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Abstract

The western Sea of Japan is a region in which mesoscale cyclones are frequently observed as cold
polar air breaks out over the sea. In this region, mesoscale cyclones occasionally develop along a conver-
gence zone that forms on the lee side of the mountains north of the Korean Peninsula. A meso-a-scale
cyclone (MaC), in which two meso-b-scale cyclones (MbCs) were embedded, was observed in the western
Sea of Japan on 23 January 1990. This structure is referred to as a ‘‘multi-scale structure’’ of a mesoscale
cyclone. A simulation experiment and a number of sensitivity experiments with respect to several forcing
factors were performed to elucidate the development mechanism of mesoscale cyclones. Stably stratified
air flows around the mountains north of the Korean Peninsula and the convergence zone forms on the
lee side of the mountains. Large amounts of sensible heat and latent heat are supplied from the sea to
the atmosphere. The diabatic heating due to condensation and vertical diffusion of the sensible heat and
horizontal advection of the potential temperature y are almost in balance with the negative vertical
advection of y. This results in an intense upward motion in the convergence zone. Since baroclinicity is
intense in this region, an upward transfer of the horizontal momentum around the convergence zone
intensifies the upper-level (800@600 hPa) divergence. Consequently, the surface pressure decreases, and
the MaC develops. The upward motion and vorticity are concentrated mostly in the MbCs, which are
considered to be the cores of the MaC. On the other hand, the MaC provides an environment for the for-
mation and development of the MbCs and affects their movements.

1. Introduction

When continental polar air breaks out over
the Sea of Japan in winter, satellite images
occasionally show mesoscale cloud vortices in
the cold air stream. The vortices with a hori-
zontal scale of several hundred kilometers are
referred to as ‘‘mesoscale cyclones’’ or, some-
times, ‘‘polar lows.’’ These disturbances yield

severe snowstorms and strong gusts of wind
along the coastal regions of the Japanese Is-
lands. Their horizontal sizes are smaller than
those of synoptic-scale disturbances and larger
than a radar processing range. These charac-
teristics make it difficult to reveal the structure
and mechanism of the mesoscale cyclones and
to predict their formation and development.

Mesoscale cyclones with different horizontal
scales are sometimes observed simultaneously.
A meso-b-scale cyclone is occasionally em-
bedded in a meso-a-scale cyclone. Ninomiya
et al. (1990), and Ninomiya and Hoshino (1990)
found this type of structure of a polar low that
developed over the Sea of Japan and referred
to it as a ‘‘multi-scale structure’’ of the polar
low. The development mechanism of this type
of polar low and the interaction between meso-
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scale cyclones with different scales are still
unknown.

Mesoscale cyclones or polar lows are ob-
served in the North Atlantic Ocean, the North
Pacific Ocean (Sardie and Warner 1985; Reed
1979; Reed and Blier 1986a, 1986b), the Nor-
wegian Sea, the North Sea, the Barents Sea
(Rasmussen and Lystad 1987; Rasmussen
1985; Businger 1985), the Labrador Sea (Moore
et al. 1996), the Gulf of Alaska, and the Be-
ring Sea (Businger 1987; Businger and Walter
1988). Ninomiya (1989) called mesoscale cy-
clones polar lows and showed that they de-
velop frequently over the Sea of Japan and
the northwestern Pacific Ocean, where barocli-
nicity is intense in the low and middle layers of
the troposphere.

Asai (1988) showed the frequent appearance
of mesoscale cyclones over the Sea of Japan
and over the northwestern Pacific Ocean using
satellite cloud pictures for the winter period of
1983–1984 (Fig. 1). Most of the mesoscale cy-
clones were observed in two preferred regions
of the Sea of Japan: one is the western Sea
of Japan, and the other is off the west coast
of Hokkaido Island. These regions correspond
to the Japan-Sea Polar-airmass Convergence
Zone (JPCZ) (Asai 1988), where broad cloud
bands often develop.

The structure and formation process of the
cloud band along the JPCZ in the western Sea

of Japan were investigated by Nagata et al.
(1986) and Nagata (1987, 1991) using a high
resolution numerical model. They showed that
the mountains north of the Korean Penin-
sula (Hamgyong Range and Mt. Changbai),
the thermal contrast between the Sea of Japan
and the Korean Peninsula, and the character-
istic distribution of the sea surface temperature
play important roles in producing the cloud
band. The mountains are the key topography
in the present paper and are referred to here-
after as ‘‘Mts.C.’’ These numerical experiments
showed the structure and characteristics of the
JPCZ though no mesoscale cyclone was inves-
tigated. The most distinct characteristic of the
mesoscale cyclones over the Sea of Japan in
winter is that most of them develop along the
JPCZ.

Many studies have been conducted to explain
the mechanisms of the cyclogenesis and devel-
opment of polar lows and mesoscale cyclones.
Powerful approaches to explain the scale selec-
tion of a cyclone are linear instability theories.
Two types of hydrodynamic instability of atmo-
spheric flows are considered to be important
for the mechanisms of a polar low genesis: one
is baroclinic instability (Harrold and Browning
1969; Mansfield 1974; Duncan 1977; Reed and
Duncan 1987), and the other is conditional
instability of the second kind (CISK) (Rasmus-
sen 1979; Bratseth 1985; Økland 1987; Craig
and Cho 1988). Tsuboki and Wakahama (1992)
found two unstable baroclinic modes with re-
duced static stability of the lower atmosphere
around the JPCZ off the west coast of Hokkaido
that corresponded to two types of observed
mesoscale cyclones. Iga (1997) applied the lin-
ear instability theory of frontal waves (Orlanski
1968; Iga 1993) to the convergence zone and
discussed the characteristics of the unstable
mode with a layer of uniform potential vor-
ticity. The linear instability theories, however,
seem to be difficult to explain the development
mechanism of the mesoscale cyclones in the
western Sea of Japan, because the mesoscale
cyclones in the present paper develop along the
JPCZ with preexisting finite amplitude vor-
ticity and convergence. Emanuel and Rotunno
(1989) applied a theory of finite-amplitude air-
sea interaction instability (Emanuel 1986) to
explain the minimum sustainable central pres-
sure of polar lows in a steady state. On the

Fig. 1. Geographical distribution of the
locations of individual mesoscale cyclo-
nes first observed on satellite cloud pic-
tures over the Sea of Japan and its vi-
cinity during the winter of 1983–1984.
Larger dots denote larger mesoscale cy-
clones (adopted from Asai 1988).
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other hand, the development process of meso-
scale cyclones will be studied in the present
study.

