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Abstract 

 
During the winter monsoon season, mesoscale convective systems (MCSs) 

frequently form around the western coastal regions of the Japanese Islands. 
Line-shaped MCSs (cloud bands) with a long lifetime often bring heavy 
snowfalls in coastal plain areas (“P-type” heavy snowfalls), sometimes seriously 
confusing human activities there. Therefore, to understand the processes of 
P-type heavy snowfalls, the formation and maintenance mechanisms of the 
cloud bands should be clarified. However, they remain poorly understood 
because of the lack of detailed observations and high-resolution numerical 
simulations. In this thesis, the author investigates the detailed structures and the 
formation and maintenance mechanisms of the cloud bands that bring P-type 
heavy snowfalls, using the high-resolution data provided by the special 
observations during a field campaign “Winter MCSs Observations over the 
Japan Sea in 2001” (WMO-01) and a high-resolution cloud resolving model, the 
Japan Meteorological Agency (JMA) nonhydrostatic mesoscale model 
(JMA-NHM).  

P-type heavy snowfalls occurred over the coastal region of the Hokuriku and 
San-in districts, middle and western part of Japan, during the period of 12–17 
January 2001, when an upper-level synoptic-scale trough was quasi-stationary 
over the Sea of Japan. Various cloud bands periodically formed and developed 
under the effect of moving upper-level positive potential vorticity anomalies 
around the trough, causing heavy snowfalls to the coastal plain areas. These 
include a quasi-stationary snowband along the coastal line of the Hokuriku 
district and the broad cloud band associated with the Japan-Sea Polar-Airmass 
Convergence Zone (JPCZ cloud band) extending over the Sea of Japan from the 
base of the Korean Peninsula to the Japanese Islands. 

On 16 January 2001, a meso-β-scale snowband was observed in the coastal 
area of the eastern Hokuriku district. This snowband stagnated for about half a 
day, bringing a heavy snowfall in this region. The structure and the formation 
and maintenance mechanisms were investigated on the basis of observations 
(e.g., Doppler radars, boundary layer radars, and upper-air soundings) and 
simulation results of the JMA-NHM with a horizontal resolution of 1 km. The 
results can be summarized as follows: 
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1. Structures of the snowband 
• Convective snow cells with the horizontal scale of a few km 

successively formed at the northern part of the snowband and 
propagated east-southeastward. 

• Meso-γ-scale convective snow systems were organized of developed 
snow cells in the snowband.  

• A cold pool formed under the snowband. 
2. Formation mechanism of the snowband 

• A land breeze was a trigger for the formation of the snowband. 
3. Formation mechanism of the cold pool and its role in maintenance of the 

snowband 
• The diabatic cooling due to sublimation of snow was responsible for 

the formation of the cold pool.  
• The cold pool contributed to the maintenance of the horizontal 

convergence with the northwesterly winter monsoon at the northern 
edge of the snowband by compensating for the weakened land breeze.  

On 14 January 2001, the JPCZ cloud band extended in a southeastward 
direction from the base of the Korean Peninsula to Wakasa Bay, and it stagnated 
during a half day. The JPCZ cloud band was organized by two cloud regions: 
one was a long cloud band extending along its southwestern edge (a developed 
convective cloud band), and the other was the region consisting of cloud bands 
normal to a wind direction of the winter monsoon extending to the northeast 
from the developed convective cloud band (transversal cloud bands). It is well 
known that the developed convective cloud band forms on the low-level 
convergence line at southwestern edge of the JPCZ cloud band and brings heavy 
snowfalls on the downstream coastal region. On the other hand, the structure and 
the formation mechanism of the transversal cloud bands have not been well 
understood; therefore, the author examined them closely on the basis of 
observations (e.g., satellite images, in-situ measurement and cloud profiling 
radar data from an instrumented aircraft, and upper-air soundings from 
observation vessels) and the simulation results of the JMA-NHM with a 
horizontal resolution of 1 km. The results can be summarized as follows: 

1. Structures of the transversal cloud bands 
• The transversal cloud bands extended along a northeast-southwest 

direction, which was parallel to the direction pointed by the vertical 
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shear vector of horizontal wind in the mixed layer. 
• They mainly consisted of convective clouds, which slanted with height 

toward the downshear side. 
• They widened and deepened toward southwest, as the depth of the 

mixed layer increased. 
• A convectively unstable layer was observed in the lower layer under 

the transversal cloud bands. 
2. Formation mechanism of the transversal cloud bands 

• The transversal cloud bands were accompanied by roll circulations.  
• The axes of rolls were oriented nearly parallel to the direction of the 

vertical shear vector in the mixed layer. 
• The roll circulations derived most of its energy from the mean vertical 

shear and the buoyancy. 
In this thesis, the author clarified the detailed structures and the formation and 

maintenance processes of the cloud bands causing P-type heavy snowfalls, such 
as the snowband and the JPCZ cloud band, on the basis of observations and 
numerical experiments with high-resolution. Moreover, the author focused the 
relation between the snowband and the JPCZ cloud band. Some of the results 
obtained through this study indicate that the transversal cloud bands with a 
convectively unstable low-level air tend to flow into the snowband. This 
suggests that the transversal cloud bands play an important role in the formation 
and maintenance of the snowband. These findings regarding on the cloud bands 
in this thesis have led us to deeper understanding of the cause and detailed 
process for P-type heavy snowfalls in the western coastal region of the Japanese 
Islands during a cold air outbreak.
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Chapter 1 
 
General introduction 
 
 
1.1 Heavy snowfalls in the western coastal region of the Japanese 

Islands during the winter monsoon season 
 
When cold air outbreaks occur from the Eurasian Continent in winter, many 

clouds frequently form and develop over the Sea of Japan. A geographical map 
around the Sea of Japan is shown in Fig. 1.1. As a cold air mass from the 
Eurasian Continent flows out over the relatively warm sea, a great amount of 
heat and water vapor is supplied from the sea surface (e.g., Asai 1965; Ninomiya 
1968). The increase of heat and moisture in the lower layer makes the air mass 
moist and unstable. Consequently, convective clouds form and develop over the 
Sea of Japan, causing snowfalls in the downstream coastal region. 
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Figure 1.1: Geographical map around the Sea of Japan. The enlarged portion included the 

Hokuriku district. 
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Snowfalls occur frequently over mountain areas and sometimes over coastal 
plain areas, depending on large-scale situations. In Japan, the former type of 
snowfall is usually called “mountain-snowfall type” (referred to hereafter as 
“M-type”) and the latter “plain snowfall type” (referred to hereafter as “P-type”). 
As a typical example of M-type, accumulated precipitation map during the 
period of 18-19 December 2005 is shown in Fig. 1.2a. The maximum 
precipitation areas are observed in the mountain region of the Niigata and 
Toyama prefectures while the minimum areas spread in the coastal region of the 
Hokuriku district, middle part of Japan. As a typical example of P-type, 
accumulated precipitation map during the period of 15-16 January 2001 is 
shown in Fig. 1.2b. In contrast to the distribution of M-type precipitation shown 
in Fig. 1.2a, the maximum precipitation areas are observed in the coastal region 
of the Hokuriku district.  
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Figure 1.2: Horizontal maps of total precipitation amount during the period of (a) 18–19 

December 2005 and (b) 15–16 January 2001. 
 
M-type heavy snowfalls occur when a wedge-shaped deep upper trough 

propagates fast over the Japanese Islands, accompanied with a rapidly 
developing surface low pressure near the Japanese Islands (Akiyama 1981a, 
1981b). In this situation, the intensity of the winter monsoon tends to become 
strong and its direction is perpendicular to the mountain range. Consequently, 
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convective clouds over the Sea of Japan flow into the mountain range, and they 
develop by orographic lifting (e.g., Estoque and Ninomiya 1976).  

P-type heavy snowfalls occur when a cold vortex slowly propagates to east 
after protruding southward over the Sea of Japan (Akiyama 1981a, 1981b). In 
this situation, surface low pressure does not rapidly develop near the Japanese 
Islands, and therefore the intensity of the winter monsoon is rather weak. 
Convective clouds develop under the cold vortex aloft situating over the Sea of 
Japan. Sometimes, they are organized into mesoscale convective systems 
(MCSs) and cause concentrated snowfalls over the coastal plain area (e.g., 
Matsumoto et al. 1967; Miyazawa 1968; Sakakibara 1988a). 

Although P-type heavy snowfalls occur less frequently than M-type heavy 
snowfalls, the former bring snowfalls even in coastal urban areas, sometimes 
seriously confusing human activities there. Therefore, improvement on 
short-range snowfall forecast to reduce the impact from heavy snowfalls is 
becoming a great concern of the public. To achieve this objective, the formation 
and maintenance processes of the MCSs causing P-type heavy snowfalls and 
their snowfall mechanisms should be well understood. 
 

1.2 Cloud bands over the Sea of Japan 
Various types of MCS’s such as line-shaped disturbances (e.g., cloud bands) 

and vortex disturbances (e.g., polar lows) occur over the Sea of Japan during 
cold air outbreaks. As shown in meteorological satellite images, cloud bands 
appear most frequently over the Sea of Japan. Among various types of MCSs, 
cloud bands tend to cause heavy snowfalls (Sakakibara 1988a), because cloud 
bands often have a long lifetime and they tend to be quasi-stationary in the same 
place.  

As shown in meteorological satellite images, cloud bands are usually 
extending along a low-level wind direction of the winter monsoon. Such cloud 
bands are called as longitudinal (wind-parallel) mode cloud bands (e.g., 
Tsuchiya and Fujita 1967). Longitudinal-mode cloud bands, which have also 
been known as “cloud streets”, are most common among the cloud bands 
observed over the Sea of Japan. As a typical example of the longitudinal-mode 
cloud bands, the Geostationary Meteorological Satellite (GMS) visible image at 
12 Japan Standard Time (JST; JST = Coordinated Universal Time (UTC) + 9 
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hours) on 16 January 2001 is shown in Fig. 1.3, showing that the 
longitudinal-mode cloud bands extending from the Eurasian Continent to the 
Japanese Islands cover most of the Sea of Japan. Typical longitudinal-mode 
cloud bands form in a shallow convective mixed layer; therefore, their cloud 
tops are not so high. The top height of longitudinal-mode cloud bands is 
observed as ~2 km over the Sea of Japan (e.g., Miura 1986). The longitudinal- 
mode cloud bands with a spacing of 5−20 km (e.g., Miura 1986) are oriented 
parallel to the mean wind direction.  
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Figure 1.3: GMS-5 visible image at 1200 JST on 16 January 2001. Two red lines denote 

the boundaries of the JPCZ cloud band. 
 

It is well known that the longitudinal-mode cloud bands are produced from 
roll convections related to thermal instability in the vertical shear flow (e.g., 
Asai 1970a, 1970b, and 1972). The longitudinal-mode cloud bands mainly bring 
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snowfalls to the mountain area, due mainly to development of clouds by 
orographic lifting of air mass (e.g., Estoque and Ninomiya 1976). As described 
in the previous section, they cause M-type heavy snowfalls under the strong 
monsoon situation (e.g., Akiyama 1981a, 1981b). Therefore, the formation and 
precipitation mechanisms of the longitudinal-mode cloud bands are well 
understood. 
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Figure 1.4: Horizontal map of hourly accumulated precipitation at 1500 JST on 16 

January 2001, obtained by the Radar/Raingauge-Analyzed Precipitation. Wind barbs 
denote surface wind velocities observed by the Automated Meteorological Data 
Acquisition System (AMeDAS). Half, full, and triangle-shaped barbs mean 2.5 m s-1, 5 
m s-1, and 25 m s-1, respectively. Two blue circles denote precipitation areas 
corresponding to snowbands. A red circle denotes a precipitation area corresponding to 
the JPCZ cloud band. 

 
In addition to the longitudinal-mode cloud bands, some other remarkable 
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cloud systems with line-shaped structures are observed over the Sea of Japan. 
Cloud bands, which are often referred to as “snowbands”, are frequently 
observed in the coastal region facing to the Sea of Japan (e.g., Sakakibara et al. 
1988a). As a typical example of snowbands, an hourly-accumulated 
precipitation chart at 0900 JST on 16 January 2001 is shown in Fig. 1.4. Two 
line-shaped precipitation areas are observed along the coastal line of the 
Hokuriku district, corresponding to snowbands. These snowbands stagnated for 
about half a day and brought a heavy snowfall in the coastal region (see Fig. 
1.2b). Snowbands are considered to form and develop over the convergence 
zone between the northwesterly monsoon wind and the local wind affected by 
the land, i.e., a land breeze (e.g., Ishihara et al. 1989; Tsuboki et al. 1989).  
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Figure 1.5: Sea surface wind velocities retrieved using observation data from 

NASA/JPL's SeaWinds Scatterometer aboard the QuikSCAT satellite at 0540 JST on 
16 January 2001. A red circle denotes the JPCZ. 
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Moreover, a broad cloud band extending southeastward from the base of the 
Korean Peninsula to the Japanese Islands is occasionally observed by 
meteorological satellites (Okabayashi 1969, 1972; Okabayashi and Satomi 
1971). The broad cloud band forms over the Japan-Sea Polar-Airmass 
Convergence Zone (JPCZ; Asai 1988), which is the low-level convergence zone 
between two airmasses with different characteristics. In this thesis, the broad 
cloud band associated with the JPCZ is referred to hereafter as the “JPCZ cloud 
band”. A typical example of the JPCZ cloud band is shown in Fig. 1.3. The 
JPCZ cloud band with a width of 200−300 km is observed over the Sea of Japan 
from the base of the Korean Peninsula to the Hokuriku district and San-in 
district, western part of Japan. The low-level convergence zone is also seen in 
the sea surface wind field (Fig. 1.5), corresponding to the JPCZ. As shown in 
Fig. 1.4, a line-shaped precipitation area is observed around the San-in district. 
This corresponds to the downstream part of the JPCZ cloud band, causing a 
heavy snowfall to the coastal area of the San-in district (see Fig 1.2b). 

As described in the previous subsection, heavy snowfalls tend to occur over 
the coastal plain area, when cold vortex is over the Sea of Japan and the 
intensity of the winter monsoon is rather weak (e.g., Akiyama 1981a, 1981b). In 
this situation, snowbands tend to form and develop along the coastal line, 
causing heavy snowfalls (see Figs 1.2b and 1.3; e.g., Ishihara et al. 1989; 
Tsuboki et al. 1989). The JPCZ cloud band brings heavy snowfalls to the coastal 
region of the Japanese Islands, because the downstream part of the JPCZ cloud 
band contains active convective clouds (see Figs 1.2b and 1.3; e.g., Okabayashi 
1969; Yagi et al. 1986). The JPCZ cloud band also develops and brings heavy 
snowfalls to the coastal plain area, when a short trough along the rim of cold 
vortex approaches the JPCZ cloud band (e.g. Nagata 1992; Ohigashi and 
Tsuboki 2007). Therefore, its formation, development, and maintenance 
processes and precipitation mechanisms should be studied for understanding 
heavy snowfalls and improvement on heavy snowfall forecast over the coastal 
plain area.  
 

1.3 Snowbands 
Snowbands often form and develop in the Sea of Japan-side coastal regions of 

the Japanese Islands. They are one form of MCSs with a long lifetime and a 
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line-shaped structure, and occasionally bring a large amount of snowfall to a 
narrow area in the coastal region (see Fig. 1.4). Many studies have been made 
on the mesoscale structures of snowbands over the Sea of Japan mainly using 
Doppler radars. 
 

 
Figure 1.6: Schematic depiction of the evolution of the land breeze-induced snowbands 

observed around the coastal region of the western Hokuriku district on 23 January 
1984 in the vertical cross section perpendicular to the alignment of the snowbands 
(Ishihara et al. 1989). 

 
  Sakakibara et al. (1988b) observed squall-line like snowbands in the western 
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Hokuriku district. They showed that the descending current from rear to front, 
found relative to the snowband under the anvil, was significant for the formation 
of new convective cells. They indicated that the diabatic cooling through 
sublimation of snow particles played an important role in the enhancement of 
this descending current. Ishihara et al. (1989) also observed snowbands along 
the costal line in the western Hokuriku district. Figure 1.6 depicts, in schematic 
form, the evolution of the snowbands. They revealed that the formation and 
successive production of the snowbands resulted from the coupling of three 
flows: A land breeze, the northwesterly monsoon, and a low-level outflow 
originating from anvil-like clouds at the rear of the snowbands. 
 

 
Figure 1.7: Schematic representation of the structures and maintenance processes of the 

double snowbands observed around the coastal region of the western Hokuriku district 
from 15 to 16 January 2001 in the vertical cross section perpendicular to the alignment 
of the snowbands. The thick broken lines indicate the outline of a land breeze. (a) The 
thick solid line represents the outline of the echo region. The strong reflectivity regions 
are shaded. The thick arrows show the wind relative to the ambient wind, and the thin 
arrows indicate the trajectories of particles. The precipitation particle types (graupel, 
snow crystal, and snow aggregate) are shown. (b) Vertical profiles of horizontal wind 
in the cross section (Ohigashi and Tsuboki 2005). 
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Recently, Ohigashi and Tsuboki (2005) investigated stationary double 
snowbands along the costal line in the western Hokuriku district, mainly using 
Doppler and dual-polarization radars. A schematic representation of the 
structures and maintenance processes of the double snowbands is given in Fig. 
1.7. They revealed that the convergence between a land breeze and the winter 
monsoon mainly contributed to the formation and maintenance of the 
snowbands. They also examined their microphysical structures and interactions 
between the two snowbands using dual-polarization radar data. They found that 
the transportation of snow crystals from one snowband was significant for the 
maintenance of another snowband. Yoshihara et al. (2004) also observed several 
migratory snowbands along the eastern Hokuriku district associated with a cold 
front using a dual-Doppler radar system. They revealed that a low-level 
mesoscale convergence line between a westerly and a relatively colder 
southwesterly, which formed at 10-30 km offshore, contributed significantly to 
the successive development of the snowbands. 

