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Abstract

Cumulonimbus clouds frequently develop over mountains, a plain, and the sea in the summer in as-
sociation with thermally induced local circulations. On July 5, 2000, when the sea breeze from the Pacific
Ocean blew over the Noubi Plain and arrived at the slope of the Ibuki Mountains where a valley wind
circulation developed, a cumulonimbus cloud occurred over the slope of the Ibuki Mountains. In this pa-
per, the structure and evolution of the cumulonimbus cloud are investigated using the data of Doppler
radars.

The direction of the environmental vertical wind shear was southeast, which is parallel to the slope of
the Ibuki Mountains, when the cumulonimbus cloud occurred. The cumulonimbus cloud maintained for
about 2 hours. The cumulonimbus cloud consisted of groups of precipitating cells; “Primary Cell” and
“Secondary Cells.” The former developed with tilting toward the downshear side and moved down the
slope. The latter developed almost uprightly on the upshear side of the Primary cell. There were 6
groups of cells in the cumulonimbus cloud.

The developing process and structure of group C, which was the most intense group, were investi-
gated in detail. After Primary Cell C1, with tilting toward the downshear side, developed, Secondary
Cells C2, C3 and C4 of group C developed on the upshear side (the Ibuki Mountains side) of cell C1. An
outflow from cell C1 toward the upshear side of cell C1 lifted the low-level air. Cells C2, C3 and C4 de-
veloped almost uprightly on the upshear side of cell C1, where the convection of cell C1 weakened the
vertical wind shear. Cells C3 and C4 had maximum reflectivety of over 50 dBZ and the echo top of
15 km above sea level (ASL). Cells C3 and C4 developed explosively in the group C due to the horizontal
convergence at the middle layer, which was strengthened by the outflow from cell C2, the northeasterly
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inflow toward cells C3 and C4, and the lifted low-level air on the Ibuki Mountains side.

1. Introduction

In summer, cumulonimbus clouds frequently
develop over mountains, a plain and the sea
where thermally induced local -circulations
develop; a valley wind circulation and a sea
breeze circulation. Such cumulonimbus clouds
occasionally cause localized heavy rainfall.
They are one of the dominant elements in the
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water circulation process associated with ther-
mally induced local circulations.

A valley wind circulation develops over a
mountain slope in the daytime. It transports
heat to the valley and water vapor to the moun-
tain (Kimura and Kuwagata 1995; Kuwagata
and Kimura 1997). The transportation of heat
was observed by a sounding in the Ina Valley
(Kuwagata and Kimura 1995) and by the anal-
ysis of routine meteorological data in central
Japan (Kuwagata et al. 1990). The transporta-
tion of water vapor to the mountain was ob-
served by a sounding over the Northern Moun-
tains on the Kanto Plain (Kimura et al. 1997).
Kimura (1994) indicated that the sunshine du-
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ration over mountains decreased in the after-
noon on calm days, reflecting the transporta-
tion of water vapor to mountains associated
with the valley wind circulation. Kuwagata
(1997) showed a decrease in sunshine duration
over mountains, and pointed out that the accu-
mulated moist air over mountains contributes
to the formation of cumulus clouds. Moreover,
the transportation of water vapor to the moun-
tain in the daytime resulted in the diurnal vari-
ation of precipitable water. This was revealed
by an analysis of Global Positioning System
(GPS) data (Sasaki and Kimura 2001; Iwasaki
and Miki 2001).

The relationship between the occurrence of
cumulonimbus clouds and convective precipita-
tion over mountains and the valley wind circu-
lation has been found by statistical studies. The
frequency of convective precipitation increases
over mountains and islands in the afternoon
and evening (Fujibe 1988; Kuwagata 1997; Sai-
toh and Kimura 1998). Kuwagata (1997), and
Saitoh and Kimura (1998) pointed out that the
increment in the frequency of convective precip-
itation in the afternoon is related to the trans-
portation of water vapor by the valley wind cir-
culation. Iwasaki and Ohbayashi (1998) showed
that many cumulonimbus clouds with hail oc-
cur over the mountainous and semi-basin areas
of Gunma Prefecture in the afternoon and even-
ing. The occurrence of cumulonimbus clouds
corresponds to the time when the valley wind
circulation develops.

Convective precipitation over a mountain
slope is related to the structure and developing
process of a cumulonimbus cloud that devel-
oped over such a slope. Caracena et al. (1979)
studied the Big Thompson storm, which was
severe and caused heavy rainfall over the Big
Thompson Canyon, Colorado, U.S., and found
that the storm was caused by an upslope oro-
graphic lifting and remained as a result of a
stationary inflow of moisture at the lower layer.
Yoshizaki and Ogura (1988) showed in two- and
three-dimensional numerical simulations of the
Big Thompson Storm that convective cells
continually developed at the foot of the slope
and organized toward the upslope side. Cotton
et al. (1983) studied a mesoscale convective
complex developed over South Park, U.S., and
found that cumulonimbus clouds occurred
around the top of the slope in South Park and
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organized toward the downslope side. Tripoli
and Cotton (1989) explained the mechanism of
organization toward the downslope side of
cumulonimbus clouds with the use of a two-
dimensional numerical model. In their cases,
however, the phenomena occurred when synop-
tic disturbances of a low and a front were pres-
ent in the lower layer. The structure and evolu-
tion of the cumulonimbus clouds that developed
over the mountain slope where the valley wind
circulation developed have not been described
in detail. The contribution of the valley wind
circulation to the structure and evolution of cu-
mulonimbus clouds that develop over the slope
of the mountain is not sufficiently understood.

A sea breeze circulation that develops be-
tween the sea and a plain is another impor-
tant thermally induced local circulation. A sea
breeze usually forms a convergence of low-level
wind at the leading edge, which is referred to
as a sea breeze front (Atkinson 1981). Cumulo-
nimbus clouds occurred at the convergent re-
gion in association with a sea breeze front over
Florida (e.g., Nicholls et al. 1991; Pielke 1991).
Pielke (1974) showed, in a three-dimensional
numerical simulation, that the location of thun-
derstorms along the east coast of Florida was
controlled by the location and movement of the
sea breeze.

Wilson and Megenhardt (1997), however, in-
dicated that cumulonimbus clouds associated
with a sea breeze alone along the east coast
of Florida were small and short-lived, because
the convergence of the sea breeze was weak.
The collisions and interactions of a sea breeze
and the outflow of a pre-existing thunderstorm
caused cumulonimbus clouds (Simpson et al.
1980; Kingsmill 1995; Wilson and Megenhardt
1997). Wakimoto and Atkins (1994) and Atkins
and Wakimoto (1995) discovered through their
observations in Florida that clouds developed
in areas where the updraft of horizontal convec-
tive rolls merged with the updraft developed
by a sea breeze front. Dailey and Fovell (1999)
explained, using a numerical simulation, that
convections are enhanced in the areas where
updrafts are strengthened by the interaction of
a sea breeze and horizontal convective rolls.