The mesoscale cyclones in the western Sea
of Japan seem to be influenced by many forc-
ing factors, such as the topography, the intense
heat flux from the sea, and the convergence
zone. In this study, we examine the develop-
ment mechanism from the viewpoint of the
surface pressure tendency equation in the
pressure coordinate

qps

qt
¼ �Vs � ‘ps �

ð ps

0

‘p �Vh dp; ð1Þ

where ps is the surface pressure, Vs is the sur-
face velocity, and Vh is the horizontal velocity.
According to (1), the development of a surface
low is related to the upper-air divergence.

A meso-a-scale cyclone (MaC) and two meso-
b-scale cyclones (MbCs) were observed simulta-
neously over the western Sea of Japan on 23
January 1990. The objectives of the present
paper are to reveal the multi-scale structure of
mesoscale cyclones and clarify their develop-
ment mechanism. A simulation experiment of
mesoscale cyclones and a number of sensitivity
experiments with respect to several forcing fac-
tors were performed with the use of a limited-
area spectral model. According to the results
of these experiments, the development mecha-
nism of the MaC, the interaction between the
MaC and the MbCs, and the role of the MbCs
in the development process of the MaC will be
discussed.

2. Data and model

2.1 Data
The following data for the period from 21 to

24 of January 1990, which were provided by the
Japan Meteorological Agency (JMA), were used
for data analyses and numerical experiments:

1. Objective analysis data of the area of Japan
and its surroundings (JANAL) with a reso-
lution of 80 km (at 60�N) at the surface, and
at 850, 700, 500, 400, 300, 250, 200, 150,
100, 70, 50, 30, 20, and 10 hPa every 12
hours,

2. Daily analysis of the sea surface tempera-
ture (SST) with a resolution of 1.0 degree in
both latitude and longitude,

3. Geostationary Meteorological Satellite (GMS)
infra-red (IR) images,

4. Radar images at Fukui and Niigata obser-
vatories of JMA, and

5. Daily weather charts.

The JANAL data were interpolated into
model grids and used for initial and bound-
ary conditions of the numerical simulation and
sensitivity experiments. The SST data were
used for a lower boundary condition in sea
areas.

2.2 Model
The Japan Spectral Model (JSM) of the

1988 version is used for the present numerical
study of mesoscale cyclones. JSM is a spectral
limited-area model developed by JMA for oper-
ational forecasts (Segami et al. 1989). The
model is formulated in terms of the primitive
equations in sigma coordinates. The spectral
method with a time-dependent lateral bound-
ary condition (Tatsumi 1986) is used in the
model. The vertical levels are 23 sigma levels in
this study. The transform grids are 129 points
each in the x and y directions. The horizontal
spacing of model grids is chosen to be 30 km for
the present study. The domain of the numeri-
cal simulation and sensitivity experiments is
shown in Fig. 2. The rectangle to the north
of the Korean Peninsula indicates Mts.C. The
map projection is the north polar stereo-graphic
projection. The distribution of the sea surface
temperature is fixed throughout the time-
integration period.

Moist processes in the model indicate the
moist convective adjustment for subgrid-scale
convection, grid-scale condensation, and evapo-
ration of raindrops. Surface fluxes are calcu-
lated by a bulk method. The level-2 version
of the turbulent closure model (Mellor and
Yamada 1974) is used for vertical diffusion.
Ground temperature is calculated by a four-
layer model. Radiation is taken into account
only for the calculation of the ground tempera-
ture.

3. Mesoscale cyclones on 23 January
1990

A developing extratropical cyclone passed
over the Sea of Japan NE-ward on 22 January
1990 and then there was an outburst of cold
air over the Sea of Japan. The weather chart
at 1200 UTC, 23 January 1990 (Fig. 3a) shows
that a cold northerly spread over the Sea of

K. TSUBOKI and T. ASAI 599April 2004



Japan at the surface. A convergence zone
formed in the western Sea of Japan between
the northerly and the northwesterly from the
Korean Peninsula. A mesoscale low is found
around 136�E and 37�N. This is the MaC re-
ferred to in this paper.

The temperature and height fields at 500
hPa (Fig. 3b) show the typical patterns ob-
served when there is an outburst of cold air
over the Sea of Japan. An intense cold low is
located to the NW of Japan and the westerly
prevails over the Sea of Japan. The significant
rotation of wind direction with height indicates
intense baroclinicity over the Sea of Japan.
This is a characteristic of the environment for
the development of the MaC.

A time series of satellite images of GMS is
shown in Fig. 4 for the period from 1000 to
2000 UTC, 23 January 1990. A broad cloud
band with a width of 200@300 km extends from
the NW to the SE along the convergence zone
over the Sea of Japan on the lee side of Mts.C
(Fig. 4a). A narrow convective cloud band is

Fig. 2. Domain of numerical simulation
and sensitivity experiments, topogra-
phy, and the sea surface temperature
on 21 January 1990. The rectangle to
the north of the Korean Peninsula in
the figure indicates the region of topog-
raphy modification in a sensitivity ex-
periment. The lowest contour lines of
the topography indicate 500 m in alti-
tude. The lightly shaded regions are
areas higher than 1000 m, and the
darkly shaded regions are higher than
1500 m in altitude.

Fig. 3. Synoptic maps at 1200 UTC, 23
January 1990 of (a) pressure (thick
lines; unit is hPa), temperature (thin
lines; �C), and wind (arrows) at the sur-
face, and (b) height (thick lines; meter),
temperature (thin lines; �C), and wind
(arrows) at 500 hPa obtained from
the JMA objective analysis. Solid lines
indicate positive values, and dashed
lines, negative values. The arrow scales
(m s�1) of wind are shown at the bottom
of each figure.
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Fig. 4. Time series of the GMS infrared images every two hours for the period from 1000 to 2000
UTC, 23 January 1990. The color levels of TBB (�C) are shown on the right-hand side of each fig-
ure. The large oval indicates the meso-a-scale cyclone (MaC), and the two small ovals, the meso-b-
scale cyclones (MbCs) in (c) and (d).
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found along the west edge of the broad cloud
band. Transversal cloud bands extending to the
NE from the narrow convective cloud band are
embedded in the broad cloud band. A meso-
a-scale vortical cloud with a horizontal scale of
several hundred kilometers began to develop in
the broad cloud band at 1200 UTC, 23 January
(Fig. 4b). This corresponds to the MaC shown in
the surface weather chart (Fig. 3a). An intense
arc-shaped cloud extended from the west side of
the broad cloud band to the NE.

