6. Observed (black) and WRF (red) skew T–logp diagrams: temperature (8C; solid), dewpoint (8C; dashed), and wind barbs (full
and half barbs denote 5 and 2.5 m s21, respectively), for (a) Matsue at 1200 UTC 3 Feb, (b) Matsue at 1200 UTC 4 Feb, and (c) Wajima at
1200 UTC 5 Feb.
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cyclones (e.g., Kuo et al. 1992; Neiman and Shapiro 1993).
Three-dimensional trajectories ending at 0600 UTC 3 Febru-
ary on the lowest half-h level illustrate the airstreams and
thermodynamic processes associated with the warm seclu-
sion and bent-back front (Fig. 9a). The first airstream is
composed of trajectories that originate over interior Asia,
travel through the Khanka Lowlands of Russia, and termi-
nate in the baroclinic zone north of the low center
(maroon trajectories). The second airstream consists of
trajectories that traverse the Korean Peninsula, move
through the relatively low area between the Taebaek
Mountains and Korean Highlands (the Taebaek Gap), and
form the cold tongue that wraps equatorward and eastward
around the low center (northernmost blue trajectories). A
third airstream also traverses the Korean Peninsula but

crosses the Taebaek Mountains instead of moving through
the Taebaek Gap (southernmost blue trajectories).

The air within the warm seclusion has two different origins
and is warmer because it experiences greater net thermody-
namic modification than the surrounding air. To illustrate this,
we focus on five trajectories ending within or around the warm
seclusion (Fig. 9b). Trajectory 1 originates over interior Asia
and travels through the Khanka Lowlands. It begins with the
lowest potential temperature of the five trajectories (Fig. 9c) but
ends in the center of the warm seclusion with the highest poten-
tial temperature since it experiences greater net warming from
boundary layer and radiative processes over the SOJ (Fig. 9d)
and, along with trajectory 4, the least diabatic cooling beneath
precipitation features (Fig. 9e). Trajectory 5 began with the
highest potential temperature but ends within the bent-back

FIG. 7. WRF lowest half-h-level divergence (following the scale at bottom left), wind (vectors following the inset
scale), potential temperature (red contours every 1 K), and terrain (following the scale at bottom right) at (a)
1500 UTC 2 Feb, (b) 0000 UTC 3 Feb, (c) 0600 UTC 3 Feb, and (d) 1200 UTC 3 Feb. MPV1 and MPV2 are identified
with L1 and L2, respectively.
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front with the lowest potential temperature of the five trajecto-
ries since it experiences the least net warming from boundary
layer and diabatic processes and, along with trajectories 2 and 3,
the most diabatic cooling from precipitation.

Northwest of MPV2, cross section B–B′ illustrates the struc-
ture of the nascent JPCZ (Fig. 8c). At low levels, the JPCZ
featured an enhanced potential temperature gradient exceed-
ing 2 K (10 km)21 at which converging flow ascended in a nar-
row plume. Outflow aloft extended over the cooler air to the
west but was weak to nonexistent to the east (temperature gra-
dient not explicitly shown). Prior studies identify cross-JPCZ
temperature contrasts (e.g., Yamaguchi and Magono 1974;
Hozumi and Magono 1984) although, in contrast to the present
case, Murakami (2019) found that six of seven JPCZ events
examined by instrumented aircraft featured colder air to the
north or east rather than to the southwest.

MPV2 continued its southeastward movement and by
1200 UTC was located at ∼38.48N, 131.08E, with strong con-
vergence along the lengthening JPCZ in its wake (Fig. 7d).
Flow-parallel precipitation bands impinged from the north-
east on the broader, more intense mesoscale precipitation
band along the JPCZ (Fig. 10a). During this period, the JPCZ
continued to feature a potential temperature gradient with
colder air to the southwest. Cross section C–C′ taken across
the JPCZ halfway between MPV2 and the Asian coast shows
a similar pattern to that described previously (e.g., Fig. 8c)
with convergent flow ascending in a narrow plume over the
cross-JPCZ temperature gradient and outflow aloft strongest
over the colder air to the southwest (Fig. 10b).