Over complex terrain including mountains, a
plain, and the sea, thermally induced local cir-
culations coexist and are complicated. Kurita
et al. (1988) indicated that the complex struc-
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ture of the wind distribution consisted of a val-
ley wind and a sea breeze in the Kanto District.
Kondo (1990a, 1990b) discussed the interaction
of a valley wind and a sea breeze. Iwasaki
(2004) studied precipitable water and convec-
tive activity in the summer season at Mt. Tani-
gawa, which exhibited a diurnal variation. It
found that the maxima of precipitable water in
the daytime were caused by the moisture trans-
port associated with a valley wind circulation
from early morning to noon and those in the
evening were caused by the moisture conver-
gence from the “extended sea breeze” according
to Kondo (1990a) from around 15 Japan Stan-
dard Time (JST) to late at night. These max-
ima of precipitable water coincided with the
maxima of convective activity. However, the
structure and evolution of a cumulonimbus
cloud which occurred over the complex terrain
with the thermally induced local circulations
are not thoroughly understood.

The Noubi Plain is surrounded by the moun-
tainous region to the north and the sea to the
south (Fig. 1); it is one of the regions where
thermally induced local circulations develop
over the complex terrain in summer (Owada
1994). Mori et al. (1994) indicated that the “sea
breeze” from the Pacific Ocean dominated over
the Noubi Plain in the afternoon after the de-
velopment of the “small-scale sea breeze” from
Ise Bay in the morning. When the thermally
induced local circulations develop without sig-
nificant synoptic disturbances on the surface
in summer, cumulonimbus clouds frequently
occur over the surrounding mountains and the
Noubi Plain.

From June to September 2000, we carried
out Doppler radar observations to examine the
precipitation in the Noubi Plain and around
the mountainous region. During the Doppler
radar observation, cumulonimbus clouds which
developed over the regions with a valley wind
and a sea breeze were observed. In the present
study, we examine the structure and evolution
of a cumulonimbus cloud that had developed
over a mountain slope where a valley wind cir-
culation developed and a sea breeze arrived.
The main focus was on the structure, move-
ment, and development of the cellular echoes
in the cumulonimbus cloud. The objectives of
this study are to elucidate the structure of cu-
mulonimbus cloud that caused heavy rainfall
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Fig. 1. Map of the observation area. The

two closed circles indicate the sites of
the Doppler radars (Nagoya University
and Gifu University). Each circle indi-
cates the observation range of each
Doppler radar. The hatched areas are
the dual Doppler radar processing re-
gions. The closed triangles indicate the
upper-air sounding stations (Shionomi-
saki and Hamamatsu). The contours of
the topography are 100, 500, 800, 1000,
1500, and 2000 m ASL.

over a mountain region, and to understand
the roles of a valley wind circulation and a sea
breeze in the development of a cumulonimbus
cloud.

2. Observation and data

The Noubi Plain is surrounded by the Ibuki
Mountains, the Ryopaku Mountains and the
Hida Highland to the north, Mt. Ontake and
the Kiso Mountains to the east where have the
Mino-Mikawa Plateau at the foot of them, and
the Suzuka Mountains and the Yoro Mountains
to the west (Fig. 1). From June to September
2000, two X-band Doppler radars of Nagoya
University were located at Nagoya University
and Gifu University, to observe precipitating
clouds in summer in the Noubi Plain and its
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surroundings.

The maximum range of observation for each
Doppler radar is 64 km. Each Doppler radar
performed Plain Position Indicator (PPI) vol-
ume scans with a time interval of 7 minutes.
The PPI scans of the Nagoya University radar
were stepped up from 0.5 to 33.6 degrees with
13 elevation angles, and those of the Gifu Uni-
versity radar were stepped up from 0.6 to 40.9
degrees with 14 elevation angles. The Cress-
man filter (Cressman 1959) was used to inter-
polate the radial Doppler velocity and reflectiv-
ity in the Cartesian coordinate. The horizontal
and vertical grid intervals were 500 m. To
draw the three-dimensional distributions of
the Doppler velocity and reflectivity, a correc-
tion related to the movement of the radar echo
was made using Gal-Chen’s method (Gal-Chen
1982). For the correction related to the move-
ment, the speed of the convective echo was
used. The central time of the correction related
to the movement of the radar echo was 3 min-
utes after each volume scan started. The hori-
zontal velocity was derived at grid points from
the dual Doppler radar observation data. The
observations made with the Gifu University
radar had a shadowed area on the north and
northeast because of obstructions near Gifu
University. Therefore, the vertical motion is in-
fered from the horizontal divergence derived
from the horizontal velocity because the verti-
cal velocity was not accurately derived from
the upward integration of the continuity equa-
tion with the boundary condition of 0 m s™! at
the surface.

In addition to the Doppler radar data, con-
ventional radar data of the Japan Meteorolog-
ical Agency (JMA), the Automated Meteoro-
logical Data Acquisition System (AMeDAS),
Geostationary Meteorological Satellite (GMS)
infrared images, upper-air sounding data at
Hamamatsu and Shionomisaki, and synoptic
weather maps of the JMA publication were
used for this study. Local Standard Time
(LST = UTC + 9 hours) is used in the present

paper.
3. Occurrence distribution of

cumulonimbus clouds and features of
thermal induced local circulations

Cumulonimbus clouds frequently occur in
the summer when a synoptic disturbance is in-
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significant in the lower layer. The occurrence
distribution of cumulonimbus clouds over the
Noubi Plain and the surrounding mountains
was investigated with the use of the JMA ra-
dar. The period of the analysis was July and
August 2000. We selected the 20 days when
cumulonimbus clouds occurred without sig-
nificant synoptic disturbances over the Noubi
Plain using a surface weather map at 0900
LST.

In this section, fully developed cumulonim-
bus clouds are defined by the JMA radar echoes
with rainfall intensity over 32 mm h~!. The
points at which the mature cumulonimbus
clouds occurred are defined by the point at
which the rainfall intensity of the echoes that
reaches 16 mm h~! first using a backward
trace. The time of the analysis was from 1200
LST to 1900 LST. The area of the analysis was
between 34.5°N and 36.3°N, and 136.1°E and
138°E, including the Noubi Plain.

136.5E 137E

137.5E 138E

(m)

Fig. 2. Distribution of occurrence points
of cumulonimbus clouds. The white
dots are occurrence points of cumulo-
nimbus clouds. The shaded areas are
the topography. The black contours at
100 and 500 m ASL. The white con-
tours at 1000, 1500, 2000 and 2500 m
ASL.

100 500 800 1500
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Figure 2 shows the occurrence distribution of
the cumulonimbus clouds. Most cumulonimbus
clouds occurred in regions higher than 500 m
above the mean sea level (ASL). In particular,
the occurrence points of cumulonimbus clouds
concentrated over the slopes and peaks of the
Ryopaku Mountains, the Kiso Mountains, Mt.
Ontake and the Hida Highland where have
peaks of about 1500 m ASL and above. Many
cumulonimbus clouds also occurred over the
slopes and peaks of the Ibuki Mountains and
the Suzuka Mountains where have peaks of
about 1000 m ASL.