At 1400 UTC, 23 January (Fig. 4c), two meso-
b-scale vortical clouds aligned in the west-east
direction and became distinct within the MaC.
These correspond to the MbCs. One of them
located at 136.5�E and 37�N will be hereafter
referred to as the ‘‘MbC-A’’ and the other, lo-
cated at 133�E and 37�N, as the ‘‘MbC-B.’’ The
MbC-A moved to the ENE, while the MbC-B
moved to the SE (Figs. 4d and 4e). The center of
the MaC is obscure in comparison with the vor-
tex patterns of the MbCs. It is the most impor-
tant point in this study that the two MbCs are
embedded in the MaC. The MbCs landed over
the Japanese Islands around 2000 UTC, 23
January 1990, and these vortex cloud patterns
disappeared (Fig. 4f ). The broad cloud band re-
mained over the Sea of Japan after the vortices
of cloud disappeared.

Precipitation patterns associated with the
MbCs and their movements are observed by
the JMA meteorological radars when they come
close to the Japanese Islands. The precipitation
echo of the broad cloud band was observed off
the coast at 1000 UTC, 23 January 1990 (Fig.
5a). A spiral echo of the MbC-A began to de-
velop with a center at 136�E and 37�E at 1200
UTC, 23 January (Fig. 5b). The spiral echo
pattern of the MbC-A became clear and moved
to the ENE along the coast (Figs. 5c and 5d).
The other spiral echo of the MbC-B came into
the radar range at 1600 UTC, 23 January (Fig.
5d). The MbC-B moved SE-ward (Figs. 5d, 5e,
and 5f ). Both the MbCs-A and -B landed over
the Japanese Islands at 2000 UTC, 23 January
(Fig. 5f ) and then disappeared. These vortices
had a horizontal scale of about 200@300 km
and were accompanied by intense precipitation.
Ookubo (1995) also studied these meso-b-scale
vortices and revealed their detailed structure
and different movements of the two vortices;
one moved ENE-ward, and the other, SE-ward.

4. Simulation experiment

4.1 Time variation of disturbances
The simulation was started at 0000 UTC,

22 January 1990, which is 36 hours before
the MaC fully develops, and was terminated at
0000 UTC, 24 January 1990. In the initial field
(not shown), the synoptic-scale low was present
over the Sea of Japan and moved NE-ward. The
convergence zone and the mesoscale cyclones
were not observed in the initial field.

The simulation experiment showed an out-
burst of cold air over the sea after the synoptic-
scale low moved NE-ward over the Sea of
Japan. The convergence zone in the cold air
stream formed on the lee side of Mts.C and ex-
tended to the Japanese Islands over the Sea of
Japan. The mesoscale cyclones then developed
along the convergence zone.

Figure 6 shows time-height cross-sections of
horizontal divergence and vorticity averaged
in 132–137�E, 35.5–38.5�N, where the MaC
develops. Figure 6a shows that the lower-level
convergence below 850 hPa and upper-level
divergence between 850 hPa and 500 hPa are
significantly intense after 08 UTC, 23 January.
The averaged vorticity (Fig. 6b) increases with
time below 600 hPa. Corresponding to the in-
tense divergence, the vorticity is intense during
the period from 08 to 19 UTC, 23 January. This
indicates that the mesoscale cyclones develop
and are the most intense during this period.
The vorticity is almost constant with time in
the layer from 600 to 450 hPa. This indicates
that the mesoscale cyclones are confined to
below the 600 hPa level.

4.2 The convergence zone in the western Sea of
Japan

When the synoptic-scale low is located to the
NE of the Sea of Japan, the cold northerly from
the Eurasia Continent and the northwesterly
from the Korean Peninsula prevail over the Sea
of Japan (Fig. 7). The convergence zone forms
between these two flows around 00 UTC, 23
January 1990, and a precipitation band devel-
ops along the convergence zone. A mesoscale
ridge forms to the NE of the convergence zone
(Fig. 7a). The northwesterly from the continent
rotates clockwise toward the convergence zone
over the mesoscale ridge.

At 860 hPa (Fig. 7b), a NE-ward flow is pres-
ent on the NE side of the precipitation band
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Fig. 5. Time series of a composite echo map of the Fukui and Niigata meteorological radars every
two hours for the period from 1000 to 2000 UTC, 23 January 1990. Echo levels (mm hr�1) are
shown on the right-hand side of each figure. The centers of MbCs-A and -B are indicated by ‘‘A’’ and
‘‘B’’ in the figures, respectively.
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within the synoptic-scale northwesterly. This
flow is significantly ageostrophic and relatively
moist. The ageostrophic flow arises from the
upward motion along the precipitation band
and extends NE-ward about 200 km horizon-
tally. This indicates that the lower-level moist
air is lifted up by the upward motion. The
pressure gradient force accelerates the lifted
air-parcels NE-ward, and the ageostrophic flow
develops.

In order to examine and display the vertical
structure of the convergence zone, we define
the x and y coordinates as the directions paral-
lel and normal to the convergence zone, respec-
tively (see Fig. 7). The vertical cross-sections

Fig. 6. Time-height cross-sections of (a)
averaged divergence (unit is 10�6 s�1)
and (b) averaged vorticity (unit is 10�6

s�1) in the area of 132–137�E, 35.5–
38.5�N obtained from the simulation
experiment.

Fig. 7. Horizontal displays of the simu-
lated fields at 0000 UTC, 23 January
1990. (a) Surface pressure (thick lines;
unit is hPa), surface wind (arrows;
m s�1), temperature of 1000 hPa (thin
lines; �C), and precipitation intensity
(shading; mm hr�1), and (b) height (thin
solid lines; meter), specific humidity
(thick solid lines; g kg�1), upward mo-
tion (dashed lines; hPa hr�1), and wind
(arrows; m s�1) at a level of 860 hPa.
Specific humidity larger than 1 g kg�1

is shaded.
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along the x-direction (X0 � X1 in Fig. 7) are
shown in Fig. 8. The potential temperature and
specific humidity (Fig. 8a) show a rapid modifi-
cation of the continental airmass over the Sea
of Japan due to large amounts of sensible heat
and latent heat supplied from the sea. The
mixing layer of nearly neutral static stability
develops immediately when the cold airmass
arrives over the sea and the top of the layer
reaches the level of 800@700 hPa around Ja-
pan. Since the atmosphere over the continent is
very stable, Mts.C effectively deflect the lower-
level flow, which results in lower-level conver-
gence on the lee side of Mts.C (Fig. 8b). Upper-
level divergence occurs in the layer from 900
to 650 hPa above the convergence. Upward
motion is associated with the lower-level con-
vergence and upper-level divergence along the
convergence zone (Fig. 8c). The condensation
in the upward motion and vertical diffusion of
sensible heat occur below the level of 700 hPa
(Fig. 8d). The convergence zone coincides with
a belt of positive vorticity (Fig. 8e). The layer
of the positive vorticity is shallow before the
mesoscale cyclones develop. The negative x-
component of velocity was caused by the clock-
wise rotation of the lower-level wind over the
mesoscale ridge (Fig. 8f ).