Doppler radar studies conducted concerning snowbands observed along the 
west coast of Hokkaido, northern part of Japan (Fujiyoshi et al. 1988; Tsuboki et 
al. 1989). They revealed the detailed structures and movements of a land breeze, 
and the interaction between the snowband and the land breeze. Maki et al. 
(1992) observed a longitudinal-mode snowband in the northern Tohoku district, 
northeastern part of Japan. They found that a strong downdraft existed in the 
center of a snow cloud, and it induced a low-level cold outflow in front of the 
snow cloud. Fujiyoshi et al. (1992) observed that a snowband formed on the lee 
side of mountain in the west coast of Hokkaido. They reported that the 
snowband was composed of meso-γ-scale cloud systems. Two longitudinal- 
mode snowbands were observed in the western coast of Hokkaido using a 
dual-Doppler radar system (Fujiyoshi et al. 1998; Yoshimoto et al. 2000). 
Fujiyoshi et al. (1998) revealed that the evolution of strong band-parallel winds 
played an important role in the organization and maintenance of the meso- γ 
-scale systems, organized into one snowband. They indicated that strong 
band-parallel winds formed due to sublimation of ice and snow particles near the 
cloud top. Yoshimoto et al. (2000) examined the interactions between the two 
snowbands. They found that the transportation of ice and snow particles from 
one snowband was significant for the development of another snowband. 
  These observational studies revealed the mesoscale structures of various 
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snowbands. However, owing to the limitation of the detectable area of the 
Doppler radars, the structures of the environmental air such as a land breeze, 
which affect to the formation and maintenance of snowbands, have not been 
well clarified in some studies. In order to compensate for lack of observation 
and to deepen our understanding of the formation and maintenance mechanisms 
of mesoscale snowfall systems, the numerical approach is an effective method. 
Some numerical studies have been performed (e.g., Ikawa et al. 1987; Ikawa 
1988; Nagata 1993; Takayama and Nagata 1995; Saito et al. 1996). However, 
the three-dimensional cloud resolving numerical simulations have not been 
carried out due to the problems in numerical models and computer resources. 
Therefore, contributions of each process, such as a land breeze, a cold pool, and 
topographic effects, for the formation and maintenance of snowbands have not 
been fully investigated. 
 

GMS-5 Visible image (15 JST 14 Jan. 2001)
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Figure 1.8: GMS-5 visible images at 15 JST on 14 January 2001. The rectangle in (a) 

corresponds to the display area in (b). Two dashed lines in (a) denote the boundaries of 
the JPCZ cloud band. 

 

1.4 The JPCZ cloud band 
The JPCZ cloud band occasionally forms from the base of the Korean 

Peninsula over the Sea of Japan. As a typical example of the JPCZ cloud band, 
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the GMS visible image at 15 JST on 14 January 2001 is shown in Fig. 1.8a. The 
downstream part of the JPCZ cloud band brings heavy snowfalls to the coastal 
areas of the Japanese Islands (e.g., Okabayashi 1969; Yagi et al. 1986); therefore, 
many studies have been carried out regarding its formation mechanisms (Nagata 
et al. 1986; Nagata 1991), movement and intensification (Endoh et al. 1984; 
Uemura 1980; Nagata 1992; Ohigashi and Tsuboki 2007), and inner structures 
(Uemura 1980; Hozumi and Magono 1984; Yagi 1985; Yagi et al. 1986; Nagata 
1987; Arakawa et al. 1988). 

Nagata et al. (1986) and Nagata (1991) investigated the formation 
mechanisms of the JPCZ cloud band using a hydrostatic numerical model with a 
horizontal resolution of about 40 km. They revealed that the JPCZ is caused 
cooperatively by three low-level boundary forcings, i.e., the land-sea thermal 
contrast between the Korean Peninsula and the Sea of Japan, the blocking effect 
of the mountains north of the Korean Peninsula, and the characteristic 
distribution of the sea surface temperature (SST) of the Sea of Japan.  

The JPCZ cloud band usually extends southeastward from the base of the 
Korean Peninsula; however, its downstream part sometimes shifts from the 
western San-in district to the southern Tohoku district, according to the change 
of large scale fields (Endoh et al. 1984; Uemura 1980). Nagata (1992) 
numerically investigated the movement and development of the JPCZ cloud 
band in the passage of a short-wave trough accompanied by a remarkable cold 
low. Ohigashi and Tsuboki (2007) clarified the dynamics of the movement and 
intensification of the JPCZ associated with the upper cold core using a cloud 
resolving model. 

Many studies have been conducted to describe the detailed structures of the 
JPCZ and the JPCZ cloud band (Uemura 1980; Hozumi and Magono 1984; Yagi 
1985; Yagi et al. 1986; Nagata 1987; Arakawa et al. 1988). The mesoscale 
airflow and thermodynamic structures around the JPCZ were investigated in 
several case studies, having the following common features (Uemura 1980; Yagi 
et al. 1986; Nagata 1987). A west-northwesterly airflow with weak vertical wind 
shear is observed on the southwestern side of the JPCZ. On the northeastern side 
of the JPCZ, a northerly airflow is dominant in the lower-level. As a result, a 
convergence line between the northerly and the west-northwesterly forms on the 
southwestern edge of the JPCZ. A middle-level air above the convergence line 
flows northeastward over the lower-level northerly airflow, resulting that the 
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vertical wind shear becomes large on the northeastern side of the JPCZ. The 
schematic picture of the typical airflow structures around the JPCZ is shown in 
Fig. 1.9. 
 

 
Figure 1.9: Schematic picture of three-dimensional airflow based on the trajectories of air 

parcels which start from two levels (980 hPa and 850 hPa) over the central part of the 
Sea of Japan. The shaded surface shows the weak stable layer in cold airmass and the 
thick dashed line indicates the position of the convergence line with active convection 
(Nagata 1987). 

 
Figure 1.10 shows a vertical cross section of atmospheric structures around 

the JPCZ obtained by upper-air soundings. A warm and weak-wind zone is 
observed on the northeastern side of the convergence line (e.g. Yagi et al. 1986; 
Nagata 1987; Ohigashi and Tsuboki 2005, 2007). The lower warm and 
weak-wind zone is induced by the mesoscale updraft along the JPCZ. The 
updraft generates the vertical transport of horizontal momentum, forming the 
weak-wind zone in the mixed layer along the JPCZ. The updraft also induces  
latent heat release. The latent heat release contributes to reducing the surface 
pressure in the lower layer and maintains the updraft and mesoscale circulation 
around the JPCZ. 
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Figure 1.10: Vertical cross section normal to the JPCZ of atmospheric structures obtained 

by upper-air soundings at Yonago, Wajima, and Akita stations at 21 JST on 2 February 
1978. Vectors denote wind velocities. Total wind speed is contoured by solid lines 
every 5 m s-1. A dotted area denotes a relatively weaker-wind zone. Shaded areas 
indicate stable layers. An area enclosed by spiral lines denotes an area with a dew point 
depression of less than 2ºC. The symbols “Cb”, “L”, and “T” denote the area with a 
developed convective cloud band, longitudinal-mode cloud bands, and transversal 
cloud bands in the JPCZ cloud band, respectively. Open arrows denote streamlines 
around the developed convective cloud band (Yagi et al. 1986). 

 
Satellite images show that two types of cloud bands are commonly observed 

in the JPCZ cloud band; one is a developed convective cloud band (e.g., Yagi et 
al. 1986) and the others are transversal cloud bands (e.g., Yagi 1985). The 
developed convective cloud band is found along the southwestern edge of the 
JPCZ cloud band, where the convergence line forms. A typical example of the 
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developed convective cloud band is shown in Fig. 1.8b. Yagi et al. (1986) 
analyzed the GMS images in detail and found that the developed convective 
cloud band (referred to as “Cu-Cb line” in Yagi et al. 1986) was located on the 
line of the maximum horizontal wind shear at cloud level. They also showed that 
the cloud top heights of the developed convective cloud band were tallest in the 
JPCZ cloud band. These features of the developed convective cloud band are in 
common with those shown by the other studies. 

The transversal cloud bands, whose orientation is normal to the wind direction 
of the winter monsoon, extend to the northeast from the developed convective 
cloud band. They form on the northeastern side of the JPCZ, where the vertical 
wind shear is large. A typical example of the transversal cloud bands is also 
shown in Fig. 1.8b. Yagi (1985) and Yagi et al. (1986) analyzed GMS images 
and upper-air sounding data, and indicated that the axes of the transversal cloud 
bands were parallel to the vertical wind shear vector of horizontal winds. In 
addition, applying the linear theory of thermal instability in the vertical shear 
flow (Asai 1970a, 1970b, and 1972), Yagi (1985) proposed that the transversal 
cloud bands were produced from longitudinal-mode (shear-parallel mode) roll 
convections. Shimizu and Tsuboki (2005) analyzed the transversal cloud band 
near the coast of the western Hokuriku district on the basis of dual-Doppler 
radar observations. They showed that the transversal cloud band consisted of 
convective clouds, and that its axis was parallel to the vertical wind shear vector 
of horizontal winds. 
 

 
Figure 1.11: Conceptual model of the vertical structures of the JPCZ cloud band observed 

from 28 February to 1 March 1979. Vertical cross section normal to the JPCZ cloud 
band is displayed (Hozumi and Magono 1984). 
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On the other hand, Hozumi and Magono (1984) made another conceptual 
model of the transversal cloud bands in the JPCZ cloud band, on the basis of the 
analysis of cloud photographs taken from an aircraft. The vertical structure of 
their proposed conceptual model of the JPCZ cloud band (referred to as 
“Convergent band clouds” in Hozumi and Magono 1984) is shown in Fig. 1.11. 
They suggested that the transversal cloud bands were mainly stratiform clouds, 
which extend northeastward from the developed convective cloud band. An 
analysis with upper-air soundings from a research vessel across the JPCZ was 
made by Arakawa et al. (1988). They also suggested that the transversal cloud 
bands were mainly stratiform clouds, which could be maintained by water 
substance supply from the southwestern side of the JPCZ and slow upward 
motion. On the basis of numerical simulation results and observational data, 
Nagata (1987) analyzed the mesoscale structure of the JPCZ cloud band using a 
hydrostatic numerical model. His analysis showed that a wet region is located in 
the middle-level on the northeastern side of the line of active convection, that is, 
the developed convective cloud band. As supposed by Hozumi and Magono 
(1984) and Arakawa et al. (1988), he expected that transversal cloud bands are 
stratiform clouds generated in the wet region, but he could not confirm that 
directly, because the numerical model used in Nagata (1987) did not have 
hydrometeors as prognostic variables.  

As mentioned above, the structure and formation mechanism of the 
transversal cloud bands are not yet clear. The above-mentioned observational 
and analytical studies were mainly based on sparse data over the Sea of Japan, 
except for satellite images and dual-Doppler radar observations. The satellite 
image is usually used in two-dimensional analyses in a horizontal plane. On the 
other hand, Doppler radar, which usually operates at C-band or X-band, can 
show three-dimensional kinematic structures of mesoscale precipitation systems. 
However, it can not detect cloud particles whose size is 100-1000 times smaller 
than that of precipitation particles, and besides Doppler radar observations are 
usually limited near the coastal region. The cloud profiling radar (CPR), which 
presently operates at Ka-band or W-band, is sensitive enough to detect cloud 
particles. To capture the characteristics of the transversal cloud bands, it is 
necessary to conduct observations over the sea using the CPR. In order to 
compensate for sparse observational data, the numerical approaches have been 
effectively performed (e.g., Nagata 1987). However, the previous numerical 
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studies were based on simulation results of a coarse mesh model with a 
horizontal resolution of several tens of kilometers. Such a model cannot resolve 
the cloud bands over the Sea of Japan during cold air outbreaks with a spacing 
of 5-20 km (e.g., Miura 1986). To resolve and investigate the transversal cloud 
bands, it is necessary to conduct cloud resolving experiments by a fine mesh 
model with a horizontal resolution of a few kilometers or less. 
 

1.5 Outline of the field campaign and cloud-resolving model 
As shown in the previous sections, many studies have been made on 

snowbands and the JPCZ cloud band. However, their inner structures and the 
formation and maintenance mechanisms are not well understood, because these 
scales in time and space are too small to clarify them using routine or 
conventional observations and numerical weather prediction models. In this 
thesis, the author investigates them closely using data provided by 
high-resolution special observations of a field campaign and simulation results 
of a high-resolution cloud-resolving model. Outlines of the related field 
campaign and cloud-resolving model to this thesis are described in the following 
subsections.  
 
1.5.1 Field campaign 

In order to understand the formation and development mechanisms of 
mesoscale snowfall systems, a field campaign, named “Winter MCSs 
Observations over the Japan Sea in 2001” (referred to as “WMO-01”, Yoshizaki 
et al. 2001), was conducted over the Sea of Japan surrounding the Hokuriku 
district in 2001. High-resolution radar observations such as an airborne CPR, 
Doppler radars, and boundary layer radars (BLRs) were conducted in the 
WMO-01. In order to capture the detailed structures of MCSs around the coastal 
region, observation network of Doppler radars covered the coastal region of 
Hokuriku district. In addition to upper-air soundings, BLR observations were 
also conducted to capture the characteristics of the environmental field in and 
around the cloud bands. 

In addition to the ground-based observations, three observation vessels were 
operated, which carried out upper air-soundings over the Sea of Japan. Two 
observation aircrafts were also operated over the Sea of Japan. Dropsonde 
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soundings and in-situ cloud observations were conducted by the airplanes. 
Additionally, airborne CPR and Doppler radar observations were conducted to 
capture the detailed structures of cloud bands over the Sea of Japan. 
 
1.5.2 Cloud-resolving model 

Cloud-resolving models (CRMs) are powerful tools for understanding of 
MCSs. CRMs are usually nonhydrostatic models with sophisticated cloud 
microphysics; therefore, they can carry out high-resolution numerical 
experiments to achieve the cloud dynamical reproduction of MCSs. In this thesis, 
a CRM, the Japan Meteorological Agency (JMA) nonhydrostatic mesoscale 
model (referred to as JMA-NHM) is used to simulate observed cloud bands. 

The JMA-NHM is a community model for operation and research. The JMA 
has used this model for operational mesoscale numerical weather prediction 
around Japan since 1 September 2004 (Saito et al. 2006). Since March 2006, the 
resolution has been improved from 10 km horizontally with 40 vertical layers to 
5 km with 50 layers (Saito et al. 2007). The JMA-NHM was initially developed 
in the Meteorological Research Institute (MRI) as a research tool for small scale 
phenomena such as convection or nonlinear mountain waves (Ikawa and Saito 
1991). Various modifications have extended the model to a full-scale mesoscale 
model to realistically simulate mesoscale phenomena (Saito et al. 2001). Many 
studies have used this model to study real mesoscale systems, which are mainly 
heavy rainfall events in the warm season (e.g., Kato 1998; Seko et al. 1999; 
Yoshizaki et al. 2000; Kato and Goda 2001).  
 

1.6 Purpose and contents of the thesis 
During the WMO-01, snowbands were frequently observed around the coastal 

region of the Hokuriku district. The JPCZ cloud bands also frequently formed 
over the Sea of Japan, extending from the base of the Korean Peninsula to the 
Hokuriku and San-in districts. They brought heavy snowfalls to the coastal 
region of the Hokuriku and San-in districts. These cloud bands were captured by 
Doppler radars and an airborne CPR. The characteristics of the environmental 
field in and around the cloud bands were also observed with BLRs and upper-air 
soundings. In addition, numerical experiments with a horizontal resolution of 1 
km were performed with the use of the JMA-NHM. The JMA-NHM 
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successfully reproduced observed characteristics of the cloud bands. 
The purpose of this thesis is to clarify the characteristics, the kinematic and 

thermodynamic structures, and the formation and maintenance mechanisms of 
the cloud bands observed during the WMO-01, by analyzing data provided by 
the special observations of the WMO-01 and the simulation results of the 
high-resolution JMA-NHM. Special attention will be given to the inner structure 
and the maintenance mechanism of the snowband. The effect of a cold pool, 
produced under the snowband, on the maintenance process of the snowband will 
be investigated. Moreover, the structure and the formation mechanism of 
transversal cloud bands in the JPCZ cloud band will be also investigated. The 
role of the transversal cloud bands in the formation and maintenance of the 
snowband will be discussed. 

The contents of this thesis are as follows.  
In Chapter 2, an outline of the field campaign WMO-01 is presented. Various 

observation facilities and their operations are reported. An overview of the 
heavy snowfall during the period of 12–17 January 2001 is also presented.  

In Chapter 3, a quasi-stationary snowband observed on 16 January 2001 is 
analyzed on the basis of observations (e.g., Doppler radars, BLRs, and upper-air 
soundings) and the simulation results of the JMA-NHM with a horizontal 
resolution of 1 km. The inner structure and the maintenance mechanism of the 
snowband are focused. This chapter is based on Eito et al. (2005). The author 
participated in the WMO-01 and contributed to carry out the field campaign. 
The author conducted upper-air soundings in the WMO-01, collecting upper-air 
sounding data used in the article. Numerical experiments using the JMA-NHM 
were entirely performed by the author. The author conducted the whole analysis 
of observation data and simulation results in Eito et al. (2005). 

In Chapter 4, the JPCZ cloud band observed on 14 January 2001 is analyzed. 
The structure and the formation mechanism of the transversal cloud bands 
associated with the JPCZ cloud band are examined on the basis of observations 
(e.g., satellite images, in-situ measurement and CPR data from an instrumented 
aircraft, and upper-air soundings from observation vessels) and the simulation 
results of the JMA-NHM with a horizontal resolution of 1 km. This chapter is 
based on Eito et al. (2010). The author performed numerical experiments in 
cooperation with coauthors. The author conducted the whole analysis of 
observation data and simulation results in Eito et al. (2010). 
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In Chapter 5, the present snowband is compared with the other snowbands 
investigated in the previous studies. The relation between the JPCZ cloud band 
and the snowband is also discussed. Special attention will be given to the role of 
the transversal cloud bands associated with the JPCZ cloud bands in the 
formation and maintenance of the snowband. 

The conclusions of this thesis are presented in Chapter 6.  
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Chapter 2 
 
Overview of the field campaign “Winter MCSs 
Observations over the Japan Sea in 2001” 
 
 
2.1 Outline of the field campaign 

Figure 2.1 shows maps of the WMO-01. The operations of observation 
facilities during the WMO-01 are summarized in Fig. 2.2. During the whole 
observation period (12 January–1 February, 2001), ground-based observations 
were continuously conducted with Doppler radars operated at C-band (at 
Goishigamine) or X-band (at Kashiwazaki, Joetsu, Oumi, Oshimizu, Kawakita, 
Mikuni, and Obama), BLRs (at Fukushima, Maebashi, Joetsu, Toyama, and 
Mikuni), an upper-air sounding (at Joetsu), and a microwave radiometer (at 
Joetsu). 
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Figure 2.1: Maps of the field observation of WMO-01. 
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Figure 2.2: Observations during the WMO-01 period with (a) upper-air soundings from 
surface, (b) boundary layer radars (BLRs) and Doppler radars (DRs), and (c) airplanes 
(Ilyshin, Beach 200 (B200), Gulfstream-II (G2) and Citation V) (Yoshizaki et al. 
2001). 

 
During two intensive observation periods (IOP1, 12–19 January; IOP2, 25 

January–1 February), three instrumented aircrafts (Gulfstream-II, Beach 200, 
and Citation V) were operated over the Sea of Japan. Dropsonde soundings 
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(Gulfstream-II and Citation V) and in-situ cloud observations (Gulfstream-II) 
were carried out by the aircrafts. Additionally, an airborne CPR (referred to as 
“SPIDER”; Horie et. al 2000) was mounted on the Gulfstream-II. An airborne 
Doppler radar (referred to as “CAMPR”; Kumagai et. al 1996) was mounted on 
the Beach 200. Boundary-layer observations by a Russian airplane (Ilyushin) 
were also made on the Russian side of the Sea of Japan.  