Figure 3a shows the wind and deviation of
temperature from 0900 LST averaged for 20
days at 1000 LST. In the mountains, the in-
crease in the temperature from 0900 LST was
large. Valley winds over the slopes of the moun-
tains blow toward peaks where the tempera-
ture had increased. In the coastal region of Ise
Bay, the increase in the temperature from 0900
LST was smaller than that in the mountains,
and the wind originated from Ise Bay. This
wind is the “small-scale sea breeze” from Ise
Bay. Over the Noubi Plain, a weak and irreg-
ular wind blows, which cannot be identified
as either a valley wind or a small-scale sea
breeze.

Figure 3b is the same as Fig. 3a, but at 1500
LST. Over the slopes of the mountains, the
Mino-Mikawa Plateau and the inner Noubi
Plain, the increase in the temperature from
0900 LST was larger than that at 1000 LST
and valley winds developed. The gradient of
the temperature was large, and a southerly
wind developed between the inner Noubi Plain
and the coast of the Pacific Ocean. The “sea
breeze” from the Pacific Ocean developed and
intruded into the inner Noubi Plain in the
afternoon. Mori et al. (1994) showed that the
small-scale sea breeze is replaced by the sea
breeze around 1500 LST at Nagoya.

Thus, cumulonimbus clouds developed over
the mountainous region surrounding the Noubi
Plain when the valley wind over the mountain-
ous region and the sea breeze over the Noubi
Plain developed.

4. Case study on July 5, 2000

On July 5, 2000, a cumulonimbus cloud de-
veloped over the slope of the Ibuki Moun-
tains when the “sea breeze” arrived at the
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Fig. 3. Wind and deviation of tempera-
ture from 0900 LST at (a) 1000 LST
and (b) 1500 LST averaged over 20
days. The white contours with shading
are the topography at 100, 500, 800,
1000, 1500, 2000 and 2500 m ASL.
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slope. In the following sections, the case is de-
scribed as an example of cumulonimbus clouds
over the slope of mountains adjoining the
Noubi Plain.
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Fig. 4. Surface synoptic map at 0900 LST
July 5, 2000. The source of surface syn-
optic map is the JMA publication.

4.1 Synoptic conditions

Weather maps at 0900 LST July 5, 2000, are
shown in Figs. 4 and 5. A high was present in
the vicinity of Japan, and a synoptic distur-
bance was weak on the surface in central Ja-
pan, although a weak low was located to the
southeast of Japan (Fig. 4). On the other hand,
the upper-level weather map at 500 hPa at
0900 LST shows that a trough with cold air of
—9°C was present over Japan (Fig. 5a), and
moved eastward at 2100 LST (Fig. 5b).

The sounding profile at Hamamatsu at 0900
LST dJuly 5, 2000, is shown in Fig. 6. The
convective mixed layer was developing below
850 hPa. The air was almost saturated at
about 850 hPa, while a dry layer was present
between 850 and 700 hPa. An inversion layer
was present around 800 hPa. The layer from
750 to 500 hPa was convectively unstable. The
convective available potential energy (CAPE)
was about 500 J kg~!. Chuda and Niino (2005)
indicated that the monthly median of CAPE
at Shionomisaki at 0900 LST in July for
1990~1999 was 1728 J kg~ 1. The CAPE in this
case was small. The lifting condensation level
(LCL) was about 1.2 km ASL. The level of free
convection (LFC) was about 3 km ASL. Under
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Fig. 5. Upper-level synoptic maps at
500 hPa at (a) 0900 LST and (b) 2100
LST July 5, 2000. The source of upper-
level synoptic maps is the JMA publica-
tion.

this condition, a strong trigger was necessary
for the occurrence of cumulonimbus clouds.
The wind hodograph obtained from the Shio-
nomisaki sounding at 1500 LST July 5, 2000,
is shown in Fig. 7 although no sounding data
were obtained at Hamamatsu in the period of
the observation. The SW-ly wind was present
at 2 km ASL. The northerly wind was between
3 and 5 km ASL. The NW-ly wind was above
6 km ASL. The magnitude and direction of the
vertical wind shear between 2 and 9 km ASL
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1500 LSST July 5, 2000. The numbers in

the figure indicate the altitude (km). S
indicates the surface wind.

15

ey 2 1234 LST 36N~
7 q N
ey VP §
5
7 N
) .
35581, T 35.5N 1

35N 4 35N 1

136.5E 137E i’ 136.5E 137E

I I E—
100 500 800 1500 ()

Fig. 8. Distribution of GMS infrared im-
ages at (a) 1234 LST and (b) 1534 LST.
The white areas over land are TBB (°C).
The contours in the white areas are
drawn under —20°C every —5°C. The
thin white contours with shading indi-
cate the topography.

were about 0.8 x 1072 s~1 and 164° in azimuth,
respectively. The directions of the vertical wind
shears at 0900 LST and at 2100 LST were east-
ward and southward, respectively, and these
magnitudes were bigger than those at 1500
LST (not shown). The direction of the vertical
wind shear rotated clockwise from eastward to
southward. The variation of the vertical wind
shear correlated the eastward movement of the
trough with the cold air at 500 hPa (Fig. 5).
The cumulonimbus cloud of the study occurred
when the cold trough was moving over the Ja-
pan Islands.

Figure 8 shows GMS infrared images around
the Noubi Plain. Cloud area I, whose minimum
TBB was under —40°C, appeared over the slope
of the Suzuka Mountains and the Yoro Moun-
tains at 1234 LST (Fig. 8a). Cloud area II (the
target cloud in the present study), which had a
low TBB, appeared over the slope of the Ibuki
Mountains at 1534 LST (Fig. 8b). Under this
synoptic condition, tall and developed cumulo-
nimbus clouds appeared over the slope of the
mountains adjoining the Noubi Plain. Cloud
area III over the Mino-Mikawa Plateau moved
from the northeast mountainous area. Cloud
area III is not discussed in the present study.
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Fig. 9. (a) Sea level temperature and wind at 0900 JST on July 5, 2000. The black contours are the
temperature at the mean sea level with a lapse rate of 6.5°C km~! and are drawn every 1°C. The
barbs are the wind direction and wind speed at the AMeDAS observation points. The dashed line is
the position of the sea breeze front deduced from AMeDAS. The thin white contours indicate the
topography. Distribution of the radar echo of the JMA radar and difference of the temperature
from 0900 LST and wind at (b) 1230 LST, (¢) 1400 LST and (d) 1530 LST on July 5, 2000. The
white areas over land are the radar echoes. The contours in the white areas are drawn at 1, 4, 16,
32, and 64 mm h~!. The black contour lines are the difference of the temperature from 0900 LST
and are drawn every 1°C.



August 2006

4.2 Surface conditions over the Ibuki
Mountains and the Noubi Plain

Figure 9a shows the sea level temperature
calculated with a lapse rate of 6.5°C km~!, and
wind at AMeDAS observation points at 0900
LST July 5, 2000. Figures 9b—9d show the ra-
dar echoes of the JMA, the deviation of the tem-
perature from 0900 LST, and the wind at (b)
1230 LST, (¢) 1400 LST, and (d) 1530 LST. The
dashed thick line in Figs. 9b-9d indicates
the front associated with the sea breeze from
the Pacific Ocean, which is named the “sea
breeze front.” We determined the position of
the sea breeze front by the development of the
southerly component of wind with the decrease
or dull increase of the temperature at each
AMeDAS point.