Trajectories ending on the lowest half-h level at
1200 UTC 3 February highlight the origins and evolution
of four primary airstreams that terminate along the devel-
oping JPCZ (Fig. 11a). The first airstream terminates
southwest of the JPCZ and features trajectories that move
cyclonically around the western side of the Korean High-
lands and channel through the Taeback Gap before
spreading out over the SOJ (blue trajectories). The second
airstream terminates northeast of the JPCZ and features
trajectories that circumscribe the eastern side of the
Korean Highlands and curve anticyclonically as they exit
the Tumen Valley and environs (purple trajectories). The
third airstream also terminates east of the JPCZ but trav-
els from interior Asia through the Khanka Lowlands
(brown trajectories). Fourth, a small number of trajecto-
ries move through a pass in the center of the Korean High-
lands and end very near the Asian coast and upstream
terminus of the JPCZ (green trajectories).

Thermodynamic histories along representative trajectories
illustrate how differing airmass origins and thermodynamic
modification over the SOJ contribute to the cross-JPCZ tem-
perature gradient (Figs. 11b–d). Near MPV2, trajectory 6
begins northeast of the Korean Highlands with a higher initial

FIG. 8. (a) WRF lowest half-h-level radar reflectivity (fol-
lowing the scale at top), wind vectors (following the inset
scale), potential temperature (red contours every 1 K), and
terrain (as in Fig. 7) at 0600 UTC 3 Feb. (b) WRF cross

←−
section of radar reflectivity [using the scale in (a)], along-section
circulation vectors (following the inset scale), and potential tem-
perature (black contours every 1 K) along line A–A′ in (a).
(c) As in (b), but along line B–B′.
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potential temperature (∼260 K) than trajectory 7 (Fig. 11b),
which terminates on the warmer, northeast side of the JPCZ.
However, trajectory 6 experiences a shorter fetch and less net
heating due to boundary layer and radiative processes over
the SOJ than trajectory 7 (Fig. 11c) and terminates on the
southwest side of the JPCZ with a lower potential tempera-
ture. Diabatic cooling from precipitation along trajectories 6
and 7 is comparable and does not contribute to the cross-
JPCZ temperature contrast (Fig. 11d). Farther north, trajec-
tory 8 begins with a potential temperature that is about 1.5 K
colder than trajectory 9 (Fig. 11b). It terminates with a poten-
tial temperature 2.5 K colder than trajectory 9, a result of less
net warming from boundary layer and radiative processes
(Fig. 11c). Thus, in this region, airmass origin and different
thermodynamic histories contribute to the cross-JPCZ temper-
ature contrast and the existence of colder air on the southwest
side of the JPCZ.

In summary, the nascent JPCZ developed in the wake of
MPV2, which formed in a region of a locally warm air,

convergence, and troughing as cyclonic vorticity advection
associated with an approaching 500-hPa trough moved over
the SOJ. As it moved southeastward, MPV2 featured a warm
seclusion and bent-back front. A trajectory ending in the cen-
ter of the warm seclusion originated within colder air from
Russia, but experienced greater net warming from boundary
layer and radiative processes over the SOJ and less diabatic
cooling beneath precipitation features. The bent-back front
was structurally continuous with the nascent JPCZ, which
lengthened as MPV2 moved southeastward. During this
period the JPCZ featured three primary airstreams. The first
moved cyclonically around the western side of the Korean
Highlands and then eastward through Taeback Gap. The sec-
ond and third moved through the Tumen Valley or the
Khanka Lowlands, respectively, and then southwestward over
the SOJ to the JPCZ. The cross-JPCZ temperature contrast
with colder air to the southwest reflects the differing airmass
origins and thermodynamic histories of these airstreams as
they converged on the JPCZ.

FIG. 9. (a) Three-dimensional, backward-calculated 17-h trajectories ending on the lowest half-h level at 0600 UTC
3 Feb. Trajectories are color coded as described in the text. Terrain color fill, reflectivity color fill, and potential tem-
perature contours are as in Fig. 8a. (b) Close-up of the warm seclusion region with end points of selected trajectories
annotated. (c) Potential temperature along selected trajectories identified in (b). (d) Potential temperature change
along selected trajectories identified in (b) due to boundary layer and radiative diabatic processes. (e) As in (d), but
due to microphysical diabatic processes.
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6. The mature JPCZ

By 0600 UTC 4 February, MPV2 had dissipated and the
JPCZ extended across the western SOJ, becoming nearly par-
allel to the SOJ coast of Honshu near 368N and intersecting
the coast at ∼368N, 1368E (Fig. 12a). Relative to 1200 UTC
3 February, the cross-JPCZ temperature contrast was weaker
and a broad warm tongue (i.e., an axis of maximum tempera-
ture) was nearly collocated with the JPCZ, which was flanked
on both sides by cold advection (cf. Figs. 7d and 12a). This
general pattern predominated through 0600 UTC 5 February
(Fig. 12b). The JPCZ finally dissipated on 7 February (not
shown).