The vertical structure of the convergence
zone normal to the precipitation band is shown
in Fig. 9. The convergence zone is centered
around 500 km of the abscissa. As shown in
Fig. 9a, the convergence zone forms between
two airmasses below 850 hPa. The lower-level
convergence and upper-level divergence are in-
tense in the convergence zone, accompanying
the intense upward motion (Figs. 9b and 9c).
Secondary weak upward motion is present on
the right-hand side (NE side) of the main
upward motion. Since the upward motions lift
up the lower-level moisture, the height of the
moist layer significantly increases around the
convergence zone (Fig. 9a). Diabatic heating
is intense around the convergence zone, which
extends to 700 hPa (Fig. 9d). Large values of
positive vorticity are confined in the conver-
gence zone below 800 hPa, with a width of
about 100 km (Fig. 9e). Large values of nega-
tive vorticity are found in the layer from the
surface to 700 hPa, with a maximum at 850
hPa on the NE side (the right-hand side) of the
convergence zone. This is a characteristic fea-

ture of flow when the convergence zone forms.
This negative vorticity existed until the MaC
generated. The negative component of ageo-
strophic velocity is significant below 900 hPa
on the NE side of the convergence zone, which
causes the intense lower-level convergence (Fig.
9f ). Above this flow, a positive component of
ageostrophic velocity is present between 700
and 900 hPa, which made the upper-level di-
vergence. A weakly stable and moist layer is
present above the airmass on the NE side of
the convergence zone. This moist layer is con-
sidered to correspond to the transversal cloud
lines in the broad cloud band observed in the
GMS image (Fig. 4a).

Aerological observations of the convergence
zone were made by Arakawa et al. (1988) using
a research vessel in the western Sea of Japan.
They showed a vertical structure of the conver-
gence zone that formed on the lee side of Mts.C
(Fig. 10). The convergence zone was observed
around from 03 to 09 JST, 5 February 1986.
Assuming a steady state of the convergence
zone, the time axis can be converted to the hor-
izontal distance. The wind shift below 900 hPa
and the vertical motion were significant during
this period (Fig. 10a). Another upward motion
above 850 hPa was observed after 09 JST. High
ye (equivalent potential temperature) region
was observed between the upper and lower dis-
continuity lines (Fig. 10b). The structure of the
convergence zone in the simulation experiment
is similar to that observed by Arakawa et al.
(1988) over the Sea of Japan on 4–5 February
1986.

4.3 The mesoscale cyclones
The surface pressure field at 1200 UTC, 23

January 1990 (Fig. 11a) shows the MaC with a
horizontal scale of 500@700 km around 135�E
and 37�N. Its central pressure is 1016 hPa, and
the cyclone is slightly elongated along the con-
vergence zone. The wind on the SW side of the
cyclone is northwesterly. On the other hand,
the northwesterly to the NE of the convergence
zone turns to northeasterly or easterly over the
mesoscale ridge on the NE side of the MaC. The
precipitation is intense at the central part of
the MaC and along the convergence zone.

At 820 hPa (Fig. 11b), an anticyclonic cir-
culation is present to the north of the center
of the MaC. The wind direction is almost oppo-
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Fig. 8. Vertical cross-sections along the line X0 � X1 in Fig. 7 at 0000 UTC, 23 January 1990. (a)
Potential temperature (thin lines; K) and specific humidity (thick lines; g kg�1), (b) horizontal
divergence (10�5 s�1), (c) vertical velocity (hPa hr�1), (d) diabatic heating rate due to the moist
processes and vertical diffusion (K hr�1), (e) vorticity (10�5 s�1), and (f ) x-component of velocity
(m s�1). Shading in the figures indicates mountains.
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Fig. 9. Vertical cross-sections normal to the precipitation band at 0000 UTC, 23 January 1990.
Values are averaged in the x-direction from P0 to P1 in Fig. 7. (a) Potential temperature (thin
lines; K) and specific humidity (thick lines; g kg�1), (b) horizontal divergence (10�5 s�1), (c) vertical
velocity (hPa hr�1), (d) diabatic heating rate due to the moist processes and vertical diffusion
(K hr�1), (e) vorticity (10�5 s�1), and (f ) y-component of ageostrophic velocity (m s�1).
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site to the direction of the geostrophic flow
above the MaC. Since the synoptic-scale tem-
perature increases toward the downstream di-
rection of the geostrophic flow, the ageostrophic
flow causes warm air advection over the MaC.

Vertical cross-sections in the x-direction
(X0 � X1 in Fig. 11) show the vertical structure
of the MaC (Fig. 12). The mixing layer develops
up to @700 hPa over the Sea of Japan (Fig.
12a) by vertical diffusion of sensible heat and
condensation heating (Fig. 12d). The significant
upper-level divergence (900@600 hPa) is found
in the area where the MaC develops (Fig. 12b),
and the upward motion is also intense (Fig.
12c). A maximum of the upward motion at 1400

km of the abscissa and another maximum of
upward motion at 1250 km have a horizontal
scale of about 200 km. These upward motions
are considered as cores of the MaC disturbance
and have a horizontal scale of MbCs. Corre-
sponding to the upward motion, the diabatic

Fig. 10. Time-height cross-sections of (a)
horizontal velocity (half barb indicates
5 knots; full barb, 10 knots; and flag, 50
knots) and vertical velocity (cm s�1) and
(b) equivalent potential temperature ye

(solid lines; K) and stream lines (dashed
lines) in the vertical cross-section. The
shaded areas in (a) indicate downward
motion. The thick double lines show
discontinuity of temperature. The ab-
scissa is the time according to the
Japan Standard Time (JST ¼ UTC þ 9)
(adopted from Arakawa et al. 1988). Fig. 11. Horizontal displays of simulated

fields at 1200 UTC, 23 January 1990.
(a) Surface pressure (solid lines; hPa),
surface wind (arrows; m s�1), tempera-
ture of 1000 hPa (dashed lines; �C), and
precipitation intensity (shadings; mm
hr�1). The gray scale is shown at the
bottom of the figure. (b) Height (solid
lines; meter), temperature (dashed
lines; �C), and wind (arrows; m s�1) at a
level of 820 hPa.
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Fig. 12. Same as Fig. 8, but for at 1200 UTC, 23 January 1990 along the line of X0 � X1 in Fig. 11.
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heating due to the moist processes is also in-
tense. In comparison to Fig. 8e, vorticity is
intensified significantly from 1200 to 1600 km
of the abscissa (Fig. 12e). The vorticity also has
two maxima between 1200 and 1600 km below
820 hPa. These maxima merge to form a single
maximum of vorticity above 820 hPa. The two
vortex maxima in the lower level are consid-
ered to correspond to the MbCs embedded in
the MaC. They are also referred to as the MbC-
A and the MbC-B. These results indicate sig-
nificant development of the MaC with the for-
mation of the MbCs. The negative x-component
of velocity is present from 1100 to 1500 km and
extends to the level of 800 hPa (Fig. 12f ). This
causes the warm air advection over the meso-
scale cyclones.