At 0900 LST (Fig. 9a), winds toward the
peaks of the mountains were observed at the
AMeDAS points over the slopes. This indicates
that a valley wind began to blow. At 1230 LST
(Fig. 9b), the increase in the temperature from
0900 LST was large in the inner plain and at
the slopes of the mountains, and a valley wind
developed. This condition continued until 1400
LST (Fig. 9¢).

Figures 10a—10d show the time variations of
the temperature, wind and sunshine duration
observed by AMeDAS at Tarumi on the Ibuki
Mountains, Ibigawa at the foot of the Ibuki
Mountains, Gifu in the inner Noubi Plain, and
Nagoya in the coastal area of the Noubi Plain.

At Tarumi (Fig. 10a), the sunshine duration
remained at 8~10 minutes / 10 minutes and
the temperature increased until 1300 LST. The
sunshine duration became zero from 1310 LST,
due to clouds over the Ibuki Mountains. The
temperature remained at 28~29°C from 1310
LST. No wind was observed until 1530 LST.
At Ibigawa (Fig. 10b), long sunshine duration
was observed from the morning until 1450
LST. Temperature started to increase from the
morning. The temperature began to increase
abruptly at 1330 LST and remained at about
32°C until 1450 LST. A weak SSE-ly wind de-
veloped from 1000 LST. The wind gradually be-
came strong after 1200 LST and changed into
a southerly wind at 1340 LST. The southerly
wind was the valley wind that had developed
over the Ibuki Mountains. These conditions are
the result of the heat transportation toward the
foot and the water vapor transportation to-
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Fig. 10. Time variation of AMeDAS data

at (a) Tarumi, (b) Ibigawa, (¢) Gifu, and
(d) Nagoya between 0900 LST and 1700
LST July 5, 2000. The locations of the
AMeDAS points are shown in Fig. 9a.
The thick line in (a) and (b) is the sun-
shine duration every 10 minutes. The
bar in (c) and (d) is the sunshine dura-
tion every 1 hour. The barbs represent
the wind. The solid line with dots is
the temperature in (b), (¢) and (d). The
barbs indicate the direction and speed
of wind. The gray shaded areas are the
periods of the passage of the sea breeze
front.

ward the peak, associated with the valley wind
circulation developed over the slope of the Ibuki
Mountains.

At 0900 LST (Fig. 9a), weak winds with a
southerly component blew over the Noubi Plain.
In the coastal region, a small-scale sea breeze
blew. At Nagoya (Fig. 10d), a weak undecided
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wind with short sunshine duration blew until
1030 LST. On the other hand, a weak un-
decided wind with long sunshine duration blew
until 1130 LST at Gifu (Fig. 10c¢). This wind
was generated by the effect of the local cloud
cover. The SW-ly and SSW-ly wind blew be-
tween 1040 LST and 1220 LST with short sun-
shine duration at Nagoya (Fig. 10d). This wind
was the small-scale sea breeze from Ise Bay.

At 1230 LST (Fig. 9b), the increase in the
temperature from 0900 LST in the coastal re-
gion was smaller than that in the inner plain
and the slopes, and southerly and SSE-ly winds
developed. The gradient of the temperature
over the Noubi Plain intensified. Radar echo I
appeared between the Suzuka and the Yoro
Mountains. Radar echo I corresponds to cloud
area I (Fig. 8a). At Nagoya (Fig. 10d), the time
variation in the temperature became small
from 1230 LST, although the long sunshine
duration continued between 1400 and 1600
LST and southerly, or SSE-ly, winds developed
after 1230 LST. The sea breeze from the Pacific
Ocean arrived and developed at Nagoya. The
cumulonimbus cloud occurred when the sea
breeze front arrived at the foot of the Suzuka
and the Yoro Mountains (Fig. 9b).

The temperature in the Noubi Plain at 1400
LST was almost unchanged from 1220 LST,
and a southerly wind prevailed (Fig. 9c¢). At
Gifu (Fig. 10c), the temperature decreased at
1340 LST, and the variation in the temperature
became small from 1350 LST. The long sun-
shine duration continued until 1600 LST. A
SSW-ly wind developed after 1350 LST. The
sea breeze passed over Gifu at around 1350
LST and covered most of the Noubi Plain. The
“sea breeze front” was located between Gifu
and Ibigawa.

At 1530 LST (Fig. 9d), the temperature at
the foot of the mountains decreased slightly,
and the gradient of the temperature over the
Noubi Plain was small. Southerly or SSW-ly
winds prevailed over the Noubi Plain and the
foot of mountainous areas. A developed radar
echo II appeared over the slope of the Ibuki
Mountains.

At Ibigawa (Fig. 10b), the temperature de-
creased at 1500 LST, and the variation in the
temperature became small. SSE-ly and south-
erly winds developed. Furthermore, the sun-
shine duration at Ibigawa became zero after
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1450 LST. The sea breeze passed over Ibigawa.
The sea breeze did not arrive at Tarumi on the
slope of the Ibuki Mountains, because a south-
erly wind was not observed (Fig. 10a). The sea
breeze front existed between Ibigawa and Tar-
umi. When the sea breeze front passed over
Ibigawa, radar echo II occurred over the slope
of the Ibuki Mountains. Radar echo II corre-
sponds to cloud area II (Fig. 8b). The cumulo-
nimbus cloud occurred and developed over the
slope of the Ibuki Mountains when the sea
breeze front arrived at the slope where the
valley wind circulation developed.

Radar echo II with rainfall intensity over
64 mm h ! remained stationary for about 2
hours from the occurrence (not shown). At Tar-
umi (Fig. 10a), a northerly wind with high tem-
perature was observed between 1540 LST and
1640 LST. The warm airflow from the Ibuki
Mountains side toward the cumulonimbus
cloud existed when the cumulonimbus cloud
was developing. A change of wind direction
with low temperature was observed at 1650
LST and 1700 LST, coresponding to the outflow
associated with the cumulonimbus cloud. The
change in the wind direction with low tempera-
ture was also observed between 1550 LST and
1610 LST at Ibigawa (Fig. 10b). At Gifu (Fig.
10c), however, the SSW-ly and southerly wind
with a slow decrease of temperature continued
until 1700 LST.

4.3 Structure of the cumulonimbus cloud
developed over the slope of the Ibuki
Mountains

The structure of the cumulonimbus cloud ob-
served by the Doppler radars over the slope
of the Ibuki Mountains is described. In this
subsection, a convective echo is defined by the
radar reflectivity over 10 dBZ in a horizontal
section of 4 km ASL, which almost corresponds
to a cumulonimbus cloud. The cellular echo in
the convective echo is defined by a strong and
closed echo that had an intensity of 30 dBZ in

a horizontal section of 4 km ASL. The cellular

echo in the convective echo corresponds to a

precipitating cell in the cumulonimbus cloud.

We mainly focused on the period from 1506

LST to 1616 LST, when the cumulonimbus

cloud was developing.

The cellular echoes in the present convective
echo were organized along the direction of the
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vertical wind shear of the environment. Figure
11 shows the schematic representation of the
definition of a cellular echo group according to
the following criteria.