Model-derived reflectivity at 0600 UTC 5 February
showed that the mature JPCZ featured wind-parallel
bands and other convective cells on its northeast flank
(near the Asian coast) and northern flank (near Honshu)
that merged into the broader, quasi-continuous

precipitation band along the JPCZ (Fig. 13a). Careful
inspection of the potential temperature analysis reveals
that the axis of warmest temperature associated with the
warm tongue was located just northeast of the JPCZ near
the Asian coast but shifted to south of the JPCZ near Hon-
shu. This shift reflects a reversal of the cross-JPCZ temper-
ature gradient from the Asian coast to Honshu with the
coldest air southwest of the JPCZ near the former and
north of the JPCZ near the latter. The precipitation band
along the JPCZ broadened and developed wavelike fea-
tures that grew in scale as they approached Honshu. A
near-surface relative-vorticity analysis at this time illus-
trates the strengthening and upscale growth of cyclonic
vortical disturbances along the JPCZ (Fig. 14), as identi-
fied in other JPCZ events and attributed to horizontal
shear instability (e.g., Nagata 1993; Kawashima and
Fujiyoshi 2005).

Three cross sections at 0600 UTC 5 February illustrate
changes in the structure of the mature JPCZ from the Asian
coast to Honshu (Figs. 13b–d). Near the Asian coast, cross
section D–D′ shows a similar structure to that described ear-
lier in this region with convergent flow ascending in a narrow
plume at the cross-JPCZ temperature gradient (Fig. 13b).
Colder air still exists to the southwest of the JPCZ, but the
temperature gradient has weakened relative to 1200 UTC 3
February and the outflow is now more symmetrical with an
“in, up, and out” secondary circulation, although the outflow
is stronger and more elevated on the northeast side of the
JPCZ (cf. Figs. 10b and 13b). Farther southeast, the cross-
JPCZ temperature gradient in cross section E–E′ was much
weaker, the JPCZ was roughly collocated with the warm
tongue. and the vertical motion was weaker and broader (Fig.
13c). The latter is consistent with the broader precipitation
band and the presence of multiple embedded convective
features.

Near the coast of Honshu, the warm tongue in cross section
F–F′ was south of the JPCZ, with the coldest air north of the
JPCZ (Fig. 13d). In this region, the precipitation pattern and
cross-JPCZ secondary circulation varied in structure and
strength due to the influence of the cyclonic vortical features.
Along cross section F–F′, a narrow plume of shallow ascent
existed at the JPCZ, with broad ascent aloft to the north
above the colder northerly flow at low levels. Outflow was
strongest on the north side of the JPCZ, and scattered precipi-
tation cells existed in the warm tongue to the south. In sum-
mary, these three cross sections illustrate a reversal in the
cross-JPCZ temperature gradient and structure and strength
of the cross-JPCZ secondary circulation from the Asian coast
to Honshu.

Trajectories ending on the lowest-half-h level at 0600 UTC
5 February continued to depict the mature JPCZ as a promi-
nent airstream boundary (Fig. 15a). Trajectories ending
southwest or south of the JPCZ move cyclonically around the
Korean Highlands or travel from China over the Yellow Sea
before traversing the Korean Peninsula and Taebaek Moun-
tains (blue trajectories; Fig. 15a). In contrast to trajectories
ending at 1200 UTC 3 February, there is less flow channeling
of these trajectories through Taebaek gap, although they

FIG. 10. As in Figs. 8a and 8b, but for 1200 UTC 3 Feb and
(b) along line C–C′ in (a).
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continue to traverse the Taebaek Mountains (cf. Figs. 11a and
15a). Trajectories ending northeast or north of the JPCZ
either circumscribe the eastern side of the Korean Highlands,
moving over the SOJ from the Tumen Valley and environs
(purple trajectories; Fig. 15a) or travel from interior
Asia through the Khanka Lowlands (maroon trajectories;
Fig. 15a), fanning out over the SOJ.