Over the Sea of Japan, three observation vessels (Chofu-Maru, Seifu-Maru, 
and Kofu-Maru) were also operated by the JMA, which carried out upper-air 
soundings every 3 or 6 hours during two intensive observation periods. 
Upper-air soundings at two additional ground-based sites (at Fukushima and 
Mikuni) were also conducted. 
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Figure 2.3: Time series of daily snowfall depth (red bars) and snow depth (blue dots) at 

Takada weather station (in Joetsu city) in January 2001. 
 
2.2 Overview of the heavy snowfalls during the period of 12–17 

January 2001 
 
A cold air outbreak dominated during the period of 12–17 January 2001. 

Heavy snowfalls attacked the Hokuriku and San-in districts. Such heavy 
snowfalls have not occurred there in the past decade or so. Figure 2.3 shows 
time series of daily snowfall depth and snow depth at Joetsu located in the 
eastern part of the Hokuriku district. Intense snowfall with a daily snowfall 
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depth of over 20 cm began on 12 January 2001. It continued about 6 days, 
resulting that snow depth increased from 10 cm on 11 January to 141 cm on 17 
January. After 18 January 2001, no remarkable snowfall was observed. 
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Figure 2.4: Horizontal map of total precipitation amount during the period of 12–17 

January 2001. 
 
Figure 2.4 shows the horizontal map of total precipitation amount during the 

period of 12–17 January 2001. The maximum precipitation zone extends 
east-northeast−west-southwest in the southern part of the Niigata prefecture. 
Large precipitation areas also exist in the costal region of the Hokuriku and 
San-in districts, indicating that heavy snowfalls mainly occurred in the coastal 
plain area. The heavy snowfalls were mainly caused by mesoscale cloud bands 
such as snowbands and the JPCZ cloud band, as already shown in Fig. 1.3. 

Figure 2.5 shows the temporal variation of precipitation intensity estimated by 
the JMA operational radar along 138ºE during the period of 12−16 January 2001. 
Precipitation is observed in the coastal area (around 37ºN) almost throughout the 
period. Precipitation appears to be periodically intensified at an interval of ~1 
day. Each intensified precipitation continues for ~0.5 day, corresponding to the 
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periodical formation and maintenance of snowbands and development of the 
JPCZ cloud band. 
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cloud bandcloud band
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Figure 2.5: Time-latitude cross section of precipitation intensity observed by the JMA 

Niigata operational radar along 138ºE during the period of 12–16 January 2001. 
 
In order to present the large scale situation of the heavy snowfalls, fields of 

sea level pressure, surface wind, and temperature at 925 hPa at 09 JST on 14 
January 2001 are shown in Fig. 2.6a. Between a developed cyclone over the 
Pacific Ocean and a high-pressure zone over the continent, the contours of sea 
level pressure (thin lines) around Japan lie in a south–north direction. This 
pressure pattern often appears during the winter monsoon season. The surface 
winds (vectors) flow normal to the isothermal lines (bold dashed lines) near the 
surface (at 925 hPa) over the Sea of Japan, indicating that there is an outbreak of 
cold air from the Eurasian Continent over the Sea of Japan. However, the 
contour interval of sea level pressure is broader over the Sea of Japan; therefore, 
the winds in this area are not so strong. 

Fig. 2.6b shows fields of geopotential heights, winds, and temperature at 500 
hPa. Both geopotential heights and temperature fields indicate synoptic-scale 
features of a cold trough in eastern Asia, showing that a cold air mass with the 
temperature less than –35ºC covers most of the Sea of Japan. The polar jet is 
seen on the southern side of the Sea of Japan, suggesting that positive vorticity 
areas, which are located on the northern side of the jet axis, cover over the Sea 
of Japan. This upper-level trough was quasi-stationary over the Sea of Japan 
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during the heavy snowfall period of 12–17 January 2001. This situation is 
similar to that on P-type heavy snowfalls described in Akiyama (1981a, 1981b).  

 

 
Figure 2.6: (a) Sea level pressure, surface wind, and temperature (925 hPa) fields, and (b) 

geopotential height, wind, and temperature fields at 500 hPa at 09 JST on 14 January 
2001. Contour lines of temperature are drawn every 5ºC by dashed lines (Yoshizaki et 
al. 2004). 
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Figure 2.7: Time series of isentropic charts on θ = 300 K during the period from 21 JST 
13 to 21 JST 14 January 2001. High PV areas (> 2 PVU ) are shaded every 2 PVU 
(1PVU ≡ 10-6 m2 K s-1 kg-1); geopotential height is contoured by solid lines every 1000 
m; thin arrows show horizontal wind velocities. PV anomalies are traced by bold 
arrows (Yoshizaki and Kato 2005). 
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To examine features of the vorticity distribution, the isentropic potential 
vorticity (PV) is introduced instead. The isentropic charts of PV and 
geopotential height at a potential temperature (θ ) of 300 K around 14 January 
2001 are shown in Fig. 2.7. It is noticed that the primary synoptic-scale trough 
did not change much; however, additional 1000-km size PV anomalies 
propagated eastward repeatedly along the northern side of the jet. The PV 
anomalies resemble those associated with medium-scale tropopausal waves (e.g., 
Sato et al. 1993; Hirota et al. 1995; Yamamori et al. 1997; Yamamori and Sato 
1998; Sato et al. 2000; Yamamori and Sato 2002) in their horizontal scale, 
period, and location. A moving upper-level PV anomaly, which is often referred 
to as a short-wave trough, induces decrease of static stability below and in front 
of it (e.g., Hoskins et al. 1985; Ogura 2000). Therefore, it sometimes tends to 
generate various types of mesoscale disturbances in the lower atmosphere over 
the Sea of Japan, such as the formation and maintenance of snowbands and the 
intensification of the JPCZ cloud band, as shown in this case. 

In summary, P-type heavy snowfalls occurred over the coastal region of the 
Hokuriku and San-in districts during the period of 12–17 January 2001, when an 
upper-level synoptic-scale trough was quasi-stationary over the Sea of Japan. 
Mesoscale disturbances such as snowbands and the JPCZ cloud band 
periodically formed and developed under the affect of moving upper-level PV 
anomalies, causing heavy snowfalls to the coastal plain areas. In the following 
chapters, in order to understand the detailed process of the heavy snowfalls 
caused by snowbands and the JPCZ cloud band, the structure and the formation 
and maintenance mechanisms of them are analyzed in typical cases during the 
heavy snowfall period of the WMO-01. A quasi-stationary snowband observed 
on 16 January 2001 is focused in Chapter 3. The JPCZ cloud band observed on 
14 January 2001 is investigated in Chapter 4. 
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Chapter 3 
 
Formation and maintenance mechanisms of the 
quasi-stationary snowband on 16 January 2001 
 
 

3.1 Introduction 
On 16 January 2001, during the WMO-01, a remarkable snowband formed in 

the coastal area of the eastern Hokuriku district. The snowband stagnated for 
about half a day and caused about 50 cm snowfall in this area. Such a snowband 
was often observed in almost the same place during the WMO-01, bringing a 
heavy snowfall. Thus, it is required to clarify the mechanism of the snowband 
for an understanding of the characteristics of snowfalls in this region. 

The purpose of this chapter is to examine the detailed structures of the 
snowband and the environmental air for an understanding of the formation and 
maintenance mechanisms of the snowband, by analyzing on the basis of 
observations (e.g., Doppler radars, BLRs, and upper-air soundings) and the 
simulation results of the JMA-NHM with a horizontal resolution of 1 km. 
Special attention will be given to the role and formation mechanism of a cold 
pool under the snowband. Characteristics of the snowband observed by radar are 
shown in Section 3.2. Environmental fields around the snowband are examined 
in Section 3.3. In Section 3.4, a description of the JMA-NHM used in this study 
is given. The design of the numerical experiment is also presented. The 
structures of the snowband are examined on the basis of the simulation results of 
the JMA-NHM in Section 3.5. The effect of a cold pool, produced under the 
snowband, on the maintenance process of the snowband are discussed in Section 
3.6. The conclusions are presented in the last section. 
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Figure 3.1: (a) Horizontal distribution of precipitation intensity observed by the JMA 

Niigata operational radar at 1400 JST on 16 January 2001. (b) Time-latitude cross 
section of precipitation intensity along 138ºE (line A−B in (a)). 

 

3.2  Characteristics of the snowband 
Figure 3.1a shows the horizontal distribution of hourly precipitation intensity 

estimated by the JMA operational radar at 1400 JST on 16 January 2001. A 
snowband with a length of about 150 km, and a width of about 50 km, is found 
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lying eastward from Toyama Bay. Figure 3.1b shows the temporal variation of 
precipitation intensity along 138ºE (line A−B in Fig. 3.1a). Weak precipitation is 
observed until around 09 JST in the coastal area. Precipitation is intensified off 
the coast around 09 JST, when the snowband formed. Intensified precipitation 
appears for approximately half a day, denoting that the snowband lasted. It is 
noticed that the snowband slightly moved from the north to south.  

 

1200JST 16 January 2001                                     

 

0 100km 1     4    16    32    64mm/h      

Oumi

Joetsu

 
Figure 3.2: Locations of the NIED Doppler radars (Oumi and Joetsu), the area of 

quantitative radar observation (shown by two circles), and a map of the observation 
area. The maximum range circles are at 64 km from each radar. The distance between 
two radars is 37.6 km. Prefectural boundaries are shown by solid lines in the map. The 
box corresponds with the radar display area shown in Fig. 3.3. The shaded regions 
indicate precipitation areas observed by the JMA Niigata radar at 1200 JST on 16 
January 2001. 

 

The snowband was also captured by a dual-Doppler radar system (Kusunoki 
et al., 2002). Figure 3.2 shows the radar sites and the detective areas of radar 
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observation. The two X-band Doppler radars of the National Research Institute 
for Earth Science and Disaster Prevention (NIED) were operated at Oumi and 
Joetsu. Figure 3.3a shows the radar reflectivity pattern observed by the Oumi 
radar at an altitude of 0.2 km at 1206 JST on 16 January 2001. As illustrated in 
Fig. 3.3a, the present snowband contains several cellular radar echoes with a 
horizontal scale of a few km. Cellular radar echoes, with a maximum reflectivity 
of about 30 dBZ (defined as ‘‘band B’’ by Kusunoki et al. 2002), are observed at 
the northern edge of the snowband (defined as ‘‘band A’’ by Kusunoki et al. 
2002). Horizontal wind velocities obtained by the dual-Doppler analysis are also 
shown in Fig. 3.3a. Northwesterly winds of the winter monsoon are observed to 
the north of the snowband, and they produce the convergence at the northern 
edge of the snowband, with weaker westerly or west-northwesterly winds inside 
the snowband. Figure 3.3b shows the band-normal vertical structure of radar 
reflectivity and airflows. While the width of band B is narrower than that of 
band A, the echo top of band B is higher than that of band A. Moreover, the 
intensity of radar reflectivity in band B is stronger than that in band A. An 
updraft zone is analyzed in the region of band B, corresponding to the low-level 
horizontal convergence zone. The time series of the dual-Doppler observation 
(not shown) present that band B was generated at the northern edge of 
pre-existent band A. While band A gradually weakened and dissipated, band B 
developed and moved east-southeastward. This indicates that a regeneration of 
the snowband occurred. 

Some characteristics of the snowband presented by Kusunoki et al. (2002) 
were generally observed in the dual-Doppler observation. They are as follows: 
1) The snowband contained several cellular radar echoes with a horizontal scale 
of a few km, and it propagated east-southeastward. 2) A horizontal convergence 
and an updraft zone were observed at the northern edge of the snowband, where 
new cellular radar echoes formed. However, the regeneration of the snowband 
shown by Kusunoki et al. (2002) was so drastic that such an event was not 
constantly observed through the Doppler observation. In contrast, it was mainly 
observed that cellular echoes with lower reflectivity around the northern edge of 
the snowband tended to develop gradually, as they moved east-southeastward. 
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Figure 3.3: (a) Radar reflectivity pattern (shaded and contoured regions) and horizontal 

wind velocity (arrows) at an altitude of 0.2 km at 1206 JST. Reflectivities are shaded 
above 20 dBZ and contoured every 3 dBZ above 20 dBZ. Bold dashed lines indicate 
the locations of band A and B, respectively. A bold solid line C−D shows the line along 
which the vertical cross section shown in (b) (Kusunoki et al. 2002). (b) Radar 
reflectivity (shaded and contoured regions) and airflow (arrows) in vertical cross 
section along the bold solid line C−D in (a). Reflectivities are shaded above 20 dBZ 
and contoured above 15 dBZ (Kusunoki et al. 2002). 
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Figure 3.4: Weather maps provided by JMA at 0900 JST on 16 January 2001. (a) At 500 

hPa, geopotential height is contoured by solid lines every 60 m; temperature is 
contoured by dashed lines every 3ºC. (b) At 850 hPa, geopotential height is contoured 
by solid lines every 50 m; temperature is contoured by dashed lines every 3ºC; the wet 
areas (T−Td < 3ºC) are dotted. (c) At the surface, pressure is contoured by solid lines 
every 4 hPa. Half-barb, one full barb, and triangle-shaped barb mean 5 knots, 10 knots, 
and 50 knots, respectively. 

 

3.3 Environmental field around the snowband 
Figure 3.4 shows weather maps at 0900 JST on 16 January 2001. A cold air 

outbreak from the Eurasian Continent had continued for 5 days at that time. At a 
level of 500 hPa (Fig. 3.4a), a cold air mass, with the temperature less than 
–33ºC, exists over the Hokuriku district. At a level of 850 hPa (Fig. 3.4b), the 
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isometric lines (solid lines) are almost normal to the isotherms (dashed lines) 
over the Sea of Japan. These features denote that the advection of a cold air 
tended to be induced in this area. There are two remarkable cold airflows, one 
from Primorskii (see Fig. 2.1) to the northern part of Japan, and the other from 
the Korea Peninsula to the western part of Japan. The contours of sea level 
pressure around Japan lie in a south-north direction (Fig. 3.4c). This pressure 
pattern often appears during the winter monsoon. The contour interval, however, 
is broader around the Hokuriku District; therefore, the winds in this area are not 
so strong. For example, a northwesterly surface wind at a speed of about 5 m s-1 
is observed at Wajima (see Fig. 2.1). Around the Hokuriku District, these 
pressure and temperature patterns are also analyzed at 2100 JST (not shown). 
This indicates that such large-scale atmospheric conditions lasted during the 
occurrence of the snowband. 
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Figure 3.5: GMS-5 infrared image at 14 JST on 16 January 2001. The white solid lines 

show the seashore of Japan. 
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Figure 3.5 shows the GMS-5 infrared image at 14 JST. Several clouds are 
found over the Sea of Japan. They are caused as a consequence of heat and 
moisture supply from the relatively warm sea to the continental cold air mass. 
The areas with low brightness temperature, where cumulus convections develop, 
are distributed over the Sea of Japan from the base of the Korean Peninsula to 
Wakasa Bay. These cloud areas correspond to the developed convective cloud 
band in the JPCZ cloud band (see section 1.3). The areas with developed 
convections are also found around the Hokuriku district, corresponding to the 
present snowband. It is also shown that the snowband forms on the downstream 
side of the transversal cloud bands in the JPCZ cloud band (see section 1.3). 
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Figure 3.6: Vertical profiles of potential temperature (θ) observed in Joetsu at 03 JST 

(closed squares), 09 JST (open squares), 15 JST (open circles), and 21 JST (crosses) on 
16 January 2001. 



 37

Figure 3.6 shows the vertical profiles of potential temperature (θ ) observed at 
Joetsu at 03, 09, 15, and 21 JST. At 03 JST, about 6 h prior to the formation of 
the snowband, a surface cooling layer is found from the surface to a height of 
300 m. The θ in this cooling layer is about 1.5 K lower than that in the upper 
mixed layer. At 09 JST, the depth of the cooling layer has increased to 600 m. A 
decline of θ with about 1 K is observed near the surface. Around that time, the 
snowband formed. The vertical profile of θ at 15 JST is similar to that at 09 JST. 
This indicates that the surface cooling layer remains. At 21 JST, a rise of θ with 
about 1.5 K is observed near the surface, and the surface cooling layer has 
disappeared. The snowband had decayed until this time. 

 

 
Figure 3.7: Vertical profiles of horizontal wind velocity observed by the boundary layer 

radar at Joetsu from 0300 JST to 2100 JST on 16 January 2001. Half-barb means 5 m 
s-1 and one full barb means 10 m s-1. The areas of wind direction between 160º and 
220º are shaded. 



 38

A low-level wind variation measured by the BLR at Joetsu is shown in Fig. 
3.7. Westerly or northwesterly winds at a speed less than 10 m s-1 are 
predominant in this observation. The vertical wind shear is small. It is noted that, 
in the lowest 300 m, southerly winds at a speed less than 5 m s-1 are observed 
during the period from 08 to 11 JST. Figure 3.8 shows the time series of surface 
meteorological data observed at Takada Weather Station in Joetsu. A large 
increase of pressure with 0.5 hPa and a little decline of temperature with 0.2ºC 
are observed during the period from 08 to 09 JST. These changes are caused by 
a land breeze of low-level southerly winds from land to sea, observed by the 
BLR (Fig. 3.7). The snowband formed around 09 JST just after the appearance 
of the land breeze, suggesting that the land breeze is a trigger for the formation 
of the snowband. After 09 JST, a decrease of pressure and a rise of temperature 
were observed (Fig. 3.8). Furthermore, the southerly wind had disappeared 
around 11 JST (Fig. 3.7). These features indicate that the land breeze became 
weaker after the snowband formed. 

 

Joetsu (Takada Weather Station)

1017

1018

1019

1020

1021

3 6 9 12 15 18 21

16 January 2001 (JST)

S
e
a 

S
u
rf

ac
e
 P

re
ss

u
re

 (
h
P

a)

-4

-3

-2

-1

0

S
u
rf

ac
e
 T

e
m

pe
ra

tu
re

 (
℃

)
Sea Surface Pressure

Surface Temperature

 
Figure 3.8: Time series of sea surface pressure (bold solid line) and surface temperature 

(thin solid line) in Joetsu (Takada Weather Station) from 03 JST to 21 JST on 16 
January 2001. 
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Although the land breeze could contribute to the development of the surface 
cooling layer observed at Joetsu at 09 JST (Fig. 3.6), the depth of the land 
breeze was shallower than that of the cooling layer. Furthermore, the cooling 
layer lasted after the land breeze disappeared. These results indicate that there 
were some other mechanisms for the formation and maintenance of the observed 
surface cooling layer.  
 