When a cellular echo occurs without a cellu-
lar echo on the upshear and downshear sides
of the environmental wind from the cellular
echo, it is defined as a first cell (Fig. 11a). If an-
other cellular echo occurs in the region within
10 km in both the upshear and downshear
sides of the environment wind from the first
cellular echo, the first cellular echo and its
new cellular echo are regarded as part of the
same cellular echo group. If a new cellular
echo occurs in a region more than 5 km in the
right-angled direction of the vertical wind
shear in the environment from the group, it is
regarded as the first cell of a new group (Fig.
11b).

The labels with letters of the alphabet indi-
cate the cellular echo groups. The labels of
numbers in the group indicate the order of ap-
pearance of cellular echoes. Number 1 is the
“Primary Cell.” Subsequent numbers are “Sec-
ondary Cells.”

Figure 12a shows the topography of the slope
of the Ibuki Mountains and the inner Noubi
Plain. The direction of the gradient of the
southward slope is from northwest to south-
east. The direction of the gradient of the slope
was nearly parallel to that of the vertical wind
shear in the environment.

Figures 12b—121 show the time variation of
the reflectivity of the echo observed by Doppler
radars at 4 km ASL from 1506 LST to 1616
LST. Cellular echoes Al, A2, and B1 appeared
at around 1506 LST (Fig. 12b). Cellular echoes
A2 and B1 developed over 45 dBZ and cellular
echo E1 appeared at 1520 LST (Fig. 12d). At

T. SANO and K. TSUBOKI 623

1527 LST (Fig. 12e), cellular echoes A3, B2,
and E2 occurred on the upshear side of cellular
echoes A2, B1, and E1, respectively.

At 1534 LST (Fig. 12f), cellular echoes B3
and B4 occurred near cellular echo B2. Cellular
echoes C1 and D1 occurred between groups B
and E. At 1541 LST (Fig. 12g), cellular echoes
C3 and D2 occurred on the upshear side of cel-
lular echoes C1 and D1, respectively. Further-
more, cellular echoes A4 and E3 occurred on
the upshear side of cellular echoes A3 and E2,
respectively. All cellular echoes developed to
have reflectivity at 40 dBZ and above. A weak
echo region began to extend to the downslope
side, namely, the downshear side of cellular
echoes at 1548 LST (Fig. 12h).

At 1555 LST (Fig. 12i), cellular echo C4 oc-
curred on the upshear side of cellular echo C3.
Cellular echo D3 occurred near cellular echo
C3. Cellular echoes C3 and C4 merged and be-
came a strong and large cellular echo, C3+C4,
at 1602 LST (Fig. 12j). Cellular echo C3+C4
developed over 50 dBZ at 1616 LST (Fig. 12]).
The reflectivity of cellular echo C3+C4 re-
mained over 45 dBZ wuntil 1705 LST (not
shown). Cellular echo F1 occurred near cellular
echo C3+C4 at 1602 LST (Fig. 12j). Cellular
echo F2 developed on the upshear side of cellu-
lar echo F1 at 1609 LST (Fig. 12k).

Between weakening cellular echo E3 and de-
veloping cellular echo C3+4C4, cellular echoes
M and N occurred at 1555 LST and 1602 LST
(Figs. 12i and 12j), respectively. They moved to
the downslope side faster than the other cellu-
lar echoes. Because no cellular echo occurred
on the upshear side of cellular echoes M and
N, no group of cellular echoes was formed. Cel-
lular echoes M and N will not be discussed in
the present paper. Accordingly, the 6 groups of
cellular echoes are noted as groups A, B, C, D,
E, and F.

Figure 13a shows the occurrence points of
cellular echoes. The occurrence points of cellu-
lar echoes aligned in the direction from north-
east to southwest over the slope. Figures 13b—
13g show the occurrence points, generating
orders and tracks of the cellular echoes of the
various groups. In groups A and D, Secondary
cells occurred on the upshear side of the Pri-
mary Cell. In groups B and E, Secondary Cells
occurred around the track of the Primary Cell.
In groups C and F, some Secondary Cells oc-
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Fig. 12. (a) Terrain of the slope of the Ibuki mountains. The arrow shows the direction of the vertical
wind shear in environment. Time variation of a radar echo obtained by Doppler radars in (b)—(1).
The shaded areas are the radar echoes. The contour intervals of the radar echoes are 10, 20, and
every 5 dBZ from 30 dBZ. The contours of the topography are 100, 500, 800, and 1000 m. The arc
lines in the figures are the range of the Doppler radar observation from Nagoya University.
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of cellular echoes. A—F are cell groups. The shades indicate the topography. (b)—(g) Tracks of cellar
echoes in each groups. The open circles are the occurrence points of cellular echoes. The order and
time (LST) of cellular echoes in each group are indicated. The squares indicate the points of Pri-
mary cell at 7-minute intervals. The dots indicate the points of Secondary cells every 7 minutes.

The shaded area indicates the topography.

curred at the same position in which the Pri-
mary Cell occurred. Cell C4 occurred on the
upshear side of cell C1. The lifetimes of each
cellular echo were between 20 and 30 minutes.
The lifetimes of the cellular echo group, how-
ever, were about 50~60 minutes, because new
cellular echoes continuously occurred on the
upshear side of pre-existing cellular echoes.
Figure 14 shows the vertical cross sections
along the lines in Fig. 12 to show the structures
of the “Primary Cell” and “Secondary Cells”
in cellular echo groups, respectively. Primary
Cells of each group, cells Al, B1, C1, D1, E1,
and F1, were tilting toward the downslope
side, namely the downshear side of the vertical
wind shear of the environment. When Primary

cells weakened, they moved down the slope
with tilting to the downshear side. In groups
B, C, D, E, and F (Figs. 14b-14f), anvils ex-
tended to the downshear side at the upper
layer.

Secondary Cells of each group occurred on
the upshear side of the weakening Primary
Cell. Secondary Cells developed almost up-
rightly. Secondary Cells developed more in-
tensely than the Primary Cell in groups, re-
spectively. In group A (Fig. 14a), cell A2
developed over 45 dBZ and cell A3 developed
in the upshear side of cell A2. In group B (Fig.
14b), cell B3 fell on cell B1. Cell B3 developed
over 45 dBZ and has a strong core at 8 km
before 1541 LST (not shown). On the upshear
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Fig. 14. Vertical cross session of the radar echo intensity of groups A, B, C, D, E, and F along the
lines in Fig. 12. The contour intervals of the radar echo are 10, 20, and every 5 dBZ from 30 dBZ.
The arrow is the direction of the vertical wind shear in environment.

side of cell B3, cell B4 developed uprightly. In
group C (Fig. 14c), cells C2, C3, and C4 devel-
oped almost uprightly on the upshear side of
cell C1. The cores of cells C2 and C3 were pres-
ent at about 5 km ASL, while that of cell C4
was present at about 7 km ASL. In group D
(Fig. 14d), cell D2 developed on the upshear
side of cell D1. After that, cell D3 occurred on

the upshear side of cell D2 (not shown). In
group E (Fig. 14e), cells E2 and E3 developed
almost uprightly over cell E1. These cells had
their strong cores at 7~8 km ASL. In group F
(Fig. 14f), cell F2 also developed uprightly on
the upshear side of weakening cell F1.