The vertical cross-section of horizontal diver-
gence in the y-direction (Y0 � Y1 in Fig. 11)
shows intense lower-level convergence and up-
per level divergence at the central part of the
MaC (Fig. 13a), where intense vertical velocity
extends from the surface to about 650 hPa with
a horizontal scale of about 200 km (Fig. 13b).
The positive vorticity (Fig. 13c) of the MaC is
concentrated in a narrow region with a width
of about 200 km and extends to @700 hPa at
the central part of the MaC. This indicates that
the flow in the MaC is highly ageostrophic.
We consider that these cores of vertical velocity
and vorticity correspond to the MbCs. The neg-
ative vorticity on the NE side (the right-hand
side of the figure) corresponds to the upper-
level clockwise circulation. As we mentioned in
subsection 4.2, this negative vorticity is a char-
acteristic of the flow field observed when the
convergence zone develops.

The time series of the vorticity field at the
surface shows that the two MbCs move in dif-
ferent directions within the MaC (Fig. 14). The
MbC-A moves to the ENE, while the MbC-B
moves to the SE. Their movements are con-
trolled by the circulation of the MaC. The time
series of radar images (Fig. 5) also shows that
MbC-A moved to the ENE and MbC-B to the

Fig. 13. Vertical cross-sections at 1200
UTC, 23 January 1990 along the line of
Y0 to Y1 in Fig. 11. (a) Horizontal di-
vergence (10�5 s�1), (b) vertical velocity
(hPa hr�1), and (c) vorticity (10�5 s�1).

Journal of the Meteorological Society of Japan610 Vol. 82, No. 2



SE. Their movements are simulated well in the
experiment, even though the time and place
of the simulated MbCs are not exactly the same
as the observed vortices. When the MbCs de-
velop, the horizontal shear is intensified with
the development of the MaC. This suggests that
the cyclogenesis of the MbCs is related to the
intense horizontal shear. As shown by Nagata
(1993), we also consider that the cyclogenesis
of MbCs is attributed to the hydrodynamic
instability of the flow with the intense horizon-
tal shear. Their further development may be
related to the lower-level convergence and up-
ward motion. The MbCs are considered as
the cores of upward motion and vorticity of the
MaC. They are the primary structure of the
MaC and strongly contribute to its develop-
ment.

5. Sensitivity experiments

Since the convergence zone, the MaC, and the
MbCs were well simulated with the JSM, we
performed a number of numerical sensitivity
experiments to elucidate the potential effects of
the orography, the heat supply from the sea,
and moist processes in the development of the
disturbances.

5.1 Effect of the moist processes
In order to examine the effect of the moist

processes on the mesoscale cyclones and the
convergence zone, we performed an experiment
without moist processes under the same con-
ditions as those used in the simulation experi-
ment.

The surface pressure field of the experiment
at 1200 UTC, 23 January 1990 (Fig. 15a) shows
that the convergence zone forms on the lee side
of Mts.C and that the MaC also forms in almost
the same place as in the simulation experi-
ment but that the MaC is considerably weaker
in magnitude. No MbCs are found within the
MaC. At 850 hPa (Fig. 15b), the ageostrophic
NE-ward flow is present on the NE side of
the convergence zone. The upper-level diver-
gence is, however, considerably weaker. Conse-
quently, the upward vertical velocity is sig-
nificantly weaker than that of the simulation
experiment. This result indicates that the dia-
batic heating caused by the moist processes
intensifies the upward motion and contributes
significantly to the development of the MaC.

Fig. 14. Time series of vorticity (thick
lines; 10�5 s�1) at the surface, precipi-
tation intensity (shadings, mm hr�1),
and surface pressure (thin lines, hPa).
The gray scale of the precipitation in-
tensity is shown at the bottom of each
figure. MbCs-A and -B are indicated by
‘‘A’’ and ‘‘B’’ in the figures, respectively.
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5.2 Effect of the sensible heat supplied from
the sea

In order to examine the effect of the sensible
heat supplied from the sea, we made a sensi-
tivity experiment without sensible heat flux at

the surface under the same conditions as those
used in the simulation experiment.

In this experiment, the convergence zone
forms on the lee side of Mts.C, while the MaC
almost disappears (Fig. 16). The heating due
to the vertical diffusion in the lower layer is
about one-third of that of the simulation exper-
iment, and the heating due to the moist pro-
cesses is also significantly reduced. As a result,
the total diabatic heating is significantly re-
duced, and the vertical velocity is very small.
Consequently, the upper-level divergence is not
strong enough to develop the MaC.

In addition to the lack of sensible heat flux,
all moist processes are eliminated (Fig. 17).
This experiment is almost identical to an ex-
periment without the surface fluxes of both
sensible and latent heat because the airflow
from the continent is very dry and most of the
moisture over the sea is supplied from the sea.
Since no diabatic heating occurs over the Sea of
Japan, stratification in the lower atmosphere is
strongly stable. The airmass, therefore, moves
almost horizontally over the sea. As a result,
neither the convergence zone nor the MaC is
generated, even though Mts.C creates a conflu-

Fig. 15. Horizontal displays of (a) surface
pressure (solid lines; unit is hPa), sur-
face wind (arrows; m s�1), and temper-
ature of 1000 hPa (dashed lines; �C),
and (b) height (thin solid lines; meter),
temperature (dashed lines; �C), and
wind (arrows; m s�1) at a level of 860
hPa at 1200 UTC, 23 January 1990
obtained from a sensitivity experiment
without moist processes.

Fig. 16. Horizontal display of surface
pressure field (solid lines; hPa), surface
wind (arrows; m s�1), and precipitation
intensity (shaded areas; mm hr�1) at
1200 UTC, 23 January 1990 obtained
from the experiment without sensible
heat flux from the sea.
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ence on its lee side. Instead, a weak low forms
on the lee side of Mts.C by a purely mechanical
forcing of the orography. It should be empha-
sized that the lee cyclone is different from the
MaC in the convergence zone.