Thermodynamic histories for selected trajectory pairs
across the JPCZ show how airmass origin and modification
over the SOJ affect the cross-JPCZ temperature gradient
(Figs. 15b–d). Near the Asian coast, trajectory 10, which ter-
minates on the colder, southwest side of the JPCZ, circum-
scribes the western side of the Korean Highlands, cools slowly
while over land, and then warms dramatically after moving
over the SOJ (Figs. 15b,c). In contrast, trajectory 11, which
terminates opposite trajectory 10 on the warmer, northeast
side of the JPCZ, begins with a much lower potential temper-
ature and similarly cools over land, but has a longer fetch
over the SOJ and experiences greater thermodynamic modifi-
cation, ending with a higher potential temperature than

trajectory 10. Thus, near the coast of Asia, the shorter over-
SOJ fetch and reduced thermodynamic modification of trajec-
tories emerging from the Korean Peninsula yield colder air to
the southwest of the SOJ despite this air mass being initially
warmer upstream than the air emerging from the Tumen Val-
ley and environs. Farther southeast, the large initial potential
temperature contrast between trajectories 12 and 13 is nearly
perfectly balanced by differences in fetch and thermodynamic
modification over the SOJ (cf. Figs. 15b and 15c), so that the
two trajectories impinge on the JPCZ with nearly identical
potential temperatures, resulting in a warm tongue. Near the
coast of Honshu, trajectory 14 not only begins with a higher
potential temperature than trajectory 15 (Fig. 15b) but,
because of its long residence time over the relatively warm
waters of the southern SOJ, also experiences substantial ther-
modynamic modification (Fig. 15c). Ultimately, it impinges on
the JPCZ with a higher potential temperature than trajectory
15, so that the coldest air in this region is north of the JPCZ.
Along all of these trajectories, the magnitude of diabatic heat-
ing or cooling from precipitation is# 1.5 K (Fig. 15d).

FIG. 11. (a) Three-dimensional, backward-calculated 23-h trajectories ending on the lowest half-h level at
1200 UTC 3 Feb. Trajectories are color coded as described in the text. Terrain color fill, reflectivity color fill, and
potential temperature contours are as in Fig. 8a. (b) Potential temperature along selected trajectories identified in (a).
(c) Potential temperature change along selected trajectories identified in (a) due to boundary layer and radiative dia-
batic processes. (d) As in (c), but due to microphysical diabatic processes.
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FIG. 12. WRF lowest half-h-level divergence (following the color scale at bottom left), wind (vectors following
the inset scale), potential temperature (red contours every 2 K), and terrain (following the scale at bottom
right) at (a) 0600 UTC 4 Feb and (b) 0600 UTC 5 Feb.

FIG. 13. As in Fig. 8, but for 0600 UTC 5 Feb and (b) along line D–D′ in (a), (c) along line E–E′ in (a), and (d) along line F–F′ in (a).
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Collectively, these trajectories highlight how flow interaction
with the Korean Highlands, cold-air pathways from interior
Asia, and airmass modification over the SOJ affect the thermo-
dynamic structure of the mature JPCZ. Flow splitting occurs
upstream of the Korean Highlands, resulting in two major air-
streams that converge into the JPCZ downstream of the base
of the Korean Peninsula. The airstream circumscribing the
west side of the Korean Highlands and traversing the Korean
Peninsula is potentially warmer upstream over Asia than the
airstream to the east that emerges from the Tumen Valley.
Near the coast of Asia, however, the airstream emerging from
the Korean Peninsula has a shorter fetch over the SOJ relative
to that emerging from the Tumen Valley, leading to colder air
to the southwest of the JPCZ. In contrast, near Honshu, the
JPCZ separates airstreams emerging from the Korean Penin-
sula and the Khanka Lowlands. Both airstreams have substan-
tial over-SOJ fetches, the former over the relatively warm
waters of the southwest SOJ. Ultimately, this leads to a reversal
of the cross-JPCZ temperature gradient with colder air to the
north near Honshu. Thus, the cross-JPCZ reverses due to dif-
fering origins, over SOJ fetch, and thermodynamic histories of
airstreams impinging on the JPCZ.