The convective echo that developed over the
slope of the Ibuki Mountains consisted of cellu-
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lar echo groups. The groups consisted of the
downshear tilting Primary Cell and upright
Secondary Cells. Secondary Cells of each cellu-
lar echo group occurred on the upshear side
of the Primary Cell of each group moving
down the slope, which resulted in stationary of
groups over the slope. The development of Sec-
ondary cells in each cellular echo group con-
tributed to the development and long life of
each cellular echo group. As a result, the cellu-
lar echo groups contributed to the long-term
maintenance of the convective echo over the
slope of the Ibuki Mountains.

To clarify the developing process and struc-
ture of a cellular echo group, the developing
process and structure of group C are described
in detail in the next subsection, because the
structure and development of cellular echoes in
group C were most clearly observed than those
of the other groups by the dual Doppler radar
observation.

4.4 Structure and evolution of the cellular
echoes of group C

To clarify the motion of each cellular echo in
group C, Fig. 15 shows the horizontal sections
of the cellular echoes of group C at 1.5, 4.5
and 7 km ASL from 1534 LST to 1616 LST.
Each cellular echo in group C developed in this
period. The coordinates are rotated to 19° coun-
terclockwise with the origin at Nagoya Univer-
sity (Fig. 15a). Following part of this subsection,
the X- and Y-axes are defined in Fig. 15a. The
position of the region of Fig. 15b is indicated
by the thick rectangle in Fig. 15a. The Y and X
are almost parallel and perpendicular, respec-
tively, to the directions of the gradient of the
southward slope of the Ibuki Mountains and
the vertical wind shear of the environment.

Primary Cell C1 began to develop over the
slope at 4.5 km ASL at 1534 LST. At 1541
LST, cell C1 developed over 45 dBZ with mov-
ing down the slope. The speed of cell C1 was
fast. Cell C1 weakened from 1548 LST and a
strong reflectivity region of cell C1 appeared at
1.5 km ASL only at 1555 LST. Cell C1 disap-
peared at 1602 LST.

On the upshear side of cell C1, Secondary
Cell C2 occurred near cell C1 at 7 km ASL at
1541 LST. Cell C2 moved down the slope from
1548 LST. Cell C2 developed at 1555 LST and
strong reflectivity appeared at 4.5 km ASL.
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Cell C2 weakened from 1602 LST and the
strong reflectivity region of cell C1 appeared at
1.5 km ASL only. Cell C2 disappeared at 1616
LST.

Secondary Cell C3 occurred at almost the
same occurrence point of cell C1 at 4 km ASL
at 1541 LST. Cell C3 developed and was sta-
tionary until 1555 LST. On the upshear side of
the developed cell C3, Secondary cell C4 oc-
curred. At 1602 LST, cells C3 and C4 merged
and became cell C3+C4. Cell C3+C4 developed
abruptly. Cell C34+C4 had a diameter of about
10 km at 7 km ASL at 1609 LST. Cell C3+C4
had maximum reflectivity over 50 dBZ at 1616
LST. The strong region of cell C3+C4 did not
appear at 1.5 km ASL. Cell C3+C4 was sta-
tionary.

Figure 16 shows the vertical sections of the
cellular echoes of group C along lines a-a’, b-b’
and c-¢’ in Fig. 15b. Cell C1 occurred with
downshear tilting at 1534 LST (Fig. 16a). Cell
C1 developed with downshear tilting and
moved down the slope at 1541 LST (Fig. 16b).
The core of cell C1 developed over 45 dBZ at
4 km ASL. The anvil from cell C1 extended at
the upper layer. The core of cell C1 fell to the
slope at 1548 LST (Fig. 16¢). Cell C1 weakened
with downshear tilting and the anvil widely ex-
tended to the downshear side after 1555 LST
(Fig. 164d).

Cell C2 occurred at 7~8 km ASL on the up-
shear of cell C1 and the southwest side of cell
C1 (Fig. 16e). Cell C2 moved to and developed
over cell C1 (Fig. 16f), and appeared with
slightly downshear tilting along line a-a’ (Fig.
16¢). Cell C2 developed over 40 dBZ almost up-
rightly over cell C1 and had a height of over
10 km ASL (Figs. 16d and 16g). Cell C2 fell to
the slope at 1602 LST (Fig. 16k) and weakened
after 1609 LST (Fig. 161).

Cell C3 occurred on the upshear side of cell
C1 at 3 km ASL (Figs. 16b and 16h). Cell C3
developed almost uprightly and had a strong
core at 5 km ASL at 1548 LST (Fig. 16¢). In
Fig. 16i, a low-reflectivity area existed under
the core of cell C3. At 1555 LST, cell C3 devel-
oped more and the low reflectivity area were
found below cell C3 (Figs. 16d and 16i).

Cell C4 developed almost uprightly on the
upshear side of cell C3 at 1555 LST (Fig. 16d).
Cell C4 had strong reflectivity between 5 and
10 km ASL.
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(a) Terrain map and X-Y grid rotated 19 degrees from the north. (b) Time variations of the

cellular echoes of group C at 1.5, 4.5, and 7 km ASL. The shaded areas are the radar echoes. The
contour intervals of the radar echoes are 10, 20, and every 5 dBZ from 30 dBZ.

Cell C3+C4 became a large upright cellular
echo at 1602 LST (Figs. 16k and 16n). At 1609
LST, cell C3+C4 developed and had a horizon-
tal scale over 10 km and an echo top about
15 km. At 1616 LST, cell C3+C4 developed
more abruptly and had a core in excess of

50 dBZ reflectivity at 4~9 km ASL and an
echo top over 15 km ASL (Figs. 161 and 160).
In Fig. 16m, a low-reflectivity area existed un-
der the core and a high-reflectivity area fell to
the slope on the downshear side of the core. In
Fig. 16p, a low-reflectivity area existed under
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Fig. 16. Vertical sections of cellular echoes of group C with the terrain along lines a-a’, b-b’ and c-c’

in Fig. 15 from 1534 LST to 1616 LST July 5, 2000. The contour intervals of the radar echo are 10,
20, and every 5 dBZ from 30 dBZ.
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Fig. 16. (continued)

Fig. 17. Horizontal section at (a) 1.5 km ASL and (b) 2.5 km ASL of the ground-relative wind and
reflectivity of group C at 1555 LST July 5, 2000. The shaded areas indicate the reflectivity of the
radar echo. The contours of the reflectivity are 10, 20, and every 5 dBZ from 30 dBZ. The arrows in-
dicate the direction and speed of the ground-relative wind. The barb is the wind direction and speed
of wind at the Tarumi AMeDAS observation point at 1550 LST July 5, 2000. Vertical section of the
ground-relative velocity and reflectivity of the radar echoes along line a-a’ in (¢). Warm and cold col-
ors indicate the ground-relative velocity in parallel to the Y-axis in Fig. 15a toward the right side
and toward the left side in parallel to the vertical section, respectively. The white solid and dashed
contour indicate the ground-relative velocity in parallel to the X-axis in Fig. 15a every 4 m s~! out of
and into the vertical section, respectively. The black contours of the radar echo are 10, 20, and every
5 dBZ from 30 dBZ. Vertical section of the horizontal divergence and reflectivity of cellular echoes
along line a-a’ in (d). The warm and cold colors are the horizontal divergence and convergence,
respectively. The black contour lines of the radar echo are 10, 20, and every 5 dBZ from 30 dBZ.
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the core and a high-reflectivity area fell to the
slope on the right side of the core in this verti-
cal section.