These results show that the sensible heat
flux from the sea surface and the development
of a mixing layer with small static stability are
necessary for the development of the MaC.

5.3 Role of Mts.C
Mts.C are isolated mountains with a diame-

ter of about 300 km at an altitude of 1000 m;
the height of the summit is about 2700 m, as
indicated by the rectangle in Fig. 2. In order
to examine the role of Mts.C in the formation
of mesoscale cyclones, we performed an experi-
ment with a modified orography. In this ex-
periment, mountains higher than 600 m in the
rectangle in Fig. 2 were removed, but the same
condition as in the simulation experiment was
used.

The surface pressure at 1200 UTC, 23 Janu-
ary 1990 (Fig. 18a) shows that neither a signif-
icant convergence zone nor a mesoscale cyclone

develops over the Sea of Japan. Precipitation
over the Sea of Japan almost disappears.
At 860 hPa (Fig. 18b), the flow is almost geo-
strophic, and no significant divergence occurs.
The Sea of Japan is covered with a single air-
mass with the mixing layer developing below
the 850 hPa level, and no significant ascending
motion is found over the Sea of Japan.

Fig. 17. Vertical cross-section of poten-
tial temperature (thin lines; K) and
specific humidity (thick lines; g kg�1)
along the line of X0 � X1 in Fig. 16 at
1200 UTC, 23 January 1990 obtained
from the experiment with no sensible
heat flux from the sea and no moist
processes. Shading in the figure in-
dicates mountains.

Fig. 18. Horizontal displays at 1200
UTC, 23 January 1990 obtained from
the experiment with modified orog-
raphy. (a) Surface pressure (thick solid
lines; unit is hPa), surface wind (ar-
rows; m s�1), temperature of 1000 hPa
(thin lines; �C), and precipitation inten-
sity (shaded areas; mm hr�1), and (b)
height (solid lines; meter), temperature
(dashed lines; �C), and wind (arrows;
m s�1) at 860 hPa.
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The significant difference between this ex-
periment and the simulation experiment in-
dicates that Mts.C are a necessary condition
for the formation of the convergence zone and
mesoscale cyclones.

We made three other experiments, in which
all mountains were removed and a bell-shaped
mountain was placed at the same position of
Mts.C. The bell-shaped mountain Zðx; yÞ is
given by

Zðx; yÞ ¼ Zmax exp

"
�
(

x � Xc

L

� �2

þ y � Yc

L

� �2
)#

; ð2Þ

where Zmax is the height of the summit of the
bell-shaped mountain, ðXc;YcÞ is the position of
the summit, and L is the horizontal scale of the
mountain, taken to be 250 km.

Three different heights Zmax of 2000, 1000,
and 200 m were used for the experiments (fig-
ures are not shown). When the Zmax is 2000 m,
the surface pressure field shows the conver-
gence zone and the MaC on the lee side of the
mountain. The feature of the MaC is essentially
the same as that in the simulation experiment.
When the Zmax is reduced to 1000 m, the con-
vergence zone and the MaC are very weak.
Both the convergence zone and the MaC almost
disappear for Zmax ¼ 200 m; this result is simi-
lar to that of the experiment with the modified
mountain (Fig. 18a). Precipitation over the
Sea of Japan is significantly reduced with a de-
crease in the Zmax.

These results indicate that a mountain that
is high enough to block and split the air stream
is a necessary condition to produce the con-
vergence zone and the MaC on its lee side.
They also indicate that no other mountains ex-
cept Mts.C are essential for the formation and
development of the convergence zone and the
MaC.

6. Discussion

6.1 Development mechanism of the MaC
The simulation experiment showed that the

MaC develops in the zone of preexisting con-
vergence, upward motion, and vorticity. In-
stead of a linear instability theory, we will dis-
cuss the mechanism of lowering the surface

pressure of the MaC from the viewpoint of the
pressure tendency equation (1).

The time-height cross-section of the area-
averaged divergence (Fig. 6a) shows that the
upper-level (850@500 hPa) divergence is main-
tained during the development of the MaC.
This is caused by the ageostrophic NE-ward
outflow above the convergence zone (see Figs.
7b, 9f, and 11b). Therefore, the dynamics of the
ageostrophic NE-ward outflow will be discussed
using the frictionless momentum equation,

dVh

dt
¼ �f k�Va; ð3Þ

where Vh is the horizontal velocity, f is the
Coriolis parameter, k is the vertical unit vec-
tor, and Va is the ageostrophic velocity. Nagata
(1992) performed a trajectory analysis to ex-
plain the parcel acceleration to the NE of the
convergence zone, while we show the horizon-
tal displays of velocity and acceleration vectors
(Fig. 19). As Nagata (1992) examined an air-
parcel which moves to the convergence zone
from the NE, we also consider movements of
air-parcels approaching the MaC from the NE.
The acceleration vectors �f k� Va (solid ar-
rows) rotate the SE-ward velocity of air-parcels
clockwise in the north of the MaC at 950 hPa
as the air-parcels approach the MaC (Fig. 19c).
When they reach the MaC, they are forced to
have westward velocity and are lifted up by the
intense upward motion in the MaC. The air-
parcels with NW-ward velocity, then, are accel-
erated NE-ward in the upward motion (Fig.
19b). Finally, they obtain NE-ward velocity
in the upper-level and cause the upper-level di-
vergence (Fig. 19a).

In order to reveal the dynamics of the forma-
tion of the upper-level ageostrophic velocity, we
examine the frictionless momentum equation
in the same way as Nagata (1992), Nagata and
Ogura (1991), and Keyer and Johnson (1984).
They analyzed the ageostrophic wind in the
isentropic coordinate. We analyzed it in the
pressure coordinate because the y-surface has a
large gradient around the MaC. The frictionless
momentum equation (3) will be rewritten as

Va ¼ 1

f
k� q

qt

�
|{z}

LT

þ Vh � ‘p|fflfflffl{zfflfflffl}
IA

þo
q

qp

�
|fflfflffl{zfflfflffl}

ID

Vh; ð4Þ

where Terms LT, IA, and ID are the local ten-

Journal of the Meteorological Society of Japan614 Vol. 82, No. 2



dency, inertial advective, and inertial diabatic
components, respectively. If Vh is approxi-
mated by the geostrophic velocity Vg, then, the
geostrophic momentum approximation form is
obtained as