3.4  Numerical simulations 
The general characteristics of the JMA-NHM simulation as well as the 

specific options chosen in this chapter are summarized in Table 3.1. In order to 
examine the structure of the snowband, a high-resolution numerical experiment 
is performed using the JMA-NHM with a horizontal resolution of 1 km. The 
vertical direction contains 38 levels with a variable grid interval of 40 m near the 
surface and 1090 m at the top of model domain. The terrain-following 
coordinate system is introduced such as 

,
)(*

s

s

zH
zzH

z
−
−

=                         (1) 

where sz  is the surface height, and H is the model-top height (20.36 km). The 
time step interval is 5 s. The cloud microphysics scheme is only used for the 
moist process in this experiment. The initial and boundary conditions are 
provided from the forecasts of the Regional Spectral Model (referred to as 
“RSM”; JMA 2002). The RSM is a hydrostatic model with a horizontal 
resolution of 20 km. It was operationally used in the JMA until November 2007. 
The domains of the two models are shown in Fig. 3.9. Daily analysis of the SST 
with 1.0º latitude/longitude resolution (JMA 2002) is used for a lower boundary 
condition in sea areas. The initial time of the JMA-NHM is 1000 JST on 16 
January 2001 (1-h forecast of the RSM), and time-dependent boundary 
conditions with an interval of 1 h are used. The integration time is 9 h. For 
examining the formation of the snowband, it is desirable that the time previous 
to the snowband formation (09 JST) is adopted as the initial time. However, the 
snowband was not able to be well reproduced, when the initial time of the RSM 
used for the initial and boundary conditions is previous to 0900 JST on 16 
January 2001. Therefore, the RSM forecast, of which initial time is 0900 JST, is 
adopted as the initial and boundary conditions for the JMA-NHM in this 
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experiment. 
 

Table 3.1: Specification of the JMA-NHM and the experimental configurations in 
Chapter 3 

Initial time 1000 JST, 16 January, 2001 
Time step 5 s 
Forecast period 9 h 
Horizontal mesh
(resolution) 

300 ×  300 (1 km) 

Levels  38 terrain-following stretched levels from 40 m to 1090 
m 

Model top 20.36 km 
Moist physics bulk scheme, three-class ice (Ikawa and Saito 1991 

based on Lin et al. 1983, Murakami 1990 and Cotton et 
al. 1986) 

Surface Bulk method (Ikawa and Saito 1991 based on Kondo 
1975 and Sommeria 1976) 

Turbulence Diagnostic TKE scheme (Ikawa and Saito 1991 based on 
Deardorff 1980) 

Radiation Long and short wave radiation scheme for cloud optical 
properties with empirical constant (Saito et al. 2001 
based on Sugi et al. 1990) 
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Figure 3.9: Calculation domains and topography of (a) the RSM and (b) the JMA-NHM. 

The square in (a) represents the domain of the JMA-NHM. 
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Figure 3.10: Horizontal distributions of hourly accumulated precipitation at 1500 JST on 

16 January 2001, obtained by (a) the Radar/Raingauge-Analyzed Precipitation, (b) the 
JMA-NHM (5-h forecast), and (c) the RSM (6-h forecast).  

 
Figure 3.10 shows hourly-accumulated precipitation charts at 1500 JST. The 

JMA-NHM well reproduces a line-shaped snowband in the coastal area of 
eastern Hokuriku district (Fig. 3.10b). The JMA-NHM-simulated snowband is 
similar in location, precipitation intensity, and shape to the observation (Fig. 
3.10a), while the RSM-simulated precipitation area (Fig. 3.10c) is considerably 
smaller than the observation.  
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Figure 3.11: Horizontal distributions of snow mixing ratio (qs) at z* = 1.77 km simulated 

by the JMA-NHM. Outputs are shown every 10 minutes after 3.5-h forecast.  



 43

Figure 3.11 shows the time series of horizontal distributions of snow mixing 
ratio (qs) at the middle level of the snowband, simulated by the JMA-NHM. 
Model-simulated snowband consists of cellular high qs areas (defined by the 1.0 
g kg-1 contour, called snow cells hereafter). Each snow cell, which is a few km 
in horizontal scale, is thought to be generated by cumulus convection. Snow 
cells successively form at the northern part of the snowband, and propagate 
east-southeastward at a speed of about 8 m s-1. Snow cells tend to develop and 
merge with pre-existent cells. Consequently, large qs areas with the horizontal 
scale of 5−20 km and the maximum of ~1.4 g kg-1 are organized. Since these 
areas are made of convective snow cells, they can be regarded as meso-γ-scale 
convective systems. These features almost agree with those of the Doppler radar 
observation, except for the drastic regeneration of the snowband, presented by 
Kusunoki et al. (2002). 

 

 
Figure 3.12: Time-latitude cross section of qs at z* = 1.77 km along 138ºE simulated by 

the JMA-NHM. The contours are drawn every 0.2 g kg-1 above 0.2 g kg-1. 
 
Figure 3.12 shows the temporal variation of the JMA-NHM-simulated 

snowband. The simulated snowband forms around 11 JST (1-h forecast) and 
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lasts until around 18 JST (8-h forecast), slowly moving southward. As illustrated 
in Fig. 3.12, the JMA-NHM simulates a small snow amount during the first 2 h, 
due to the spin-up problem. An amount of model-simulated snow is also small 
during the last hour of the experiment. In comparison with the observation (Fig. 
3.1b), the simulated snowband forms at a little higher latitude, and the simulated 
snowband propagates southward faster than that of the observation. Because of 
these features of simulated snowband, the distribution of simulated total 
precipitation is wider than that of the observation, while the total amount of 
simulated precipitation is less than that of the observation. However, as shown 
in Fig. 3.12, the movement and longevity of the observed snowband are well 
simulated; therefore, the JMA-NHM successfully reproduces key features of the 
observed snowband. 
 

3.5  Structures of the snowband 

3.5.1 Mean structures 
The time-averaged structures of the simulated snowband are calculated to 

examine its internal structure. The averaged period is between 1330 JST (3.5-h 
forecast) and 1430 JST (4.5-h forecast). The average domain is shifted 
associated with the movement of the snowband, because the snowband moves 
slowly southward. 
  Figure 3.13a shows the time-averaged horizontal structure of qs and 
horizontal airflow pattern in the middle layer around the snowband. The region 
with the qs higher than 0.2 g kg-1 is defined as the snowband. The areas with the 
qs higher than 1.0 g kg-1 are aligned eastward from the center to the southern 
part of the snowband. These areas correspond to developed meso-γ-scale 
systems as shown in Fig. 3.11. The wind direction and speed inside the 
snowband are about west-northwest and about 10 m s-1, respectively. This wind 
speed almost agrees with that observed by the BLR (Fig. 3.7) and that of 
simulated snow cells movement (Fig. 3.11). The horizontal divergence fields in 
the lower and upper layers are shown in Figs. 3.13b and 3.13c, respectively. In 
the lower layer, a line-shaped strong convergence zone is found along the 
northern edge of the snowband, where the divergence is dominant in the upper 
layer. The middle-level horizontal distribution of vertical velocities is shown in 
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Fig. 3.13d. A line-shaped strong updraft zone lies along the northern edge of the 
snowband. This updraft zone corresponds with the lower horizontal convergence 
zone. These features indicate that vertical circulations are situated around the 
snowband. Another line-shaped stronger updraft zone is found at the southern 
part of the snowband, corresponding to the areas the qs higher than 1.0 g kg-1 
(Fig. 3.13a). 
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Figure 3.13: Time-mean horizontal structures of the snowband. The averaged period is 
between 1330 (3.5-h forecast) and 1430 JST (4.5-h forecast). Arrows show horizontal 
wind velocities at each level. (a) qs at z* = 1.77 km. (b) Horizontal divergence at z* = 
0.02 km. (c) Horizontal divergence at z* = 2.88 km. (d) Vertical velocity at z* = 1.32 
km. A bold solid line E−F shows the line along the vertical cross section shown in Fig. 
3.15. 

 
Figure 3.14 shows the vertical profiles of mean horizontal divergence and its 

components (∂u/∂x and ∂v/∂y) in the snowband over the line E−F in Fig. 3.13a. 
It is clear that convergence exists below a height of 1.3 km, and divergence 
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exists above that height. The maximum convergence is found at the lowest level. 
It should be noted that the magnitude of ∂v/∂y is much larger than that of ∂u/∂x 
in the whole layer. This result indicates that the vertical circulations are 
dominant in the band-normal cross section. Hereafter, the vertical structures of 
the snowband will be examined in the band-normal cross section. 
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Figure 3.14: Vertical profiles of horizontal divergence (bold solid line), ∂u/∂x (dot-dashed 

line), and ∂v/∂y (broken line) averaged horizontally and temporally in the region of 
high qs ( ≥ 0.2 g kg-1) in the line E−F in Fig. 3.13a. The averaged period is same as Fig. 
3.13. 
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Figure 3.15: Time-mean structures of the snowband in a vertical cross section on the line 
E−F in Fig. 3.13a. The averaged period is same as Fig. 3.13. Arrows show airflow in 
the vertical cross section. (a) qs. (b) Vertical velocity. (c) Meridional velocity. (d) 
Horizontal divergence. A bold line in (b), (c), and (d) denotes a contour line of the 0.2 
g kg-1 qs in (a). 

 
Figure 3.15 shows the mean structures of the snowband in the band-normal 

cross section along the line E−F in Fig. 3.13a. Figure 3.15a shows the vertical 
cross section of mean qs and airflow patterns. Inside the snowband (i.e., the 
region with qs ≥  0.2 g kg-1), since the distribution of qs has a few peaks, the 
snowband is composed of a few snow cells in the band-normal structure, as 
shown in Fig. 3.11. The vertical cross section of vertical velocity is shown in Fig. 



 48

3.15b. Updraft is dominant inside the snowband. The core of strong updraft 
slants southward with height in the northern part of the snowband. In particular, 
the strongest updraft cores are found at the northern part of the snowband, as 
shown in Fig. 3.13d. This indicates the successive formation of convective cells. 
In contrast, no remarkable downdraft is found in the snowband. A strong updraft 
area is also found at the southern part of the snowband, corresponding to another 
line-shaped strong updraft zone, as shown in Fig. 3.13d. Figure 3.15d shows the 
vertical cross section of horizontal divergence. The low-level convergence and 
the upper-level divergence are simulated in the snowband, as discussed with 
Figs. 3.13b, 3.13c, and 3.14. The strongest convergence is found near the surface 
at the northern edge of the snowband. Figure 3.15c shows the vertical cross 
section of meridional wind velocity. Northerly flows are dominant to the north 
of the snowband under a height of 1 km. In contrast, the meridional winds are 
relatively weak under the snowband. The convergence of these low-level flows 
contributes significantly to the formation of strong updrafts at the northern edge 
of the snowband. These features in the wind structures almost agree with those 
found by the dual-Doppler analysis (Kusunoki et al. 2002).  
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Figure 3.16: Time-mean structures of θ. The averaged period is same as Fig. 3.13. (a) 

Horizontal distribution at z* = 0.02 km. Arrows show horizontal wind velocities. (b) 
Vertical distribution in the same cross section as those in Fig. 3.15. Arrows show 
airflow in the vertical cross section. A bold line denotes a contour line of the 0.2 g kg-1 
qs in Fig. 3.15a. 
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the region of Qs >= 0.2 g/kg
the northern part of the region of 
Qs < 0.2 g/kg
the southern part of the region of 
Qs < 0.2 g/kg

 
Figure 3.17: Mean vertical profiles of θ in the vertical cross section in Fig. 3.16b. The 

bold solid line shows the θ averaged in the region of high qs ( ≥  0.2 g kg-1). The 
dot-dashed line shows the θ averaged in the northern part of the region of low qs (< 0.2 
g kg-1). The broken line shows the θ averaged in the southern part of the region of low 
qs (< 0.2 g kg-1). 

 
Figure 3.16a shows the mean horizontal distribution of θ near the surface. A 

colder air area is found under the snowband, as shown in Fig. 3.13a. The 
boundary between relatively warm northwesterly winds and this colder air area 
corresponds to the line-shaped strong horizontal convergence zone (Fig. 3.13b). 
Figure 3.16b shows the mean vertical distribution of θ. A colder air region is 
found at the lower part of the snowband. This indicates the formation of a cold 
pool. It is noted that, inside the cold pool, the meridional winds are weak (Fig. 
3.15c). The airflow pattern in the band-normal cross section shows that the 
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warmer northerly winds flow over the cold pool. In order to examine the height 
and intensity of the simulated cold pool, the vertical profiles of θ  in and around 
the snowband are shown in Fig. 3.17. In the lowest 500 m, the θ is about 1 K 
lower in the snowband (bold solid line) than in the north (dot-dashed line) and 
south (broken line) side. In comparison with observation (Fig. 3.6), the 
JMA-NHM almost reproduces the features of the observed cold pool; however, 
the height and intensity of the cold pool are slightly underestimated.  
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Figure 3.18: Time-mean structures in the same cross section as Fig. 3.15. The averaged 
period is same as Fig. 3.13. A bold line denotes a contour line of the 0.2 g kg-1 qs in Fig. 
3.15a. (a) Equivalent potential temperature. Arrows show airflow in the vertical cross 
section. (b) The level of free convection (LFC). LFC cannot be calculated in case that 
an air is lifted from the area shaded with dashed lines. 

 
The vertical cross section of equivalent potential temperature (θe) is shown in 

Fig. 3.18a. A low-level northerly flow, with a high θe, produces convectively 
unstable layer to the north of the snowband. This high θe air is produced 
receiving heat and moisture from relatively warm sea surface. Figure 3.18b 
shows the vertical cross section of the level of free convection (LFC). The 
values in Fig. 3.18b denote the distance to LFC from the level of each originated 
point on the panel. The low-level air to the north of the snowband is able to 
reach the LFC by being lifted at a few hundred meters. This indicates that the 
low-level northerly flows tend to generate cumulus convection.  
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Figure 3.19: As for Fig. 3.15 except that different physical parameters are shown. (a) 
Diabatic heating by all processes of cloud microphysics. (b) Diabatic heating by 
condensation and evaporation. (c) Diabatic heating by deposition and sublimation 
related to snow. (d) Diabatic heating by deposition and sublimation related to cloud ice. 

 
The convergence of the low-level northerly flows with a high θe and relatively 

weak winds in the cold pool under the snowband contributes significantly to the 
formation of updraft and cumulus convection at the northern edge of the 
snowband. Therefore, these low-level flows are essential for the development 
and maintenance of the snowband. The source of the northerly flows with a high 
θe is the winter monsoon, to which heat and moisture are received from the 
relatively warm sea surface. Meanwhile, what is the origin of the cold pool? In 
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the following subsection, the origin and role of this cold pool are examined. 
 

0 2 4 6 8 10

 1.0m/s 

20.0m/s

(a) Qs (x 0.1g/kg)

 2

 4
(km)

0   20km

-30 -15 -5 5 15 30

 1.0m/s 

20.0m/s

(c) Div (x 10e-4 /s)          

 2

 4
(km)

0   20km

-75 -45 -15 15 45 75

 1.0m/s 

20.0m/s

(b) W (cm/s)              

 2

 4
(km)

0   20km

 0.5  1.5  2.5  3.5  4.5

 1.0m/s 

20.0m/s

(d) PT (+ 270 K)                

 2

 4
(km)

0   20km
 

Figure 3.20: (a) As for Fig. 3.15a, (b) as for Fig. 3.15b, (c) as for Fig. 3.15c, and (d) as for 
Fig. 3.16b except for the simulation in which the sublimation process of snow is 
removed. A bold line in (b), (c), and (d) denotes a contour line of the 0.2 g kg-1 qs in 
(a). 

 
3.5.2 Origin and role of the cold pool under the snowband 

The formation of the cold pool under the snowband is largely dependent on 
some cloud microphysics processes. Figure 3.19 shows the vertical cross 
sections of diabatic heating through cloud microphysics processes. The 
distribution of total diabatic heating (Fig. 3.19a) shows that the heating is 
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predominant inside the snowband. Especially, the large magnitude of heating in 
the northern part of the snowband indicates the formation of cumulus convection. 
On the contrary, a cooling area is found near the surface. This cooling area 
almost corresponds to the cold pool. This indicates that diabatic cooling 
contributes to the enhancement of the cold pool. The vertical cross sections of 
diabatic heating in three major processes are also shown in Figs. 3.19b, 3.19c, 
and 3.19d. The condensation and deposition of water vapor produce the majority 
of diabatic heating in the snowband (Figs. 3.19b and 3.19c). Meanwhile, the 
sublimation of snow is responsible for the diabatic cooling near the surface (Fig. 
3.19c). The contribution of cloud ice to the total diabatic heating is small (Fig. 
3.19d). 

In order to estimate an effect of snow sublimation on the enhancement of the 
cold pool, a sensitivity experiment was conducted by removing the process of 
snow sublimation from the JMA-NHM. The band-normal vertical cross section, 
depicted from the result of the sensitivity experiment, is shown in Fig. 3.20. The 
cold pool under the snowband does not form (Fig. 3.20d), differently from the 
control experiment (Fig. 3.16b). Therefore, it is concluded that the cold pool is 
produced only through the process of snow sublimation. 

As shown in Fig. 3.20b, an updraft core is simulated around the center of the 
snowband, and its magnitude is nearly two times larger in comparison with that 
in the control experiment (Fig. 3.15b). In the horizontal divergence field (Fig. 
3.20c), the low-level convergence region is found under the center of the 
snowband, differently from the control experiment (Fig. 3.15c). As a result, the 
snowband in the sensitivity experiment overdevelops (Fig. 3.20a). Therefore, the 
cold pool contributes to form the characteristic structures of the snowband, such 
as the horizontal convergence and the updraft at the northern edge of the 
snowband. 
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Figure 3.21: Vertical structures of the snowband in the cross section same as Fig. 3.15 at 
1330 JST (3.5-h forecast). Arrows show airflow in the vertical cross section. (a) qs. (b) 
Vertical velocity. (c) Horizontal divergence. (d) θ. A bold line in (b), (c), and (d) 
denotes a contour line of the 0.2 g kg-1 qs in (a). 

 
3.5.3 Contribution of detailed structures to mean structures of the 

snowband 
As shown in Fig. 3.11, the snowband is composed of several snow cells and 

meso-γ-scale systems. In this subsection, the contribution of each snow cells and 
meso-γ-scale systems to the mean structures of the snowband is examined. 
Figure 3.21 shows the band-normal vertical structure at 1330 JST (3.5-h 
forecast). A few areas with high qs are found in the snowband (Fig. 3.21a). 
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These correspond to snow cells and a meso-γ-scale system. These detailed 
features are unclear in the mean structures (Fig. 3.15a). In the northern part of 
the snowband, small-scale snow cells, with the maximum qs of about 0.8 g kg-1, 
are found in Fig. 3.21a. As shown in Figs. 3.21b and 3.21c, these snow cells are 
accompanied by low-level strong convergence and strong updraft. This indicates 
that they have just formed in the northern part of the snowband. Meanwhile, a 
meso-γ-scale system with higher qs ( ≥  1.0 g kg-1), found in the southern part of 
the snowband, has larger horizontal and vertical scales. The moderate updraft 
found in this system implies that this system is in a mature stage. This updraft 
associated with the meso-γ-scale system forms the line-shaped updraft zone in 
the southern part of the snowband, shown in Fig. 3.13d. The updraft associated 
with the meso-γ-scale system has little relation to the cold pool, in contrast to 
that at the northern edge of the snowband. In the vertical profile of θ (Fig. 
3.21d), the cold pool under the meso-γ-scale system is slightly deeper than that 
under the snow cells. This is because a strong snowfall produced by the 
meso-γ-scale system intensifies the cold pool. 