7. Conclusions

Using Himawari-8 imagery, the ERA5 reanalysis, and
WRF simulations, this paper has examined the formation,
thermodynamic structure, and airflows of a Japan Sea polar-
airmass convergence zone that formed in the wake of a
mesoscale polar vortex (labeled MPV2) during a cold-air
outbreak (CAO) from 2 to 7 February 2018. MPV2 formed
within a region of locally warm air, low-level convergence,

and weak troughing as an upper-level trough moved down-
stream of the Korean Highlands and over the Sea of Japan
(SOJ) on 3 February. Although small in scale, MPV2
developed a warm seclusion and bent-back front similar to
that observed in intense marine cyclones (e.g., Kuo et al.
1992; Neiman and Shapiro 1993). The warm seclusion con-
sisted of air that moved over the SOJ that moved through
the Taebaek gap of Korea and the Khanka Lowlands of
Russia, with the warmth of air in the seclusion reflecting
greater net thermodynamic modification over the SOJ rela-
tive to the surrounding air mass.

The nascent JPCZ was structurally continuous with the bent-
back front and lengthened as MPV2 moved southeastward.
Eventually, MPV2 dissipated and the mature JPCZ extended
across the SOJ to Honshu. Wind-parallel and other precipita-
tion features converged into the broader, mesoscale precipita-
tion band along the JPCZ from the northeast. The mesoscale
precipitation band broadened and developed wavelike features
as it approached Honshu due to strengthening and growth of
cyclonic vortical disturbances, as observed in other JPCZ
events (e.g., Nagata 1993; Kawashima and Fujiyoshi 2005).

The thermodynamic structure of the mature JPCZ varied
from the Asian to the Honshu coast. Near Asia, the JPCZ fea-
tured a low-level temperature gradient with colder air to the
southwest and a narrow plume of ascent. As the JPCZ
approached Honshu, the low-level temperature gradient weak-
ened and eventually reversed, with the colder air to the north.
Additionally, the precipitation pattern and cross-JPCZ second-
ary circulation varied in structure and strength, especially near
Honshu due to the influence of the vortical disturbances.

The reversal of the cross-JPCZ temperature gradient
along the mature JPCZ reflected both the origins and ther-
modynamic histories of airflows converging on the JPCZ,
as suggested by Yamaguchi and Magono (1974) and
Hozumi and Magono (1984). Trajectories emerging from
the Korean Peninsula and terminating to the southwest
or south of the JPCZ begin over continental Asia with
potential temperatures comparable to or warmer than tra-
jectories emerging from the Tumen Valley or Khanka
Lowlands that terminate to the northeast or north of the
JPCZ. However, near the coast of Asia, trajectories
emerging from the Korean Peninsula have a shorter over-
SOJ fetch and experience less thermodynamic modifica-
tion, yielding colder air to the southwest of the JPCZ.
Near Honshu, trajectories emerging from the Korean
Peninsula have a sufficiently long residence time over the
relatively warm waters of the southwest SOJ that this air-
stream is warmer than that impinging on the JPCZ from
the north, resulting in a reversal of the cross-JPCZ temper-
ature gradient near Honshu.

As summarized by Murakami (2019), the thermal structure
of the JPCZ is a point of controversy in the literature. We
propose that the cross-JPCZ temperature gradient may vary
spatially and temporally due to the differing characteristics,
origins, and thermodynamic histories of airstreams impinging
on the JPCZ. It is possible that near Honshu, these character-
istics, origins, and thermodynamic histories favor colder air to
the north of the JPCZ, which may help explain why six of

FIG. 14. WRF lowest half-h-level relative vorticity (following the
color scale at bottom), lowest-level wind (vectors following the inset
scale) and terrain (as in Fig. 7) at 0600 UTC 5 Feb.
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seven JPCZ events examined by instrumented aircraft and
summarized by Murakami (2019) featured colder air to the
north rather than to the south. Such a hypothesis could be
explored in future work using high-resolution reanalyses or
regional climate simulations such as those used by Shinoda
et al. (2021) to examine the influence of the Korean High-
lands and Korean Peninsula on the formation and mainte-
nance of the JPCZ. Also of interest for future work is how
these airflows and thermodynamic structures affect distribu-
tion and intensity of precipitation, especially snowfall, along
the Honshu coast and adjoining topography.
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