To examine Secondary Cells C3 and C4
which developed abruptly, the airflow in group
C derived from the analysis of the dual Doppler
radar observation at 1555 and 1602 LST is
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shown in the following part of this section. Fig-
ures 17a and 17b show the reflectivity of group
C and ground-relative wind derived from the
analysis of the dual Doppler radar observations
at 1.5 and 2.5 km ASL at 1555 LST. Figure 17c
shows the reflectivity and ground-relative wind
velocity in a vertical section along line a-a’ in
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Fig. 17b. The vertical section along line a-a’ is
parallel to the Y-axis in Fig. 15a and the same
section in Fig. 16d. Figure 17d shows the reflec-
tivity and horizontal divergence in a vertical
section along line a-a’.

At 1555 LST, the outflow from the weakened
cell C1 toward the upshear side of cell C1,
namely toward the Ibuki Mountains, developed
at 1.5 km ASL (Fig. 17a). The outflow from cell
C2 toward the Ibuki Mountains developed at
2.5 km ASL (Fig. 17b). In the vertical section
along line a-a’, large velocity toward the Ibuki
Mountains side from cell C1 (Y = 49~51 km
and below 1.5 km ASL) developed (Fig. 17c).
At the lower part of cell C2 (Y =49~53 km
and at 1.5~3 km ASL in Fig. 17c), large veloc-
ity toward the Ibuki Mountains side existed.
These velocities corresponded to the outflow
from cells C1 and C2, respectively. In Fig. 17d,
a horizontal divergence in the low parts of cells
Cl and C2 (Y =47~51 km and below 4 km
ASL) and a horizontal convergence in the mid-
dle parts of cells C1 and C2 (Y =49~51 km
and 4~6 km ASL) developed, indicating that
the outflows are associated with the downdrafts
of cells C1 and C2.

In Fig. 17b, the inflow existed on the upshear
side of cell C2 at 2.5 km ASL. Above the out-
flows from cells C1 and C2 (Y = 50~62 km and
2~5 km ASL in Fig. 17c¢), velocity from the
Ibuki Mountains to group C developed. This ve-
locity corresponds to the inflow at 2.5 km ASL
in Fig. 17b. Thus, the inflow existed in the low
parts of cells C3 and C4. A strong horizontal
convergence developed in the low parts of cells
C3 and C4, and in the middle part of cell C2
(Y =50~58 km and below 5 km ASL in Fig.
17d). A strong horizontal divergence existed in
the upper parts of cells C2, C3, and C4, respec-
tively. At Tarumi, a northerly wind was ob-
served (Fig. 17a). The northerly wind at Tar-
umi blew between 1540 and 1640 LST when
the cellular echoes in group C developed, with
the temperature of 28~29°C (Fig. 10a).

According to the results above, cell C1 was
occupied by a downdraft. Cell C2 had a down-
draft in the lower part and an updraft above
the middle part. The outflows associated with
the downdrafts from cells C1 and C2 lifted the
inflow from the Ibuki Mountains on the up-
shear side of cells C1 and C2. As a result, cells
C3 and C4 developed on the upshear side of cell
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C2.

Figure 18 shows the airflow in group C at
1602 LST when cell C34+C4 developed. Figures
18a and 18b show the reflectivity of group C,
and ground-relative wind derived from an anal-
ysis of the dual Doppler radar observation at
1.5 and 4 km ASL at 1602 LST. Figures 18c
and 18d show the reflectivity and ground-
relative wind velocity in a vertical section along
lines a-a’ and b-b’ in Fig. 18b.

The outflow toward the Ibuki Mountains side
from weakened cells C2 developed below cell
C3+C4 at 1.5 km ASL (Fig. 18a). In the verti-
cal section along a-a’ (Fig. 18c), the outflow
from cell C2, which weakened and fell to the
slope, developed below 1.5 km ASL and at
Y = 48~55 km. The large velocity from cell C2
to cell C3+C4 in the middle part (Y =47~55
and at 1.5~5 km ASL) is shown in Fig. 18c. At
4 km ASL (Fig. 18b), a NE-ly airflow toward
group C rotated clockwise at group C. The posi-
tive velocity is the outflow from cell C2 at the
lower level, and the rotated inflow to group C
at the middle level.

A westerly airflow to cell C3+C4 existed at
4 km ASL (Fig. 18b). In the vertical section
along b-b’ (Fig. 18d), the airflow developed at
developing cell C3+C4 above the outflow from
cell C2 and the rotated inflow. The westerly
airflow to cell C3+C4 was the inflow from the
Ibuki Mountains side lifted by the outflow
from cell C2. The inflow formed a strong hori-
zontal convergence with the rotated inflow
in the middle part, which contributed to the
abrupt development of cell C34+C4. The veloc-
ities at the upper part of cell C3+C4 (Fig. 18¢c)
were smaller than those at 1555 LST (Fig. 17c¢).
Cell C3+C4 developed almost uprightly with
the weak wind in the upper part.

5. Discussion

5.1 Roles of the valley wind circulation and
the sea breeze for the occurrence and
evolution of the cumulonimbus cloud over
the Ibuki Mountains

Using a two-dimensional numerical simula-
tion of thermal circulation over a periodic val-
ley, Kimura and Kuwagata (1995) described
that heat is transported from the mountainous
region to the valley region, and moisture is
transported from the valley region to the moun-
tainous region. Kuwagata et al. (1990) indi-
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cated that the heating rate estimated from rou-
tine observational data was large in the inner
plain and basin bottom because of the warm
compensating subsidence of the upslope valley
wind circulation. Kimura (1994) explained
qualitatively that the decrease in the sunshine
duration over mountainous regions corresponds
to the increase of the precipitable water vapor
over the mountainous regions. Before the cu-
mulonimbus cloud occurred over the slope of
the Ibuki Mountains, the temperature in-
creased, a southerly wind developed at Ibigawa
and Gifu (Figs. 10b and 10c¢), and sunshine du-
ration was zero at Tarumi (Fig. 10a). Figures
9b and 9c show that the increase of the temper-
ature in the inner Noubi Plain was larger than
that along the coastal region of the Noubi
Plain. We consider that the valley wind circula-
tion developed between the Ibuki Mountains
and the inner Noubi Plain, and resulted in the
accumulation of heat in the inner Noubi Plain
and water vapor on the upslope side of the
Ibuki Mountains. The valley wind circulation
created a favorable condition for the develop-
ment of the cumulonimbus cloud over the Ibuki
Mountains.