As described above, the snapshot of the vertical structures shows the detailed 
variations associated with snow cells, and a meso-γ-scale system. However, the 
influence of the variations on the mean structures is not so large. For example, 
although the intensity of the cold pool under the snow cells is weaker than that 
under the meso-γ-scale system, the cold pool under the snow cells is able to 
produce the convergence at the northern edge of the snowband. Therefore, the 
following features shown in the mean structures are also dominant in the 
snapshot; the convergence of the low-level relatively warm northerly flow and 
the cold pool under the snowband generates cumulus convection at the northern 
part of the snowband. 
 

3.6  Discussion 

3.6.1 Formation mechanism of the snowband 
  In Section 3.3, several observations suggested that a land breeze was a trigger 
for the formation of the snowband in the present case. The BLR observations 
show that southerly winds were dominant under a height of 300 m just before 
the snowband formed. Surface observation data indicates that the southerly 
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winds were a land breeze, because they were accompanied by a decline of 
temperature and an increase of pressure. 
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Figure 3.22: (a) Horizontal distribution of θ at z* = 0.02 km on the initial time of the 

JMA-NHM. Arrows show horizontal wind velocities. (b) Vertical-cross section of θ 
along the line G−H in (a). Half-barb, one full barb, and triangle-shaped barb mean 5 
knots, 10 knots, and 50 knots, respectively. 
 

As shown in Fig. 3.1b, the snowband formed around 09 JST. Because the 
initial time of the JMA-NHM is 10 JST, when the snowband had already formed, 
the numerical experiments cannot fully reveal the formation process of the 
snowband. However, the examination of the initial data can suggest the 
formation process of the snowband. Figure 3.22a shows the horizontal 
distribution of θ at the initial time. The low θ region with weak winds is 
distributed in the coastal area of the Hokuriku district. A horizontal convergence 
zone is found between the northwesterly monsoon and weak southerly winds 
around 37.4ºN. The vertical cross section of θ  along the line G−H in Fig. 3.22a 
is shown in Fig. 3.22b. The cold layer found in the coastal area is several 
hundred meters deep, where southerly winds are predominant. This indicates 
that the cold southerly winds are a land breeze. Therefore, since the snowband 
forms on the convergence zone, the land breeze plays an important role for the 
formation process of the snowband. However, the origin and evolution processes 
of the land breeze in this region cannot be examine even using the initial data. 
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They will be examined in a future work. 
As mentioned above, in the initial field (Fig. 3.22a), the horizontal 

convergence zone is located off the coast. As described in Section 3.4, in 
comparison with the observation, the JMA-NHM simulated the snowband at a 
little higher latitude. These results indicate that some errors are included in the 
initial wind field of the JMA-NHM. In this study, the initial condition of the 
JMA-NHM is only provided by the interpolated value of the RSM forecast. It is 
necessary for making a better simulation that the initial condition is improved by 
using some techniques, such as data assimilation. 
 
3.6.2 Maintenance mechanism of the snowband 

In this subsection, let us discuss the role of the cold pool for the maintenance 
mechanism of the snowband. As shown in the preceding section, the cold pool 
produced by snow sublimation contributes significantly to the formation of 
updraft and cumulus convection at the northern edge of the snowband. This 
suggests that the cold pool plays an important role on the maintenance of the 
snowband. The author would like to estimate the contribution of the cold pool to 
the maintenance of the snowband. 

Figure 3.23 shows the time series of hourly accumulated precipitation charts. 
The amount of precipitation in the sensitivity experiment without snow 
sublimation (Fig. 3.23b) is larger than that in the case of the control experiment 
(Fig. 3.23a). This is caused by the increase in the amount of snow without 
sublimation. In the control experiment, the precipitation area associated with the 
snowband slowly shifts southward, as shown in Fig. 3.12. In the sensitivity 
experiment without snow sublimation, the simulated snowband also moves to 
the south, while its traveling speed is faster than that in the control experiment. 
The cold pool is not produced in the sensitivity experiment. These results 
indicate that the cold pool suppresses the southward movement of the snowband. 

In the present snowband, new precipitation cells formed in the upstream side 
of developed ones. This formation has the similar feature to that of the 
back-building type, which is one of squall line types such as that observed in 
Oklahoma in the United States, and classified by Bluestein and Jain (1985). In 
the back-building type, new precipitation cells form upstream of precipitation 
bands. In the present case, however, new cells form along the upstream edge of 
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the snowband. Furthermore, in the present case, the snowband stagnates for a 
long time. Since the intensity of the cold pool is not so strong to produce a 
strong gust, the line-shaped convergence between the cold pool and relatively 
warm northerly flow, over which new convective cells form, stays in almost the 
same place. 
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Figure 3.23: Time series of hourly accumulated precipitation simulated by (a) control 

experiment and (b) sensitivity experiment in which the sublimation process of snow is 
removed. Outputs are shown every 1 h after 5-h forecast. 

 
Many studies suggested that a cold air due to the diabatic cooling through 

sublimation of ice and snow particles plays an important role on the 
self-organization of convection (e.g., Sakakibara et al. 1988b; Ishihara et al. 
1989; Maki et al. 1992; Fujiyoshi et al. 1998). In their studies, the cold air was 
also accompanied by strong downdrafts, and a gust front formed near the surface. 
In the present case, neither strong downdraft nor near-surface strong gust is 
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simulated in the cold layer. Here, it is noted that a weak cold pool, without any 
strong gust, is also able to organize new convection, as shown in the present 
case. 

Figure 3.23b also shows that the snowband lasts in the sensitivity experiment, 
although no cold pool is simulated. This indicates that there are some other 
mechanisms which maintain the snowband by keeping the low-level 
convergence. One of the mechanisms is thought to be the reinforcement of the 
low-level convergence by the strong updrafts that are produced by a great deal 
of latent heat release. As shown in Fig. 3.18a, the northerly flows supply high θe 
air to the snowband. This high θe air is able to reach LFC by being lifted at a few 
hundred meters (Fig. 3.18b). Therefore, it can rise to LFC by developed 
convection, and then latent heat release occurs. As a result, updraft and 
low-level convergence are intensified. This feedback mechanism is able to be 
maintained, because the northerly flows with high θe lasts during the occurrence 
of the snowband. The maintenance mechanism of the convergence, due to the 
latent heat release, was pointed out by Kato and Goda (2001). 

The land breeze, which is a trigger for the formation of the snowband, is 
thought to be another maintenance mechanism of the low-level convergence. 
Ishihara et al. (1989) suggested that the successive formation of snowbands and 
low-level convergence lines was largely dependent on the duration of the land 
breeze circulation. From the BLR observation (Fig. 3.7), a land breeze had 
disappeared until 11 JST. In the simulation, a strong land breeze is not seen at 
that time. However, relatively weak west-southwesterly wind areas are 
distributed to the south of the snowband near the surface (e.g., Fig. 3.16a). In 
this region, since the sea-land temperature contrast is large in winter, the land 
breeze circulation remains, although it becomes weak. 

Around the eastern coastal region of the Hokuriku district, a similar 
mesoscale convergence line was also observed during another period of the 
WMO-01 (Yoshihara et al. 2004). They suggested that a dynamical effect of 
topography was mainly responsible for the formation of the convergence line. 
Since the Hokuriku region is surrounded with a peninsula and high mountains, 
the synoptic-scale winds (e.g., the winter monsoon) can be modified by 
topography. This topographic effect can influence the formation of convergence 
line, even in the present case. 
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In order to estimate the contribution of the cold pool to the formation of 
low-level convergence, the distribution of horizontal divergence near the surface 
in the sensitivity experiment, in which no cold pool is simulated, is compared 
with that in the control experiment. Figure 3.24 shows snapshots of simulated 
horizontal divergence near the surface at 1400 JST (4-h forecast). In the control 
experiment (Fig. 3.24a), line-shaped convergence areas form, as shown in mean 
structures (Fig. 3.13b). In the sensitivity experiment (Fig. 3.24b), convergence 
areas are also simulated. However, their magnitude is smaller than that in the 
control experiment, and their shape is almost cellular, rather than linear. These 
features indicate that the cold pool contributes significantly to the maintenance 
and intensification of line-shaped convergence in the present case. The 
intensification of the convergence, due to the sublimation of snow particles, was 
also pointed out by Fujiyoshi et al. (1988) and Yoshihara et al. (2004). 
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Figure 3.24: Horizontal distributions of horizontal divergence at z* = 0.02 km on 1400 

JST (4-h forecast) simulated by the JMA-NHM (a) with a control experiment and (b) 
with a sensitivity experiment in which the sublimation process of snow is removed. 
Arrows show horizontal wind velocities. 

 
The results of the present study and the previous studies (Ishihara et al. 1989; 

Yoshihara et al. 2004), suggest that low-level convergence lines are generated 
and maintained by various factors along the coastal region of the Hokuriku 
district. They also point out that the strong interaction between low-level 
convergence lines and snowbands influences the formation and maintenance 
mechanisms of the low-level convergence lines. Further studies are necessary to 
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clarify the mechanisms of snowbands around the Hokuriku region. 
 

3.7 Conclusions 
On 16 January 2001 during the WMO-01, a quasi-stationary snowband was 

observed extending from the east of Toyama Bay to the coastal area of the 
eastern Hokuriku district. This snowband was about 150 km long and about 50 
km in width. It stagnated for half a day, and brought a snowfall of about 50 cm 
in this area. Figure 3.25 illustrates schematic depiction of the detailed structures 
and the formation and maintenance mechanisms of the snowband by analyzing 
the simulation results of the JMA-NHM in addition to the special observations 
of the WMO-01. 
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Figure 3.25: Schematic depiction of the structures and the formation and maintenance 

mechanisms of the snowband observed on 16 January 2001. Left figures show the 
horizontal structures of the snowband. The vertical cross sections perpendicular to the 
alignment of the snowband along the line N−S are shown in Right figures. 
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The snowband was simulated by the JMA-NHM with a horizontal grid size of 
1km (JMA-NHM) that was nested within the forecast of the RSM. The 
JMA-NHM successfully reproduced the shape and precipitation intensity of the 
snowband. The simulated snowband contained several snow cells with the 
horizontal scale of a few km, and meso-γ-scale snow systems. These snow cells 
formed in the northern part of the snowband, and propagated east-southeastward. 
The snow cells developed and some of them organized a meso-γ-scale system. A 
line-shaped strong horizontal wind convergence zone was simulated at the 
northern edge of the snowband, where cumulus convection formed. These 
features are almost in common with those analyzed by dual-Doppler 
observations.  

A weak cold pool was observed under the snowband by upper-air soundings. 
This cold pool was well reproduced by the JMA-NHM. A sensitivity experiment 
confirmed that the diabatic cooling, due the sublimation process of snow 
particles, was responsible for the formation of the cold pool. The convergence 
between the cold pool and a low-level northerly flow with a high θe to the north 
of the snowband contributed significantly to the formation of strong updraft and 
cumulus convection at the northern edge of the snowband. Therefore, these 
low-level flows are essential for the development and maintenance of the 
snowband. 

The BLR and surface meteorological observations show that a land breeze 
could be a trigger for the formation of the present snowband. This was 
ascertained by examining the initial data of the JMA-NHM. The remarkable 
land breeze was not maintained during the existence of the snowband in both the 
observation and the simulation. The sensitivity experiment showed that the cold 
pool compensated for the weakened land breeze and contributed to the 
maintenance of the horizontal convergence. 
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Chapter 4 
 
Structure and formation mechanism of transversal 
cloud bands associated with the JPCZ cloud band 
on 14 January 2001 
 
 

4.1 Introduction 
As mentioned in Chapter 1, the structure and the formation mechanism of the 

transversal cloud bands in the JPCZ cloud band are not yet clear. Moreover, it 
has been shown in the previous chapter that the snowband formed along the 
coastal region where the transversal cloud bands landed, suggesting that the 
transversal cloud bands is related to the snowband. During the WMO-01, the 
JPCZ cloud bands formed frequently. A typical JPCZ cloud band was observed 
by an instrumented aircraft off the coast of the San-in district on 14 January 
2001. In this observation, cloud features were captured by an airborne CPR 
(SPIDER). In addition, the simulation of the observed JPCZ cloud band was 
performed using the JMA-NHM.  

The purpose of this chapter is to clarify the characteristics (e.g., spacing, 
depth, and orientation), the kinematic and thermodynamic structures, and the 
formation mechanism of the transversal cloud bands in the JPCZ cloud band 
observed on 14 January 2001, by analyzing data provided by the special 
observations of the WMO-01 and the simulation results of the JMA-NHM with 
a horizontal resolution of 1 km. An overview of the JPCZ cloud band on 14 
January 2001 is presented in Section 4.2. Detailed structures of the JPCZ cloud 
band and its environmental fields are described in Section 4.3, based on the 
special observations of the WMO-01. In Section 4.4, a numerical experiment is 
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conducted using the JMA-NHM. The simulated JPCZ cloud band is compared 
with the observation. An examination of simulation results is focused on the 
transversal cloud bands. The structure and the formation mechanisms of the 
transversal cloud bands are discussed in Section 4.5. The conclusions are 
presented in the last section. 
 

(a) Surface                     0900 JST  14 January 2001 (b) 850 hPa

(c) 500 hPa
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Figure 4.1: Weather maps provided by the JMA at 0900 JST on 14 January 2001. (a) At 

the surface, pressure is contoured by solid lines every 4 hPa. Half, full, and 
triangle-shaped barbs mean 5 knots, 10 knots, and 50 knots, respectively. (b) At 850 
hPa, geopotential height is contoured by solid lines every 50 m; temperature is 
contoured by dashed lines every 3ºC; the wet areas (T−Td < 3ºC) are dotted. (c) At 500 
hPa, geopotential height is contoured by solid lines every 60 m; temperature is 
contoured by dashed lines every 3ºC. 
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Figure 4.2: GMS-5 visible image at 1500 JST on 14 January 2001. The rectangle 

corresponds to the display area in Figs. 4.4a and 4.4c. Two dashed lines denote the 
boundaries of the JPCZ cloud band. 

 

4.2 The JPCZ cloud band on 14 January 2001 
Figure 4.1 shows the weather maps at 0900 JST on 14 January 2001. A 

developing extratropical cyclone with fronts exists over the Pacific Ocean to the 
east of Japan (Fig. 4.1a). This extratropical cyclone formed over the East China 
Sea around Taiwan on 13 January and moved east-northeastward over the 
Pacific Ocean along the southern coast of the Japanese Islands. Between the 
cyclone and a high-pressure zone over the continent, the contours of sea level 
pressure around Japan lie in a south-north direction. This pressure pattern often 
appears during the winter monsoon season, showing that there is an outbreak of 
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cold air from the Eurasian Continent over the Sea of Japan. At a level of 850 hPa 
(Fig. 4.1b), the isometric lines (solid lines) are almost normal to the isotherms 
(dashed lines) over the Sea of Japan. This feature denotes that the advection of a 
cold air was caused in this area. At a level of 500 hPa (Fig. 4.1c), a cold air mass 
with the temperature less than –33ºC covers most of the Sea of Japan. An 
eastward moving trough is situated over the Sea of Japan off the coast of the 
northern part of the Japanese Islands. Another trough with the minimum 
temperature of –42ºC is found over the Bohai Sea. After that, this trough moved 
eastward and passed over the Sea of Japan. At 0900 JST on 15 January (not 
shown), it reached over the Tohoku and Hokuriku districts. 

Figure 4.2 shows the GMS-5 visible image at 1500 JST on 14 January 2001. 
Many convective clouds are found over the Sea of Japan as a consequence of 
heat and moisture supply to a continental cold air mass from the sea surface with 
the relatively high SST. The JPCZ cloud band with a width of 200−300 km is 
distributed over the Sea of Japan from the base of the Korean Peninsula to 
Wakasa Bay. A remarkably developed convective cloud band is found along the 
southwestern edge of the JPCZ cloud band. Transversal cloud bands extending 
to the northeast from the developed convective cloud band are also found in the 
JPCZ cloud band. Many cloud streets are distributed on both sides of the JPCZ 
cloud band. 

A time series of the GMS-5 infrared images are shown in Fig. 4.3 for the 
period from 2100 JST on 13 January 2001 to 0300 JST on 15 January 2001. At 
2100 JST on 13 January (Fig. 4.3a), the JPCZ cloud band extended from the 
base of the Korean Peninsula to the Hokuriku and Tohoku districts. The areas 
with low brightness temperature (TB) are distributed off the coast of the 
Hokuriku district, where clouds developed under the upper-level trough (see Fig. 
4.1c). Associated with the northeastward propagation of the trough, these areas 
gradually moved to the Tohoku and Hokuriku districts and disappeared (Figs. 
4.3b−d). Meanwhile, the downstream part of the JPCZ cloud band shifted to the 
southwest (Figs. 4.3a−c). Then, the JPCZ cloud band has remained 
quasi-stationary (Figs. 4.3c and 4.3d). Associated with the eastward propagation 
of the above-mentioned second trough located over the Bohai Sea at 0900 JST 
on 14 January (Fig. 4.1c), the JPCZ cloud band had gradually developed. At 
2100 JST on 14 January (Fig. 4.3e), the low TB areas were found in the 
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southeastern part of the JPCZ cloud band, indicating the development of the 
JPCZ cloud band. These low TB areas extended northeastward, causing a heavy 
snowfall in the Hokuriku district (Fig. 4.3f). The movement and intensification 
processes of the present JPCZ cloud band have been examined by Ohigashi and 
Tsuboki (2007). 

 

 
Figure 4.3: Time series of the GMS-5 infrared images every 6 h for the period from 2100 

JST on 13 January 2001 to 0300 JST on 15 January 2001. The bold lines in (d), (e), and 
(f) denote the developed convective cloud band. The dashed ellipses in (d), (e), and (f) 
present the area with relatively smaller cloud coverage in the JPCZ cloud band. 