Va ¼ 1

f
k� q

qt

�
|{z}

LT

þVh � ‘p|fflfflffl{zfflfflffl}
IA

þo
q

qp

�
|fflfflffl{zfflfflffl}

ID

Vg: ð5Þ

Figure 20 shows the ageostrophic velocity
vectors of the total form and each component
and divergence of the individual components.
The total ageostrophic velocity is compared
with the ageostrophic velocity calculated from
Va ¼ Vh � Vg (Fig. 20a). This shows that they
almost agree with each other, and the ageo-
strophic velocity calculated from (4) gives a
good approximation. The divergence of the total
ageostrophic velocity at 770 hPa is significant
above the MaC, which is responsible for low-
ering the surface pressure. The local tendency
(Term LT) has no significant divergence above
the central part of the MaC (Fig. 20b). The
divergence of the inertial advective component
(Term IA) is significant in the northern side
of the MaC (Fig. 20c). On the other hand, the
inertial diabatic component (Term ID) has two
significant maxima of divergence (Fig. 20d); one
is located at the central part of the MaC, and
the other is on its NW-side. Term ID is, there-
fore, most responsible for lowering the surface
pressure of the MaC, while Term IA also con-
tributes to the cyclone development. Compar-
ing Term IA in (4) with that of the geostrophic
momentum approximation (5), a large differ-
ence in the patterns is found (Figs. 20c and
20e). This indicates that most of the divergence
in Fig. 20c is attributed to the horizontal mo-
mentum advection of the ageostrophic com-
ponent ðVh � ‘VaÞ. On the other hand, the
divergence pattern of Term ID (Fig. 20d) is
similar to that of the geostrophic momentum
approximation (Fig. 20f ), while its magnitude
is slightly small. This indicates that the verti-
cal advection of the geostrophic momentum
ðoðqVg=qpÞÞ significantly contributes to the
formation of ageostrophic velocity and its di-
vergence. Since qVg=qp is related to the bar-
oclinicity of the troposphere, the ageostrophic
velocity formation intensifies with more intense
baroclinicity and with more intense upward

Fig. 19. Horizontal velocity vectors (open
arrows; m s�1) and their acceleration
(solid arrows; 10�4 m s�2) at (a) 770
hPa, (b) 860 hPa, and (c) 950 hPa. Con-
tours are (a) divergence (10�5 s�1), (b)
vertical velocity (hPa hr�1), and (c) sur-
face pressure (hPa) at 1200 UTC, 23
January 1990 in the simulation experi-
ment.
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Fig. 20. Ageostrophic velocity vectors at 770 hPa at 1200 UTC, 23 January 1990 in the simulation
experiment. (a) Total ageostrophic velocity vectors calculated from the momentum equation (open
arrows) and those from Va ¼ Vh �Vg (solid arrows), (b) local tendency component, (c) inertial ad-
vective component, (d) inertial diabatic component, (e) inertial advective component in the geo-
strophic momentum approximation (GMA), and (f ) inertial diabatic component in the geostrophic
momentum approximation. The thick contour lines are the divergence (10�5 s�1) of each compo-
nent, and thin contours are the surface pressure.
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motion. In the present case, the synoptic charts
(Fig. 3) show that the baroclinicity is intense
over the Sea of Japan.

The next question is the dynamics of the in-
tense upward motion within the MaC. Since we
consider the hydrostatic system, buoyancy due
to diabatic heating is not explicitly related to
the upward motion. We, therefore, discuss the
intensity of upward motion using the thermo-
dynamic equation,

qy

qt
¼ �Vh � ‘py|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

HA

þ y

CpT
_QQ|fflfflffl{zfflfflffl}

DH

� o
qy

qp|ffl{zffl}
VA

; ð6Þ

where Cp is the specific heat at constant pres-
sure, T is the temperature, and _QQ is the dia-
batic heating rate. In this study, _QQ is mainly
caused by the moist processes and the vertical
diffusion. The terms HA, DH, and VA indicate
the horizontal advection of y, the diabatic heat-
ing, and the vertical advection of y, respec-
tively. Figure 21 shows vertical cross-sections
of each term of (6) obtained in the simulation
experiment at 12 UTC, 23 January. In this
case, the diabatic heating (Term DH) and hori-
zontal advection (Term HA) are almost in bal-
ance with the negative vertical advection of y

(Term VA). The local tendency qy=qt is caused

Fig. 21. Vertical cross-sections of heating rates (K hr�1) along the line of Y0 � Y1 in Fig. 11 at 1200
UTC, 23 January 1990 in the simulation experiment. (a) Local time tendency, (b) diabatic compo-
nent, (c) horizontal advection of y, and (d) vertical advection of y. Shading in the figures indicates
mountains.
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by the residual heating. This result suggests
that the thermodynamic equation (6) may be
approximated as

�Vh � ‘py|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
HA

þ y

CpT
_QQ|fflfflffl{zfflfflffl}

DH

A o
qy

qp|ffl{zffl}
VA

; ð7Þ

to discuss the relationship between the heat-
ing and the vertical velocity, o. In the case of
the present MaC, the diabatic heating (Term
DH) is large because of the large sensible and
latent heat fluxes and the latent heat release
(Fig. 21b, see also Fig. 12d). In the upper-level
(900@750 hPa) above the MaC, the ageo-
strophic wind is significant and causes warm
air advection (Figs. 11b and 12f ). This causes
the positive value of Term HA (Fig. 21c). On the
other hand, qy=qp is small because of the de-
velopment of the deep mixing layer (Fig. 12a).
All these factors result in large upward velocity
to maintain the large negative vertical advec-
tion of y (Term VA) (Fig. 21d).

In the experiment without moist processes,
the diabatic heating is caused mainly by the
vertical diffusion. This decrease of _QQ results in
the reduction of the upward velocity to one half
of that of the simulation experiment. As a re-
sult, the MaC is very weak (Fig. 15). If the sur-
face sensible heat flux is switched off, the mix-
ing layer is shallow, and qy=qp becomes large in
the lower level. In this case, the condensation
heating is also strongly suppressed. Conse-
quently, the upward velocity becomes very
weak, and the MaC dose not develop (Fig. 16).
When both the moist processes and the surface
sensible heat flux are switched off, the mixing
layer dose not develop and no upward motion
occurs (Fig. 17).

From these discussion, the development
mechanism of the MaC is summarized as fol-
lows. The moist precesses and the surface
heating intensify the preexisting upward mo-
tion that develops in the convergence zone. The
upward motion in the baroclinic environment
causes the ageostrophic velocity in the upper
level. The horizontal advection of ageostrophic
momentum also contributes to intensifying the
upper-level ageostrophic velocity. The intense
divergence of the ageostrophic velocity in the
upper level results in decreasing the surface
pressure and the development of the MaC.