 

4.3 Observational characteristics of the JPCZ cloud band 
In this chapter, the author will focus on the characteristics of the cloud bands 

embedded in the JPCZ cloud band during the quasi-stationary period of the 
JPCZ cloud band when the aircraft observation was conducted (Figs. 4.2 and 
4.3d). Figure 4.4a shows the zoomed-up image in the rectangle of Fig. 4.2 to 
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examine the detailed cloud features around the aircraft observation area. 
Transversal cloud bands extending in a northeast-southwest direction are 
embedded in the JPCZ cloud band. Figure 4.4b shows the zoomed-up image in 
the rectangle of Fig. 4.4a to measure the spacing and the orientation of the 
transversal cloud bands. Averaged band spacing is calculated by counting the 
number of bands within an interval (100 km) perpendicular to the axis of bands 
(e.g., Miura 1986). The averaged band spacing is estimated at 8−10 km in the 
northeastern part of the transversal cloud bands and at 11−14 km in the 
southwestern part of the transversal cloud bands. There is a tendency for the 
band spacing to increase toward the southwest. The mean orientation of the 
transversal cloud bands, which is expressed in degrees from true north, is 
estimated at about 50º. Detailed features of the developed convective cloud band 
along the southwestern edge of the JPCZ cloud band is also examined using Fig. 
4.4a. The developed convective cloud band is not only single straight cloud band. 
It consists of line-shaped and arc-shaped cloud bands with a length of about 50 
km.  

Figure 4.4c is the same as Fig. 4.4a, but for the GMS-5 infrared image. The 
areas with lower TB are observed in the developed convective cloud band. This 
suggests that the developed convective cloud band contained developed cumuli 
or cumulonimbi (e.g., Yagi 1986). In the southeastern part of the developed 
convective cloud band, the areas with lower TB are broader (see the dotted 
ellipse in Fig. 4.4c). This suggests that the anvil-like clouds formed around the 
developed convective cloud (e.g., Yagi 1986), although the extent of the 
anvil-like clouds is small. The areas with lower TB are also found in the 
southwestern part of the transversal cloud bands, indicating that the transversal 
cloud bands well developed. Note that an area with relatively smaller cloud 
coverage is found in the transversal cloud bands around the developed 
convective cloud band (see the dashed ellipses in Figs. 4.4a and 4.4c). The 
transversal cloud bands separate partly from the developed convective cloud 
band around this area. 
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Figure 4.4: (a) GMS-5 visible image at 1500 JST on 14 January 2001. A line SW−NE 

shows the flight track of the instrumented aircraft. The locations of the Chofu-Maru 
and the Seifu-Maru, the observational vessels operated by the JMA, at 1500 JST are 
indicated by symbols of “C” and “S”, respectively. (b) The zoomed-up image in the 
rectangle in (a). (c) GMS-5 infrared image at 1500 JST on 14 January 2001. The dotted 
ellipse in (c) denotes the area with relatively broader part of the developed convective 
cloud band. The dashed ellipses in (a) and (c) show the area with relatively smaller 
cloud coverage in the JPCZ cloud band. 

 
The instrumented aircraft (Gulfstream-II) was operated over the JPCZ cloud 

band in a southwest-northeast direction at a height of 5.6 km along the line 
SW−NE in Fig. 4.4a. The flight track with a length of about 200 km is almost 
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normal to the JPCZ cloud band; therefore, it is almost parallel to the transversal 
cloud bands. SPIDER measurement with a downward-looking mode was 
conducted from the Gulfstream-II. SPIDER is a W-band (95 GHz) multi- 
parameter radar developed by the National Institute of Information and 
Communications Technology (NICT). The vertical resolution is 150 m. SPIDER 
is sensitive enough to detect small cloud and ice particles with a diameter of ~10 
μm. The Gulfstream-II also performed in situ measurements along a 
“lawnmower” flight track, consisting of four southwest-northeast flight legs at 
different heights (2.7, 2.0, 1.1, and 0.3 km). Each individual flight leg was 
100−150 km long in the line SW−NE around the transversal cloud bands. 
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Figure 4.5: Time-height cross section of reflectivity measured with SPIDER installed in 

the Gulfstream-II that flew at a height of 5.6 km along the line SW−NE shown in Fig. 
4.4a. The inner vertical axis indicates the range from the radar. The outer vertical axis 
indicates the height from the surface. The ranges of 0 m and 5600 m denote the height 
of 5600m and the surface, respectively. The dashed ellipse denotes weaker radar 
echoes assumed as the anvil-like clouds. The white line between SW2 and NE 
indicates the flight leg at a height of 5.6 km shown in Fig. 4.6. 

 
Figure 4.5 shows the vertical cross section of radar reflectivity measured with 

SPIDER. Between 1437 JST and 1442 JST, tallest radar echoes with a top height 
of 4.2 km are observed, corresponding to the developed convective cloud band 
in the JPCZ cloud band. Between 1436 JST and 1438 JST, weaker radar echoes 
are found between 2.7 km and 3.8 km in height (see the dashed ellipse in Fig. 
4.5). They look like anvil clouds extending from the top of the well-developed 
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clouds in the developed convective cloud band. Between 1420 JST and 1432 
JST, radar echoes are continuously captured, corresponding to the transversal 
cloud band. The radar echoes slant northeastward with height between 1426 JST 
and 1432 JST, and their axes are slanted about 60º from the vertical. The top 
heights of radar echoes are 2.5 km around the northeastern edge (point NE) of 
the radar coverage, and they gradually increase toward the southwest and 
reached 3.4 km between 1426 JST and 1430 JST. Between 1432 JST and 1436 
JST, sparse radar echoes are found, corresponding to the area with relatively 
smaller cloud coverage, as shown in Figs. 4.4a and 4.4c. Radar echoes with a 
top height of ~3.3 km are observed after 1443 JST, corresponding to cloud 
streets on the southwestern side of the JPCZ cloud band. 
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Figure 4.6: Vertical cross section of 1-min averaged horizontal wind velocities observed 
along the flight legs. Wind barbs point in the direction "toward" which the wind is 
blowing. The scale of wind speed is denoted on the upper-right side. Numbers shown 
along each flight leg indicates times of observations (JST). The horizontal axis 
indicates the distance from the point SW shown in Fig. 4.4a. 



 72

Figure 4.6 shows horizontal wind velocities observed along the flight legs in 
the vertical cross section. The wind direction changes from southwest to west 
and to northwest−north-northwest as the height decreases from 2.7 to 0.3 km. 
This indicates that a strong vertical wind shear existed in the area with the 
transversal cloud bands. Below a height of 2.0 km, the wind direction at each 
level changes from west-southwest−west-northwest to west-northwest−north- 
northwest along the flight legs. 
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Figure 4.7: Vertical profiles of potential temperature (thick lines) and equivalent potential 

temperature (thin lines) obtained by upper-air soundings from the Chofu-Maru (solid 
lines) and the Seifu-Maru (dot-dashed lines) at 1500 JST on 14 January 2001. 

 
Figure 4.7 shows the thermodynamic structures observed by upper-air 

soundings from two observation vessels (Chofu-Maru and Seifu-Maru) at 1500 
JST on 14 January. As shown in Fig. 4.4a, the Chofu-Maru was located around 
the southwestern edge of the transversal cloud bands near the developed 
convective cloud band, while the Seifu-Maru was located around the 



 73

northeastern edge of the area with the transversal cloud bands near the cloud 
streets. Over the Chofu-Maru, a convective mixed layer with constant θe 
developed from the surface to a height of 3.9 km. A convectively unstable layer 
is observed from the surface to a height of 1.0 km. A strong stable layer is found 
from a height of 3.9 km to 4.1 km. On the other hand, over the Seifu-Maru, a 
mixed layer developed from the surface to a height of 2.0 km. A convectively 
unstable layer is also observed from the surface to a height of 0.8 km. A strong 
stable layer is found between a height of 2.0 km and 2.2 km. The mixed layer on 
the southwestern side of the transversal cloud bands developed higher than that 
on the northeastern side, which is consistent with the tendency of the cloud top 
heights observed by SPIDER shown in Fig. 4.5. The potential temperature in the 
mixed layer over the Chofu-Maru was about 5 K higher than that over the 
Seifu-Maru. 
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Figure 4.8: Hodographs of horizontal winds obtained by upper-air soundings from the 

Chofu-Maru (bold line) and the Seifu-Maru (dot-dashed line) at 15 JST on 14 January 
2001. Dots are plotted at 0.5-km intervals. The symbol of “sfc” indicates the surface. 
Heights from the surface are labeled in km, every 1 km. 
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Figure 4.8 shows hodographs of horizontal winds in the mixed layer over the 
two vessels at 15 JST on 14 January. Over the Chofu-Maru, the wind direction 
rotates counterclockwise with height from the northwest to the west-southwest 
below a height of 3 km, although it rotates clockwise a little with height from a 
height of 3 km to 4 km. The direction of the vertical wind shear vector from the 
surface to the top height of the mixed layer (3.9 km) was 43º with respect to true 
north in the clockwise sense. The direction of the vertical wind shear vector is 
hereafter expressed in the same manner as above. Its magnitude was observed as 
5 ×  10-3 s-1. The wind direction also rotates counterclockwise with height from 
the north-northwest to the west over the Seifu-Maru. The direction and 
magnitude of the vertical wind shear vector in the mixed layer (2.0 km) were 43º 
and 7 ×  10-3 s-1, respectively. The counter-clockwise rotation of the wind 
direction with height was also observed by in situ aircraft observations (Fig. 4.6). 
It should be noted that the orientation of the transversal cloud bands is almost 
parallel to the direction of the vertical wind shear vector. 
 

4.4 Numerical simulation 

4.4.1 Experimental design 
  The general characteristics of the JMA-NHM simulation as well as the 
specific options chosen in this chapter are summarized in Table 4.1. They are 
almost same as those shown in Table 3.1, except for the initial time, the forecast 
period and domain. This experiment is conducted in area with 2000 km2, which 
is large enough to cover throughout the JPCZ cloud band. The domain and 
topography of the experiment is shown in Fig. 4.9. Cloud microphysics scheme 
is only used for the moist process in the same way as Chapter 3. The initial and 
boundary conditions are provided from the forecasts of the RSM. The boundary 
conditions are given by interpolating hourly forecast of the RSM. Daily analysis 
of the SST with 1.0º latitude/longitude resolution (JMA 2002) is used for a lower 
boundary condition in sea areas. 
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Table 4.1: Specification of the JMA-NHM and the experimental configurations in 
Chapter 4 

Initial time 1000 JST, 14 January, 2001 
Time step 5 s 
Forecast period 6 h 
Horizontal mesh
(resolution) 

2000 ×  2000 (1 km) 

Levels  38 terrain-following stretched levels from 40 m to 1090 
m 

Model top 20.36 km 
Moist physics bulk scheme, three-class ice (Ikawa and Saito 1991 

based on Lin et al. 1983, Murakami 1990 and Cotton et 
al. 1986) 

Surface Bulk method (Ikawa and Saito 1991 based on Kondo 
1975 and Sommeria 1976) 

Turbulence Diagnostic TKE scheme (Ikawa and Saito 1991 based 
on Deardorff 1980) 

Radiation Long and short wave radiation scheme for cloud optical 
properties with empirical constant (Saito et al. 2001 
based on Sugi et al. 1990) 
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Figure 4.9: Domain and topography of numerical simulation. 
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Figure 4.10: Horizontal distributions of vertically integrated total condensed water 

content (kg m-2) simulated by the JMA-NHM at 1500 JST on 14 January 2001 (5-h 
forecast). The rectangle corresponds to the display area in Fig. 4.11. Two dashed lines 
denote the boundaries of the JPCZ cloud band. 

 
4.4.2 Comparison of simulation with observation 
  The initial time of the JMA-NHM is 1000 JST on 14 January 2001 (1-h 
forecast of the RSM), which is about 5 h before the aircraft observations. In the 
initial field (not shown), the JPCZ was presented over the Sea of Japan from the 
base of the Korean Peninsula to Wakasa Bay. The calculation is performed for 6 
h until 1600 JST on 14 January 2001, which is about 1 h after the aircraft 
observations. The simulated JPCZ cloud band has remained quasi-stationary 
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between forecast time (FT) = 4 and 6 h (not shown) after spin up time of the 
JMA-NHM, which is the time required to produce a realistic amount of cloud 
and precipitation particles in the beginning of the forecast period. Therefore, 
simulation results at FT = 5 h (1500 JST on 14 January 2001), which is near the 
time of the aircraft observations, are only presented here. 

Figure 4.10 shows the horizontal distribution of vertically integrated total 
condensed water content simulated by the JMA-NHM at 1500 JST. Total 
condensed water refers to the sum of cloud water, cloud ice, rain, snow, and 
graupel. The JMA-NHM successfully reproduces cloud features around the Sea 
of Japan observed by the GMS-5 (Fig. 4.2). The JPCZ cloud band extending 
southeastward from the base of the Korean Peninsula is well-reproduced. Cloud 
streets are also simulated on both sides of the JPCZ cloud band.  
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Figure 4.11: Horizontal distributions of vertically integrated total condensed water 

content (kg m-2) simulated by the JMA-NHM at 1500 JST on 14 January 2001 (5-h 
forecast). The line SW′−NE′ is the flight track of the instrumented aircraft, same as the 
line SW−NE shown in Fig. 4.4. The locations of the Chofu-Maru and the Seifu-Maru 
at 1500 JST are indicated by the symbols of “C′” and “S′”, same as “C” and “S”, 
respectively, in Fig. 4.4. The rectangle corresponds to the display area in Fig. 4.15. 
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The zoomed-up image in the rectangle of Fig. 4.10, the same area as that in 
Fig. 4.4, is shown in Fig. 4.11 to examine the detailed structures of the 
model-simulated JPCZ cloud band. The JMA-NHM successfully reproduces 
characteristics of the cloud bands embedded in the JPCZ cloud band that are 
found in the GMS-5 observations (Fig. 4.4a): the developed convective cloud 
band along the southwestern edge of the JPCZ cloud band and the transversal 
cloud bands extending to the northeast from the developed convective cloud 
band. Moreover, the spacing between the simulated transversal cloud bands and 
their orientation are similar to those observed by the GMS-5 (Fig. 4.4a). The 
area with relatively smaller cloud coverage (see dashed ellipses in Figs. 4.4a, 
4.4c) is reproduced around the developed convective cloud band. Cloud streets 
around the JPCZ cloud band are also reproduced on the southwestern side of the 
developed convective cloud band. 
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Figure 4.12: Vertical cross section of mixing ratio of simulated total condensed water (g 

kg-1) along the line SW′−NE′ shown in Fig. 4.11 at 1500 JST on 14 January 2001. 
Wind barbs denote horizontal wind velocity; half, full, and triangle-shaped barbs mean 
2.5 m s-1, 5 m s-1, and 25 m s-1, respectively. 

 
Figure 4.12 shows the vertical cross section of the simulated total condensed 

water mixing ratio along the line SW′−NE′ shown in Fig. 4.11. The horizontal 
axis in Fig. 4.12 indicates distance from the point SW′. The developed 
convective cloud band corresponds to the tallest simulated cloud with a top 
height of 3.8 km between a distance of 70 km and 120 km. The transversal cloud 
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band is simulated between a distance of 140 km and the point NE′. The 
cloud-top height gradually becomes higher toward the southwest from 2.5 km 
around the point NE′ to 3.3 km around a distance of 180 km to 220 km. The 
clouds in the simulated transversal cloud band tilt northeastward with height 
between a distance of 180 km and the point NE′. The axes of clouds are slanted 
about 50º from the vertical. The sparse cloud area is also simulated between a 
distance of 120 km and 140 km. The cloud streets with a top height of 3.2 km 
are simulated between the point SW′ and a distance of 40 km. These 
characteristic features of the simulated clouds almost correspond to those 
obtained from the SPIDER observations shown in Fig. 4.5, although the 
cloud-top heights are a little lower than the observation. Anvil-like clouds are 
not found around the top of the well-developed clouds in the simulated 
developed convective cloud band. 
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Figure 4.13: Vertical profiles of potential temperature (thick lines) and equivalent 

potential temperature (thin lines) at the point C′ (solid lines) and the point S′ 
(dot-dashed lines) in Fig. 4.11. 
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Horizontal wind velocities in the vertical cross-section are also shown in Fig. 
4.12. The wind direction in the mixed layer rotates counterclockwise with height 
from the northwest to the southwest in the area with the transversal cloud bands, 
denoting the existence of the strong vertical wind shear. These features almost 
agree with those of the in-situ aircraft observations (Fig. 4.6). 

Figure 4.13 shows the simulated thermodynamic structures at the same time 
and location as those of upper-air soundings from two observation vessels (Fig. 
4.7). The depth of the simulated mixed layer is 3.3 km over the same location of 
the Chofu-Maru (“C′” in Fig. 4.11). A strong stable layer is found from a height 
of 3.3 km to 3.8 km. A convectively unstable layer is simulated from the surface 
to a height of 0.4 km. On the other hand, the depth of the simulated mixed layer 
is 1.5 km over the same location of the Seifu-Maru (“S′” in Fig. 4.11), and a 
strong stable layer is found between a height of 1.5 km and 1.8 km. A 
convectively unstable layer is simulated from the surface to a height of 1.2 km. 
Compared with observations (see Fig. 4.7), the depths of the simulated mixed 
layer are a little shallower at both points. However, the JMA-NHM fairly 
reproduces qualitative characteristics of the observed thermodynamic structures. 

Figure 4.14 shows the hodographs of the simulated horizontal wind in the 
mixed layer at the same time and location as those in Fig. 4.13. Over the same 
location of the Chofu-Maru, the wind direction rotates counterclockwise with 
height from the northwest to the west-southwest below a height of 3 km. This 
feature corresponds to that obtained from upper-air sounding (Fig. 4.8). 
However, the wind direction largely rotates clockwise with height from the 
southwest to the west above a height of 3 km. This difference between the 
observation and the simulation could be caused by the shallower depth of the 
simulated mixed layer (Fig. 4.13). It is also possibly caused by the shift of the 
rawinsonde advected by the horizontal wind. The simulated wind speed near the 
surface is a little weaker than the observation. The direction and magnitude of 
the vertical wind shear vector from the surface to the top height in the simulated 
mixed layer are estimated at 52º and 4 ×  10-3 s-1, respectively. The same 
characteristic features of the simulated wind direction are found over the 
location of the Seifu-Maru. The direction and magnitude of the vertical wind 
shear vector in the simulated mixed layer are estimated at 52º and 8 ×  10-3 s-1, 
respectively. These results are similar to the observation. Moreover, the 
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simulation results also show that the vertical wind shear vector is almost parallel 
to the orientation of the transversal cloud bands. 
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Figure 4.14: Hodographs of the winds at the point C′ (bold line) and the point S′ 

(dot-dashed line) in Fig. 4.11. Dots are plotted at 0.5-km intervals. The symbol of “sfc” 
indicates the surface. Heights from the surface are labeled in km, every 1 km. 

 
As described above, the JMA-NHM successfully reproduces the qualitative 

characteristics of the observed JPCZ cloud band. Therefore, the structure and 
formation mechanisms of the transversal cloud bands are examined from the 
simulation results in the next subsection. However, there are some quantitative 
differences between the observation and the simulation results. As mentioned 
above, the JMA-NHM underestimates a depth of the mixed layer in comparison 
with the observations. This underestimation could be brought about from the 
lack of the horizontal resolution in this numerical experiment or the weak 
diffusion in the simulated planetary boundary layer. Weaker diffusion cannot 
cause enough downward transportation of the upper-level large momentum and 
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upward transportation of moisture from the surface; therefore, the 
underestimation of a depth of the convective mixed layer could be caused by the 
weaker diffusion. 
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Figure 4.15: Horizontal distributions of simulated vertical velocity (m s-1) at a height of 

0.52 km at 1500 JST on 14 January 2001. 
 
4.4.3 Structures of the transversal cloud bands 

Figure 4.15 show the vertical velocity field at a height of 0.52 km in the area 
of the transversal cloud bands. Cellular and wavelike patterns are found in the 
vertical wind field, which well correspond to cloud patterns detected from the 
total condensed water field (Fig. 4.11). Wavelike patterns are evident in the 
northeastern part of the transversal clouds, and they gradually become obscure 
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toward the southwest. 
In order to examine the structures of the transversal cloud bands, the author 

defines a Cartesian coordinate system (x, y, z) with the x and y axes normal and 
parallel to the transversal cloud bands, respectively (see Fig. 4.15). The x and y 
axes almost points southeastward and northeastward, respectively. The z axis 
goes vertically upward. Using anelastic approximation for simplicity, the 
momentum equation in the (x, y, z) coordinate system is written in the form as 

,
0

Dk1vkv
++∇−=×+ bpf

dt
d

ρ
            (1) 

where v = (u, v, w) denotes the Cartesian wind components, k is the unit vector 
in the z direction, f is the Coriolis parameter, p and b are pressure and buoyancy 
deviations, respectively, from their basic hydrostatic state, and D is the 
parameterized subgrid-scale transport. Here, ρ0 is the density of basic state and 
is the horizontal area average over the full domain shown in Fig. 4.15. Density 
ρ is defined as the sum of the masses of moist air and the condensed water 
substances per unit volume. The buoyancy deviation b is defined as 

,/)( 00 ρρρ −−≡ gb  where g is the magnitude of the gravitational acceleration. 
  Since the wavelike structure is dominant in the x-direction, it is convenient to 
decompose the variables into x averages and deviations from them (e.g., 
Kawashima and Fujiyoshi 2005; Kawashima 2007). A given variable φ  is 
decomposed as  

),,,,(),,(),,,( tzyxtzytzyx φφφ ′+=               (2) 

where the overbar represents the value averaged in x-direction over the full 
domain width (~200 km) in Fig. 4.15 and the prime represents the deviation 
from that average and will be referred to as the eddy part of φ . The value 
averaged horizontally over the full domain shown in Fig. 4.15 is also defined as 

),( tz
xy

φ . 
Figure 4.16a shows the vertical profiles of mean cross-band horizontal 

velocity ( xy
u ) and mean along-band horizontal velocity ( xy

v ). The mean 
along-band wind has a profile with positive vertical shear, which almost points 
northeastward, below a height of 3 km. An inflection point is also found around 
a height of 1.5 km in the vertical profile of xy

v . There is no remarkable vertical 
shear below a height of 3.5 km in the vertical profile of xy

u . The vertical 
profiles of mean thermodynamic structures are shown in Fig. 4.16b. There is an 



 84

instability layer below a height of 1 km. 
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Figure 4.16: (a) Vertical profiles of mean cross-band horizontal velocity (
xy

u ) and mean 
along-band horizontal velocity (

xy
v ).The variables are averaged horizontally over the 

full domain shown in Fig. 4.15. (b) Same as (a), except for mean potential temperature 
(

xy
θ ) and mean equivalent potential temperature ( xy

eθ ). 
 
Figure 4.17 shows the eddy parts of vertical velocity ( w′ ), buoyancy (b′ ), 

cross-band horizontal velocity (u′ ), and along-band horizontal velocity (v′ ) in 
the vertical cross-sections along the line X0−X1 in Fig. 4.15. The magnitude of 
w′  is large between a height of 0.2 km and 1.5 km (Fig. 4.17a). Updraft cores 
are associated with the large mixing ratio of total condensed water. The averaged 
spacing between updraft cores is estimated at 8 km. The eddy part of buoyancy 
(b′ ) is nearly in phase with w′  (i.e., 0>′′wb ) below a height of 0.5 km (Fig. 
4.17b), where amplitude of b′  is large in the instability layer (see Fig. 4.16b). 
This indicates that the kinetic energy of the perturbation is created by thermally 
direct flow perturbations through the upward transport of heat. The magnitude of 
u′  is largest near the surface (not shown). In this cross section, a phase shift of ~ 
90º is found between w′  and u′  below a height of 1.5 km (i.e., 0~wu ′′ ), 
where streamlines of eddy velocities ( u′ , w′ ) in the cross section form roll 
circulations (Fig. 4.17c). The eddy part of the along-band velocity ( v′ ) is almost 
in antiphase with w′  (i.e., 0<′′wv ) below a height of 1.5 km (Fig. 4.17d). This 
indicates that the kinetic energy of the mean along-band wind is transferred to 
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the perturbation through the downward transport of along-band momentum 
because the mean along-band wind has a profile with positive vertical shear 
below a height of 3 km (Fig. 4.16a). 

 
(a) eddy vertical velocity (ms-1) (b) eddy buoyancy (x 10-3 kgm-2s-2)

(c) streamlines of eddy flows (d) eddy along-band velocity (ms-1)

Y

Y

Y

Y  
Figure 4.17: Vertical cross sections along the line X0−X1 in Fig. 4.15 showing the eddy 

parts of (a) vertical velocity ( w′ ; 0.5 m s-1 contour interval), (b) buoyancy (b′ ; 5 ×  
10-3 kg m-2 s-2 contour interval), (c) streamlines of eddy velocity vectors ),( wu ′′ in the 
plane of the cross section, and (d) along-band velocity ( v′ ; 1.0 m s-1 contour interval). 
The variables are averaged in y over the 10-km width across the line X0−X1. The 
regions enclosed by the thick contours in (a) represent the area where the mixing ratio 
of total condensed water exceeds 0.1 g kg-1. The eddy parts of vertical velocity greater 
than 0.3 m s-1 (less than −0.3 m s-1) is heavily (lightly) shaded in (b) and (d). The 
symbol of “Y” indicates the location of the line Y0−Y1 in Fig. 4.15. 

 
The vertical cross sections parallel to the transversal cloud bands along the 

line Y0-Y1 in Fig. 4.15 are shown in Fig. 4.18. The cross sections are located in 
the upward branch of the roll circulation shown in Fig. 4.17c. As shown in Fig. 
4.17a, updraft cores are distributed below a height of 2 km and are associated 
with the large mixing ratio of total condensed water (Fig. 4.18a). The clouds 
slant with height toward the downshear-side (see Fig. 4.16a). The 
downwshearward tilt of the clouds is caused by the differential advection due to 
the vertical shear of the mean along-band wind. The distribution of v′  (Fig. 
4.18b) shows that negative along-band velocities are found in the clouds as 
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found in the cross-band vertical cross sections (Fig. 4.17d). The streamlines of 
eddy velocities in the cross section have an upshearward tilt with height (Fig. 
4.18c). In the cross section located in the downward branch of the roll 
circulation, streamlines of positive v′  and negative w′  also have an 
upshearward tilt with height (not shown). This indicates that the roll circulations 
formed of the eddy velocities tilt with height toward the upshearside. The 
direction is opposite to the slant direction of the clouds. Note that the vertical 
velocity perturbation field also exhibits wavelike structures above a height of 2 
km (Fig. 4.18a). The disturbances are gravity waves generated by convection. 

 
(a) eddy vertical velocity (ms-1)

(b) eddy along-band velocity (ms-1)

(c) streamlines of eddy flows

 
Figure 4.18: Vertical cross sections along the line Y0−Y1 in Fig. 4.15 showing the eddy 

parts of (a) vertical velocity ( w′ ; 0.5 m s-1 contour interval), (b) along-band velocity 
( v′ ; 1.0 m s-1 contour interval), and (c) streamlines of eddy velocity vectors ),( wv ′′ in 
the plane of the cross section. The regions enclosed by the thick contours represent the 
area where the mixing ratio of total condensed water exceeds 0.2 g kg-1. 

 
As stated above, the perturbation analysis shows that the transversal cloud 

bands are accompanied by roll circulations. The characteristics of the roll 
circulations shown in Figs. 4.17 and 4.18 are also found in the other place where 
the transversal cloud bands are present. However, the roll circulations become 
deep and wide toward the southwestern part of the area with the transversal 
cloud bands, as the mixed layer becomes deep. 
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4.4.4 Energetics of the roll circulations 
To investigate the mechanism responsible for the formation of the roll 

circulations, the eddy kinetic energy (EKE) budget analysis is conducted in this 
subsection (e.g., Kawashima and Fujiyoshi 2005; Kawashima 2007). Taking 

⋅′v Eq. (1) and then averaging both sides of the equation in x leads to the 
following eddy kinetic energy equation: 
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where i = 1, 2, 3; (v1, v2, v3) = (u, v, w); and eK  is the EKE averaged in 
x-direction given by 2/)( 222 wvuKe ′+′+′= . Here, summation over repeated i 
indices is assumed. In this equation, HSP (VSP) represents the horizontal 
(vertical) shear production; BP, the buoyant production; PG, the production 
(destruction) of the EKE by the eddy flows v′  from high to low (low to high) 
pressure; ADV, the advection of the EKE by the mean flow ),( wv ; and ET, the 
eddy transport of the EKE. Among these energy conversion terms, HSP, VSP, 
and BP may have net contributions to the total EKE increase/decrease (e.g., 
Kawashima 2007). 
  Figure 4.19 shows the vertical profiles of the mean EKE and terms HSP, 
VSP, and BP averaged horizontally over the full domain shown in Fig. 4.15. The 
large EKE distributes below a height of 4 km with a maximum near a height of 2 
km. Although not shown, the EKE stays fairly constant between FT = 4 and 6 h 
after spin up time of the JMA-NHM. The term VSP has positive values between 
a height of 0.5 km and 3.0 km and has larger amplitude than BP and HSP, 
indicating that it is the primary energy source responsible for maintenance of the 
roll circulations. Among the three components of VSP (i.e., zuwu ∂∂′′− / , 

zvwv ∂∂′′− / , and zwww ∂∂′′− / ), the terms zuwu ∂∂′′− / , and zwww ∂∂′′− /  have a 
considerably smaller amplitude than the term zvwv ∂∂′′− /  (not shown). 
Therefore, the energy conversion from the mean along-band wind ( zvwv ∂∂′′− / ) 
contributes greatly to the vertical shear production. The term BP, which 
distributes below a height of 1 km, is the second-most important energy source. 
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The term HSP has a considerably smaller amplitude than the terms VSP and BP, 
making little contribution to the maintenance of the EKE. 
  As described above, the energetics analysis suggests that the roll circulations, 
which are responsible for the transversal cloud bands, are maintained by the 
combined effects of vertical shear and unstable stratification in the mixed layer. 
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Figure 4.19: Vertical profiles of EKE (×  2 m2s-2) and primary energy conversion terms 

(HSP, VSP, and BP; ×  10-3 m2s-3) averaged horizontally over the full domain shown 
in Fig. 4.15. 
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4.5 Discussion 
The observation and simulation results indicate that the transversal cloud 

bands mainly consisted of convective clouds in the mixed layer. The simulation 
results also indicate that the transversal cloud bands could be generated by the 
roll circulations in unstably stratified shear flows. Asai (1972) investigated the 
nature of instability in unstably stratified shear flows turning the direction with 
height, which is a similar situation in this case. He showed that two different 
types of instability are obtained in the case of directional shear flows with points 
of inflection as in the unidirectional shear flow case shown in Asai (1970b). One 
is the shear-perpendicular mode driven primary by the vertical shear and the 
other is the shear-parallel mode driven by the buoyancy. The temporal 
evolutions of the roll circulations are not clear in the present experiment; 
therefore, it is inappropriate to relate the roll circulations simply with the 
instability modes presented by Asai (1972). Nevertheless, the present analyses 
show that the structures and energetics of the roll circulations qualitatively 
resemble those associated with the instability wave driven by the thermal 
instability modified by a shear flow. This also supports the formation 
mechanism of the transversal cloud bands proposed by Yagi et al. (1985). 

The previous studies have shown that an optimal combination of buoyancy 
and vertical wind shear is important for the existence of roll circulations in the 
mixed layer (e.g., Deardorff 1972; Grossman 1982; LeMone 1973; Sykes and 
Henn 1989). They used the Monin–Obukhov length L  and the ratio Lzi /− , 
where iz  is the depth of the mixed layer, to define the necessary conditions for 
the occurrence of roll circulations. The Monin–Obukhov length is proportional 
to the height above the surface at which buoyancy dominates over shear in the 
production of turbulence, and is negative for unstable surface layers; therefore, 

L−  is a measure of convective instability. Larger (smaller) L−  indicates less 
(more) convectively unstable boundary layers. The ratio Lzi /−  is also used to 
quantify the stability of the mixed layer. High values of Lzi /−  are associated 
with free convection and the existence of cellular pattern consistent with 
thermals, and low values of Lzi /−  are associated with forced convection and 
in some cases, the existence of roll circulations. Grossman (1982) observed that 
roll circulations tended to form when Lzi /−  was less than 21.4. Most of other 
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previous studies (e.g., Deardorff 1972; LeMone 1973; Sykes and Henn 1989) 
showed that their criterions for Lzi /−  were smaller than that of Grossman 
(1982), suggesting that roll circulations will be dominant within a slightly 
unstable mixed layer. 
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Figure 4.20: Same as Fig. 4.15, except for L−  ( L : the Monin−Obukhov Length (m) ) 

and horizontal wind vector distributions at a height of 0.02 km. 
 
In the present case, the parameters are estimated from model outputs. Figure 

4.20 shows the horizontal distribution of L−  and horizontal wind vectors near 
the surface around the same area as shown in Fig. 4.15. As the air flows toward 
south, L−  gradually decreases from 60 to 10 m, indicating that the mixed layer 
becomes more unstable. This pattern almost corresponds to the north−south 
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gradient of the SST (not shown). As the air flows toward south, iz  estimated 
from the height of constant θe layer increases from 1.5 to 3.0 km (not shown). 
As a result, the ratio Lzi /−  ranges from 25 to 300, indicating that Grossman’s 
(1982) criterions for Lzi /−  is not met in the present case. There may be as yet 
unknown reasons why roll circulations occur in the present situation of high 

Lzi /− . Grossman (1982) observed a marine, fair weather, trade-wind boundary 
layer in which iz  was nearly at 0.6 km. In the present case, iz  is deeper than 
that observed in Grossman’s (1982) case; therefore, the value of Lzi /−  
becomes higher. The present mixed layer is in more moist condition; therefore, 
latent heat release associated with convective clouds play an effective role in the 
deepening of the mixed layer (e.g., Asai and Nakamura 1978). Similarly, 
Kristovich (1993) observed roll circulations in the mixed layer over Lake 
Michigan in which iz  was at 1.0−1.5 km, when Lzi /−  was larger than 30.  

It is also presented in the previous sections that the transversal cloud bands 
become wide and deep toward the southwest. These features are similar to those 
of the cloud streets (e.g., Miura 1986). As mentioned above, L−  decreases as 
the air flows toward south, indicating that the mixed layer becomes more 
unstable. With a decrease of the stability, the mixed layer becomes deep. The 
widening and deepening of the transversal cloud bands occur in this condition. 
Latent heat release associated with convective clouds probably affects the 
deepening of the mixed layer (e.g., Asai and Nakamura 1978). 

Several studies (e.g., Hozumi and Magono 1984; Arakawa et al. 1988) 
proposed that the transversal cloud bands were mainly stratiform clouds, which 
extend northeastward from the developed convective cloud band. However, 
remarkable stratiform clouds were not found in the present case. In contrast, 
convective clouds were dominant in the area of the observed and simulated 
transversal cloud bands. Hozumi and Magono (1984) showed that a few 
anvil-like clouds were seen to extend from the top of the developed convective 
cloud band; however, they were considerably small compared with the 
stratiform clouds in the area of the transversal cloud bands. In this case, aircraft 
and satellite observations suggest that the developed convective cloud band 
contained several cumulonimbi with anvil-like clouds. However, anvil-like 
clouds appeared to form in the limited areas near the cumulonimbi. Anvil-like 
clouds are not found around the simulated developed convective cloud band. 
These features of anvil-like clouds shown in our case are similar to those in 
Hozumi and Magono (1984). On the other hand, in the developing stage of the 



 92

JPCZ cloud band under the eastward propagation of the trough, the areas with 
lower TB were broader. This suggests that cumulonimbi developed deeper, and 
anvil-like clouds extended wider in the area of the transversal cloud bands (see 
Figs. 4.3e and 4.3f). Further observational and numerical studies are necessary 
to clarify the structure of transversal cloud bands in the developing JPCZ cloud 
band. 

In the present JPCZ cloud band, an area with relatively smaller cloud 
coverage (see the dashed ellipse in Fig. 4.3d) was observed around the 
developed convective cloud band (see the bold line in Fig. 4.3d), where the 
transversal cloud bands partly separated from the developed convective cloud 
band. In the developing stage of the JPCZ cloud band, the small cloud coverage 
area became distinct (see the dashed ellipse in Fig. 4.3e), so that the transversal 
cloud bands appeared to separate from the developed convective cloud band (see 
the bold line in Fig. 4.3e). In this stage, the transversal cloud bands gradually 
developed, and finally, the developed convective cloud band appeared to shift 
toward the southwestern edge of the transversal cloud bands (see the bold line in 
Fig. 4.3f). Therefore, the area with relatively smaller cloud coverage could be a 
transitional area between the old and new developed convective cloud bands. 
Further analysis of the change in the structure in the developing stage of the 
JPCZ cloud band is needed to clarify the formation mechanism of the area with 
relatively smaller cloud coverage. These are the future issues. 
 

4.6 Conclusions 

The JPCZ cloud band was observed over the Sea of Japan on 13−15 January 
2001 during the WMO-01 field campaign. It extended from the base of the 
Korean Peninsula to the Japanese Islands. As the upper-level trough approached 
the Sea of Japan, the JPCZ cloud band gradually developed, and then its 
downstream part moved between the San-in district and the Tohoku district to 
cause heavy snowfalls there. 