6.2 The secondary upward motion
The simulation experiment shows that a

weak secondary upward motion is present on
the NE side of the convergence zone (Fig. 9c).
Arakawa et al. (1988) observed the secondary
upward motion to the NE of the main upward
motion (Fig. 10). Nagata (1991) made numeri-
cal experiments of the convergence zone and
pointed out that the negative vorticity on the
NE side of the convergence zone reduces the
horizontal inertial stability. In order to exam-
ine the dynamic stability of the region where
the secondary upward motion occurs, vertical
cross-sections of the geostrophic absolute mo-
mentum ðM ¼ ug � fyÞ, potential temperature
ðyÞ, and vertical velocity are shown in Fig. 22,
where ug is the x-component of geostrophic
velocity. The variables are averaged in the x-
direction between P0 and P1 in Fig. 7.

At 00 UTC, 23 January (Fig. 22a), the con-
vergence zone is located around y ¼ 500 km,
with the main upward motion below 700 hPa.
On the NE side (right-hand side of the figure)
of the convergence zone, the secondary upward
motion is present from 600 to 800 km in the
y-coordinate and from 900 to 550 hPa. In this
region, the M-surface is almost horizontal or
weakly leaning, and its gradient is smaller or
almost the same as that of y. At 12 UTC, 23
January (Fig. 22b), the secondary upward mo-
tion is present from 780 to 900 km in the y-
coordinate and from 800 to 650 hPa. In this
region, the M-surface is more inclined than
the y-surface. These characteristics of M and y

fields suggest that symmetric instability is ex-
pected in the region. This could be a possibility
to explain the weak secondary upward motion
on the NE side of the intense main upward
motion along the convergence zone (Fig. 9c).
The satellite image (Fig. 4a) shows that some
transversal cloud lines are embedded in the
broad cloud band. We infer that they could be
caused by the ageostrophic NE-ward flow with
the weak upward motion.

6.3 Multi-scale structure of mesoscale cyclones
The time series of satellite images (Fig. 4)

and radar images (Fig. 5) shows the different
movements of the two MbCs. The simulation
experiment also showed that MbC-A moved
ENE-ward and MbC-B, SE-ward (Fig. 14). The
MbCs are embedded in the MaC, and their
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movements are controlled by the cyclonic rota-
tion of the MaC.

The simulation experiment showed that hor-
izontal shear intensifies with the development
of the MaC. This means that the MaC provides
an environmental field for the cyclogenesis

of the MbCs. In the case of Nagata (1993), the
convergence zone had a horizontal shear that
was strong enough to produce the MbCs. The
horizontal scale and vertical extent of the MbCs
are almost the same as those in Nagata (1993).
The MbCs of the present study also develop
along a strong shear zone. We infer that the
mechanisms of their cyclogenesis are essen-
tially the same as those in Nagata (1993).

On the other hand, the MbCs constitute the
main components of the MaC. As shown in Fig.
13, intense divergence, vertical motion ðoÞ, and
vorticity are concentrated within the MbCs.
The inertial diabatic component (Term ID) also
mainly occurred within the two MbCs (Fig. 20).
These facts indicate that the MbCs are consid-
ered as the cores of the MaC and significantly
contribute to lowering the pressure of the MaC.
These results show that the MaC and MbCs
have a close interaction.

7. Summary and conclusions

Mesoscale cyclones are frequently observed
in the western Sea of Japan when there is an
outburst of cold air (Asai 1988). In this region, a
convergence zone forms on the lee side of the
mountains north of Korea (Mts.C). Mesoscale
cyclones occasionally develop along the conver-
gence zone. A meso-a-scale cyclone (MaC) was
observed by satellite on 23 January 1990. The
JMA meteorological radars at Fukui and Nii-
gata showed that two meso-b-scale cyclones
(MbCs) were embedded in the MaC. This struc-
ture is referred to as ‘‘the multi-scale structure’’
of mesoscale cyclones.

In order to clarify the multi-scale structure
and the development mechanism of mesoscale
cyclones, we performed a simulation experi-
ment and a number of sensitivity experiments
with respect to several factors using JSM.

The convergence zone forms on the lee side of
Mts.C over the Sea of Japan after the synoptic-
scale low moves NE-ward. It is characterized
by a mesoscale surface trough with lower-level
convergence and upper-level (800@600 hPa) di-
vergence, intense upward motion, and positive
vorticity. The mesoscale cyclones develop in the
region of the preexisting upward motion and
vorticity. We discussed the development mech-
anism of the MaC from the viewpoint of the
pressure tendency equation and the intensifi-
cation of the upper-level divergence.

Fig. 22. Vertical cross-sections of geo-
strophic absolute momentum M ¼
ug � fy (thick lines; m s�1), potential
temperature (thin lines; K), and vertical
velocity (dashed lines; hPa hr�1) in the
simulation experiment at (a) 0000 UTC
and (b) 1200 UTC, 23 January 1990,
where ug is the x-component of geo-
strophic horizontal velocity, f is the
Coriolis parameter, and y is the hori-
zontal distance. Variables are averaged
in the x-direction from P0 to P1 in-
dicated in Fig. 7.
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Since the differences in the temperatures of
the sea and the atmosphere are large, large
amounts of sensible heat and latent heat are
supplied from the sea to the atmosphere. Dia-
batic heating and the horizontal advection of y
nearly balance the negative vertical advection
of y. The local temperature increase is caused
by residual heating. Using the thermodynamic
equation, it was shown that the balance results
in the intense upward motion because the
qy=qp is small in the mixing layer. Since the
baroclinicity in this region is intense, upward
transfer of the geostrophic momentum around
the convergence zone intensifies the upper-level
divergence. Consequently, the MaC forms and
develops. The upward motion and vorticity are
confined mostly within the MbCs, which are
considered as the cores of the MaC disturbance.
On the other hand, the MaC provides a favor-
able environment for the formation and devel-
opment of the MbCs and affects their move-
ments.

The present study showed that the upward
transfer of momentum as well as heat is im-
portant for the formation of mesoscale cyclones.
This suggests that a numerical study using a
cloud-resolving model is necessary for a fur-
ther study of mesoscale cyclones in the future.
In particular, the development process and de-
tailed dynamics of the MbCs should be studied
by the cloud-resolving non-hydrostatic model.
Many types of mesoscale cyclones and vortices
are observed over the Sea of Japan. The hori-
zontal scales of mesoscale cyclones range from
a few tens of kilometers to several hundred
kilometers. Further observational and numeri-
cal studies are necessary to clarify their struc-
tures and mechanisms.
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