On 14 January 2001, the JPCZ cloud band extended almost straightly 
southeastward from the base of the Korean Peninsula to Wakasa Bay, and it 
stagnated during half a day. In this period, besides the satellite observations, the 
instrumented aircraft observation and upper-air soundings from two observation 
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vessels were conducted off the coast of the San-in district to capture the 
characteristics of the cloud bands embedded in the JPCZ cloud band. Moreover, 
the JPCZ cloud band was successfully reproduced by the JMA-NHM with a 
horizontal grid size of 1 km that was nested within the forecasts of the RSM. 
Figure 4.21 illustrates a conceptual model of the detailed structure of the JPCZ 
cloud band observed on 14 January 2001 by analyzing the simulation results of 
the JMA-NHM in addition to the special observations of the WMO-01. 
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Figure 4.21: Conceptual model of the mesoscale structures of the JPCZ cloud band on 14 

January 2001. Vertical cross section normal to the JPCZ cloud band is displayed in the 
y−z plane. Bold solid lines denote clouds. Double dashed lines indicate a stable layer. 
An open arrow indicates a direction of the vertical wind shear vector in the mixed layer 
nearly parallel to the page. Typical three-dimensional streamlines of eddy velocities 

),,( wvu ′′′  in the rectangle on the y−z plane are illustrated by solid ellipses with 
arrows. The solid and dashed arrows denote projections of the streamlines of eddy 
velocities ),( wv ′′  on the y−z plane. 
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The JPCZ cloud band consisted of two typical cloud bands; one was a 
developed convective cloud band, and the others were transversal cloud bands. 
The developed convective cloud band was found along the southwestern edge of 
the JPCZ cloud band. It contained relatively deep (~4 km) convective clouds. 
The transversal cloud bands extending to the northeast from the developed 
convective cloud band were aligned in a northwest−southeast direction. Vertical 
shear in the horizontal wind field existed in the mixed layer accompanied by the 
transversal cloud bands. The wind direction in the mixed layer rotated 
counter-clockwise with height from the north-northwest−northwest to the 
west-southwest−southwest.  

The transversal cloud bands mainly consisted of convective clouds. The 
clouds slanted with height toward the northeast, which was the direction pointed 
by the vertical shear vector of horizontal wind in the mixed layer. The 
downwshearward tilt of the clouds was caused by the differential advection due 
to the vertical shear of the horizontal wind. A convectively unstable layer was 
observed in the lower layer under the transversal cloud bands. The transversal 
cloud bands widened and deepened toward southwest, as the depth of the mixed 
layer increased due to the increase of the sea surface temperature toward the 
downwind side. An examination of simulation results showed that the 
transversal cloud bands were accompanied by roll circulations. The axes of rolls 
were oriented nearly parallel to the direction of the vertical shear vector in the 
mixed layer. An analysis of the EKE budget indicated that the roll circulations 
derived most of their energy from the mean vertical shear and the buoyancy. The 
characteristics of the transversal cloud bands shown in Fig. 4.21 were also found 
in the other place where the transversal cloud bands are present.  

When the upper-level trough approached, the JPCZ cloud band developed and 
moved northward. Various changes in the structure appeared in the developing 
JPCZ cloud band. Further observational and numerical studies are necessary to 
clarify the change of the JPCZ cloud band, especially the formation and decay of 
the area with relatively smaller cloud coverage around the developed convective 
cloud band pointed out in this chapter. 
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Chapter 5 
 
General discussion 
 
5.1 Comparison with other snowbands 

In this section, the present snowband is compared with other cases from the 
view of their characteristics and the formation and maintenance mechanisms. 
The snowbands along the western coast of the Hokuriku district studied by 
Ishihara et al. (1989, hereinafter ISY89) had similar formation mechanism, in 
which the convergence of the winter monsoon and a land breeze produces 
cumulus convection to organize the snowband, to that described in the present 
snowband. Both snowbands resembles in shape, horizontal scale and vertical 
extent. Major differences between the snowbands in ISY89 and the present one 
are their movement and lifetime. The snowbands in ISY89 repeatedly formed (4 
times per 3 h) with a short lifetime (1.0–1.5 h) and traveled faster toward the 
coast (~5 m s-1), while the present snowband lasted and stagnated for a long time. 
The snowband movement is affected by the wind direction around the snowband 
that controls the movement of snow cells and snow systems, which are 
components of the snowband (see Chapter 3). The typical wind direction around 
the snowband is often westerly in this region. The direction of the present 
snowband was nearly wind-parallel, while the snowbands in ISY89 formed in 
the wind-normal direction. Therefore, the snowbands in ISY89 were forced to 
move toward the land, and they rapidly dissipated due to the cutoff of heat and 
water vapor supply from the sea, differently from the present snowband. 

Ohigashi and Tsuboki (2005, hereinafter OT05) presented that double 
snowbands were quasi-stationary along the western coast of the Hokuriku 
district with a long lifetime (~20 h). They formed in the convergence zone 
between the winter monsoon and a land breeze; therefore, the formation 
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mechanism is the same as that of the present and ISY89’s case. However, their 
location and movement are different from those of the present and ISY89’s case, 
owing to different behaviors of a land breeze. In OT05’s case, the land breeze 
uniformly continued during the occurrence of the snowbands, contributing to 
maintain the quasi-stationary snowbands. However, the successive formation 
and movement of the snowbands were observed in ISY89’s case. They were 
largely dependent on the duration of a land breeze with the periodical 
intensification. As stated above, the snowbands along the western coastal line of 
the Hokuriku district (ISY89’s and OT05’s cases) formed in the wind-normal 
direction; therefore their location and movement are strongly affected by the 
balance between a land breeze and the winter monsoon. Moreover, gusts or 
stronger cold outflows produced by the snowbands sometimes contribute to the 
generation of new snowbands (e.g., ISY89). On the other hand, the snowbands 
along the eastern coastal line of the Hokuriku district, just like the present case, 
form in the nearly wind-parallel direction; therefore, it is hard to move toward 
the land. In this situation, a weak cold pool effectively helps to maintain the 
horizontal convergence, compensating for the weakened land breeze. 

This type of snowband, which forms due to an interaction between a land 
breeze and the winter monsoon, can form in the other coastal regions that face 
the Sea of Japan. In fact, the snowband accompanied with a land breeze often 
forms and develops along the west coast of Hokkaido. The stagnation of 
snowbands often causes heavy snowfalls. Doppler radar studies revealed the 
formation and maintenance processes of the snowbands (Fujiyoshi et al. 1988; 
Tsuboki et al. 1989). The snowband observed along the west coast of Hokkaido 
resembles the present snowband in the structure and the formation mechanism: a 
single band and an interaction between the winter monsoon and a land breeze. 
However, the snowband observed along the west coast of Hokkaido had neither 
gust nor cold pool. Therefore, the maintenance of the land breeze is important to 
that of the snowband, because it maintains the horizontal convergence. On the 
other hand, in the present case, a cold pool contributes to the maintenance of the 
horizontal convergence, because it compensates for the weakened land breeze. 

As stated here, the behavior and characteristics of snowbands along the 
coastal line depend primary on the behavior of a land breeze, and secondary on 
the scale of a cold pool produced by themselves. Further analytical and 
numerical studies, which focus on the evolution and duration of the land breeze 
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and the formation of the cold pool, are needed to understand fully the formation 
and maintenance mechanisms of the snowbands. 

Different types of snowbands were observed around the coastal region of the 
Japanese Islands. Both snowbands studied by Maki et al. (1992) and Fujiyoshi et 
al. (1998) were the developed longitudinal-mode cloud bands, that is, cloud 
streets. As mentioned above, they are produced from shear-parallel mode roll 
convections related to thermal instability in the vertical shear flow (Asai 1970a, 
1970b, and 1972). Sakakibara et al. (1988b) observed two squall line-like 
snowbands in the western Hokuriku district. They formed offshore and moved 
eastward. Gust fronts were observed during the passage of the snowbands, 
contributing to the maintenance of the snowbands. Though the formation 
mechanism is not clearly stated in their study, it looks that the snowbands were 
developed transversal cloud bands.  

During the WMO-01, the snowbands investigated by Yoshihara et al. (2004) 
were observed around the eastern coast of Hokuriku district, where the present 
snowband was observed. Three snowbands successively formed about 70 km 
offshore in association with a cold front and moved southeastward. Yoshihara et 
al. (2004) showed that a low-level mesoscale convergence line, which formed 
10–30 km offshore, contributed significantly to the successive development of 
the snowbands. As mentioned in the previous chapter, the convergence line is 
similar to that in the present case. However, their formation process and 
movement are different from those of the present snowband, owing to their 
different synoptic situation such as a cold front with a stronger winter monsoon.  
 
5.2 Role of the JPCZ in the formation and maintenance of the  

snowbands 
 
As described in the previous section, the present snowband formed along the 

eastern coast of the Hokuriku district in the convergence zone between the 
winter monsoon and a land breeze. The snowbands along the western coast of 
the Hokuriku district also have the same formation mechanism (e.g., Ishihara 
1989; Ohigashi and Tsuboki 2005). They formed under the similar 
environmental conditions to the present case: the large sea-land temperature 
contrast to produce a land breeze circulation, large water vapor and heat supply 
from the sea surface to the low-level atmosphere, and the sufficiently weak 
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monsoon that can not break the land breeze circulation. Therefore, just like the 
present case, the snowbands are often simultaneously observed along both the 
eastern and western coastal lines of the Hokuriku district under such 
environmental conditions (see Fig. 1.3). 

Around the Hokuriku district, snow accumulates on the slopes of the 
mountain, cooling the air above the slopes. This cold air tends to flow 
downward to the coastal line as a land breeze. The SST near the coast of the 
Hokuriku District is relatively warmer under the influence of a warm current. 
Therefore, the sea-land temperature contrast tends to be large enough to 
intensify the land breeze circulation. The warmer sea surface also provides water 
vapor and heat to the colder winter monsoon. 

The present snowband formed along the eastern coast of the Hokuriku district, 
where the transversal cloud bands landed (see Fig. 3.5). Another snowband in 
OT05 was simultaneously observed along the western coast of the Hokuriku 
district (see Fig. 1.3). The snowband was also observed in the downstream of the 
transversal cloud bands, forming under the same environmental condition as the 
present snowband. Figure 5.1 shows time-space plots of radar reflectivity at an 
altitude of 1 km derived from the Range Height Indicator (RHI) mode scans at 
an azimuth of 10.5º by the NIED X-band Doppler radar at Omi (see Fig. 3.2). 
Weak radar echoes moved southeastward and merged into the snowband. The 
echoes (referred to as “T-mode echoes” in Kusunoki et al. 2002) had a 
line-shaped structure extending from the southwest to the northeast (not shown). 
T-mode echoes were observed in the area with transversal cloud bands (see Fig. 
3.5). These features of T-mode echoes suggest that the transversal cloud bands 
flow into the snowband. As shown in Chapter 4, a low-level air with a higher θe 
was observed under the transversal cloud bands. The low-level air with the 
transversal cloud bands flowed into the northern or western side of the 
snowbands, generating cumulus convection. Therefore, the transversal cloud 
bands act as a source of the snowbands, playing an important role in the 
formation and maintenance of the snowbands. 

Furthermore, the low-level flow in the area with the transversal cloud bands is 
weaker than in other areas where cold air outbreaks occur, as already mentioned 
in section 1.3, (e.g. Yagi et al. 1986; Nagata 1987; Ohigashi and Tsuboki 2005, 
2007). The low-level flow tends to be weak, especially near the coastal region of 
the Hokuriku district (e.g., Ohigashi and Tsuboki 2005). Weak winter monsoon 
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is favorable for a land breeze to develop; therefore, it also contributes to the 
formation and maintenance of the snowbands. 

 
Figure 5.1: Time-space plots of radar reflectivity at an altitude of 1 km derived from the 

Range Height Indicator (RHI) mode scans at an azimuth of 10.5 º by the NIED X-band 
Doppler radar at Omi on 16 January 2001 (adapted from Kusunoki et al. 2002). 

 
Figure 5.2 shows a schematic depiction of the structure of the cloud bands 

causing heavy snowfalls to the coastal region of the Hokuriku and San-in 
districts and their relation to the JPCZ. As already shown in the previous 
chapters, the JPCZ generates the developed convective cloud band on the 
strongest convergence line in the southwestern side of the JPCZ. The developed 
convective cloud band lands and directly brings heavy snowfalls to the coastal 
plain areas of the Japanese Islands (see Figs 1.2b and 1.3; e.g., Okabayashi 
1969; Yagi et al. 1986). In addition, the JPCZ also generates the transversal 
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cloud bands with a weak and convectively unstable low-level flow. The 
transversal cloud bands do not directly bring heavy snowfalls to the coastal 
region. However, as mentioned above, they probably act as a source of the 
coastal snowbands. Moreover, the JPCZ provides a favorable situation for the 
coastal snowbands to develop, which is the weak low-level flow with the 
transversal cloud bands. Therefore, the JPCZ contributes to the formation and 
maintenance of the coastal snowbands, affecting heavy snowfalls to the coastal 
region. 
 

 
Figure 5.2: Schematic depiction of the structures of the cloud bands causing heavy 

snowfalls to the coastal region of the Hokuriku and San-in districts and their relation to 
the JPCZ. An area enclosed by a white dashed-line indicates the JPCZ. Blue bars 
denote precipitable cloud bands (the developed convective cloud band and snowbands). 
White bars denote non-precipitable cloud bands (the transversal cloud bands). A white 
arrow indicates the moving direction of the transversal cloud bands. 
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Chapter 6 
 
General conclusions 
 
 

In this thesis, cloud bands such as snowbands and the JPCZ cloud band, 
which brought P-type heavy snowfalls, have been investigated using the data 
obtained by a field campaign (WMO-01) and a cloud resolving model 
(JMA-NHM). Their high-resolution data provided essential information on the 
cloud bands, contributing to understand their inner structures and their formation 
and maintenance mechanisms. 

In Chapter 1, phenomena focused in this thesis, such as snowbands and the 
JPCZ cloud band, were introduced. The WMO-01 and the JMA-NHM were also 
introduced. The purpose of this thesis was presented in this chapter. 

In Chapter 2, an outline of the WMO-01 was presented. Various observation 
facilities and their locations were reported. An overview of the heavy snowfalls 
during the WMO-01 was also presented. P-type heavy snowfalls occurred over 
the coastal region of the Hokuriku and San-in districts during the period of 
12–17 January 2001, when an upper-level synoptic-scale trough was quasi- 
stationary over the Sea of Japan. Cloud bands such as snowbands and the JPCZ 
cloud band periodically formed and developed under the affect of moving upper- 
level potential vorticity anomalies around the large-scale trough, causing heavy 
snowfalls to the coastal plain areas. 

In Chapter 3, a quasi-stationary snowband observed on 16 January 2001 was 
analyzed. The snowband formed in the coastal area of the eastern Hokuriku 
district, causing a heavy snowfall in this area. The structure and the formation 
and maintenance mechanisms were investigated on the basis of observations 
(e.g., Doppler radars, BLRs, and upper-air soundings) and the simulation results 
of the JMA-NHM with a horizontal resolution of 1 km. The results obtained in 
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this chapter can be summarized as follows: 
1. Structures of the snowband 

• Convective snow cells with the horizontal scale of a few km 
successively formed at the northern part of the snowband and 
propagated east-southeastward. 

• Meso-γ-scale convective snow systems were organized of developed 
snow cells in the snowband.  

• A cold pool formed under the snowband. 
2. Formation mechanism of the snowband 

• A land breeze was a trigger for the formation of the snowband. 
3. Formation mechanism of the cold pool and its role in maintenance of the 

snowband 
• The diabatic cooling due to sublimation of snow was responsible for 

the formation of the cold pool.  
• The cold pool contributed to the maintenance of the horizontal 

convergence with the northwesterly winter monsoon at the northern 
edge of the snowband by compensating for the weakened land breeze. 

In Chapter 4, the JPCZ cloud band was investigated. On 14 January 2001, the 
JPCZ cloud band extended almost straightly southeastward from the base of the 
Korean Peninsula to Wakasa Bay, and it stagnated during half a day. In this 
period, the transversal cloud bands in the JPCZ cloud band were examined on 
the basis of observations (e.g., satellite images, in-situ measurement and CPR 
data from an instrumented aircraft, and upper-air soundings from observation 
vessels) and simulation results of the JMA-NHM with a horizontal resolution of 
1 km. The results obtained in this chapter can be summarized as follows: 

1. Structures of the transversal cloud bands 
• The transversal cloud bands extended along a northeast-southwest 

direction, which was parallel to the direction pointed by the vertical 
shear vector of horizontal wind in the mixed layer. 

• They mainly consisted of convective clouds, which slanted with height 
toward the downshear side. 

• They widened and deepened toward southwest, as the depth of the 
mixed layer increased. 

• A convectively unstable layer was observed in the lower layer under 
the transversal cloud bands. 
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2. Formation mechanism of the transversal cloud bands 
• The transversal cloud bands were accompanied by roll circulations. 
• The axes of rolls were oriented nearly parallel to the direction of the 

vertical shear vector in the mixed layer. 
• The roll circulations derived most of its energy from the mean vertical 

shear and the buoyancy. 
In Chapter 5, the present snowband was compared with the other snowbands 

investigated in the previous studies. The snowbands along the western coast of 
the Hokuriku district had similar formation mechanism, in which the 
convergence of the winter monsoon and a land breeze produces cumulus 
convection to organize the snowband, to that described in the present snowband. 
However, they all had different behavior and characteristics on their movement 
and maintenance, which were strongly affected primary by a land breeze and 
secondary by a cold pool produced by themselves.  

The relation between the snowband and the JPCZ cloud band was also 
discussed. The author focused the role of the transversal cloud bands in the 
maintenance and formation of the snowbands. Some of the results obtained 
through this study suggest that the transversal cloud bands with a higher θe 
low-level air flow into the snowbands, acting as a source of the snowbands. 
Moreover, the JPCZ provides a favorable situation for the snowband to develop, 
which is the weak low-level flow in the area with the transversal cloud bands. 
These aspects suggest that the JPCZ contributes to the formation and 
maintenance of the snowband. 

In summary, the author clarified the detailed structures and the formation and 
maintenance processes of the cloud bands causing P-type heavy snowfalls such 
as the snowband and the JPCZ cloud band, on the basis of observations and 
numerical experiments with high-resolution. The author also suggested that the 
JPCZ does not only generate the JPCZ cloud band but also play an important 
role in the formation and maintenance of the snowband. The previous studies 
(e.g. Akiyama 1981a and 1981b) presented that P-type heavy snowfalls occur 
when a upper-level cold trough slowly propagates to east after protruding 
southward over the Sea of Japan. They also suggested that mesoscale 
disturbances tend to form and cause P-type heavy snowfalls under the large- 
scale situation. In this thesis, the author clarified the contributions of respective 
mesoscale disturbances to P-type heavy snowfalls under the influence of the 
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JPCZ. Therefore, the findings shown in this thesis have led us to deeper 
understanding of the cause and detailed process for P-type heavy snowfalls in 
the western coastal region of the Japanese Islands during a cold air outbreak. 
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