No cumulonimbus cloud, however, occurred
over the Ibuki Mountains with the develop-
ment of the valley wind circulation by 1500
LST. On the other hand, cumulonimbus clouds
occurred over the northeast mountainous re-
gion which had a top of about 2 km ASL (Fig.
8b). As shown in Fig. 6, the convective mixed
layer was developing at Hamamatsu at 0900
LST. The LFC at Hamamatsu at 0900 LST
was about 3 km ASL (Section 4.1). Other trig-
gers were necessary for the generation of the
cumulonimbus cloud over the Ibuki Mountains,
because of the high LFC, although the favor-
able condition for the development of the cumu-
lonimbus cloud was created by the development
of the valley wind circulation, and the convec-
tive mixed layer.

The sea breeze invaded the inner Noubi
Plain (Figs. 9b-9d). No cumulonimbus cloud
occurred over the Noubi Plain with the arrival
of the sea breeze. Cumulonimbus clouds oc-
curred over the slopes of the Ibuki Mountains
and the Suzuka Mountains, with the arrival of
the sea breeze (Figs. 9b and 9d). At Ibigawa,
the sea breeze was observed from 1500 LST (Fig.
10b). The cumulonimbus cloud over the slope

Vol. 84, No. 4

of the Ibuki Mountains was observed by Dop-
pler radar at 1506 LST (Fig. 12b). We consider
that the updraft associated with the valley
wind circulation over the slope of the Ibuki
Mountains, was strengthened locally due to
the low-level convergence along the sea breeze
front. As a result, the cumulonimbus cloud oc-
curred over the slope of the Ibuki Mountains.

A northerly wind, with high temperature,
was observed at Tarumi for about 1 hour from
1540 LST, when the cumulonimbus cloud de-
veloped (Fig. 10a). The northerly wind was a
downward wind over the slope of the Ibuki
Mountains where the valley wind circulation
developed. To develop the northerly wind over
the slope, the pressure on the downslope side
must drop below that on the upslope side. The
northerly wind began to blow after the cumulo-
nimbus cloud developed. It is considered that
the northerly wind was caused by the pressure
gradient associated with the local low-pressure
area which resulted from the occurrence of the
cumulonimbus cloud over the slope. The north-
erly wind developed in place of a valley wind
over the slope, and contributed to the develop-
ment of the cumulonimbus cloud as a warm
and moist inflow from the Ibuki Mountains
side.

5.2 Structure and evolution of the
cumulonimbus cloud developed over the
slope of the Ibuki Mountains

A Doppler radar observation indicated that
the cumulonimbus cloud, which developed over
the slope of the Ibuki Mountains, consisted of
cell groups including Primary Cell and Second-
ary Cells. Secondary Cells of each cell group
developed on the upshear side of each Primary
Cell (Fig. 14).

Figure 19 shows the time variation of the
ground-relative velocity in the vertical section
of cell C1 at 1534 LST and 1541 LST. When
cell C1 developed with tilting to the downshear
side at 1534 LST, the slower ground-relative
horizontal velocity ascended from the lower
part of cell C1 along the core of cell C1, which
resulted in the vertical gradient of the horizon-
tal velocity along the cell C1 (Fig. 19a). It is
considered that cell C1 was caused by the up-
draft associated with the valley wind circula-
tion which was strengthened due to the low-
level convergence along the sea breeze front,



August 2006

(a) 1534 LST

Cell C1

104

Height(km)

(b) 1541 LST
Cell C1

Cell C3

Height(km)

Va
0 ” ’
40 45 50 55 60 65
Y (km)

Fig. 19. Vertical section of group C along
the lines a-a’ and b-b’ in Fig. 15 at 1534
LST and 1541 LST July 5, 2000. The
thick contours indicate the ground-
relative horizontal wind every 0.5 m s~!
in the vertical sections. The thin con-
tours indicate 10, 20, and every 5 dBZ
from 30 dBZ of radar reflectivity.

and the horizontal momentum at the lower
layer, was transported to the middle layer.

At 1541 LST (Fig. 19b), cell C1 moved down
the slope. The vertical gradient of the ground-
relative horizontal velocity at cell C1 was large.
The convection of cell C1 transported the hori-
zontal momentum at the middle layer to the
lower layer of the downshear side. While on
the upshear side of cell C1, the vertical gradi-
ent of the ground-relative horizontal velocity
became small, and cell C3 began to develop. It
is considered that, on the upshear side, where
vertical wind shear become weak, the outflow
from cell C1 lifted the air which had small mo-
mentum at the lower layer, namely, the inflow
from the Ibuki Mountains. As a result, almost
upright Secondary Cells developed on the up-
shear side of cell C1.

When cells C3 and C4 developed at 1555
LST, the inflow in the lower layer lifted by the
outflow from cell C1 formed a strong horizontal
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convergence with the outflow associated to the
downdraft of cell C2 at 2~3 km ASL at 1555
LST (Figs. 17b—17d). Cells C3 and C4 devel-
oped by lifting the inflow by the outflow associ-
ated with the downdraft from cell C1, and the
horizontal convergence in the middle layer by
the outflow associated with the downdraft from
cell C2. We consider that, from the structure in
each cell group (Fig. 14), the inflow from the
Ibuki Mountains side was lifted by the outflow
from the Primary Cell in the lower layer. This
resulted in the occurrence of Secondary Cells
in each cell group.

When cell C3+C4 developed at 1602 LST, the
inflow in the lower layer was lifted by the out-
flow from cell C1 and the NE-ly inflow to cell
C3+C4 at 3~5 km ASL (Figs. 18b—18d). When
cell C3+C4 developed abruptly at 1616 LST,
low reflectivity existed under the strong core
of cell C3+C4 (Y =55~60 km in Fig. 16m
and X = —10~-5 km in Fig. 16p). The high-
reflectivity area fell over the slope (Y =
49~55 km in Fig. 16m and X = —5~0 km in
Fig. 16p). Furthermore, low reflectivity existed
at X = —2~0 km and 4~6 km ASL in Fig. 16p.
Geng et al. (1997) discussed that a convective
cell in a thunderstorm developed above the
merged outflows from the downdraft on the left
frank of the convective cell, the downdraft on
the rear flank of the convective cell, and the de-
scending mid-level rear inflow. They mentioned
that the mid-level rear inflow brought the dry
environmental air into the thunderstorm, and
initiated the downdraft on the rear flank of the
convective cell by cooling of evaporation or sub-
limation. We consider that the downdraft of cell
C2 was developed by the evaporative cooling
associated with the dry air brought by the NE-
ly inflow into group C at 3~5 km ASL, and that
the downdraft caused the outflow from cell C2.
As a result, the lifting of the inflow from the
Ibuki Mountains side by the outflow, and the
horizontal convergence in the middle layer be-
came very strong, and cell C3+C4 developed
abruptly and uprightly. It is considered that
the origin of the NE-ly inflow in the middle
layer in the present study was a flow from the
environment (Fig. 7), or a flow from the weak-
ened cell groups A and B (Fig. 17b).

No developed cellular echo was observed on
the downshear side of cell C1. An anvil ex-
tended to the downshear side of cell C1 from
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cell C1 and to the lower layer of the down-
shear side (Figs. 16¢, 16d, 16k, 161 and 16m).
A ground-relative velocity to the downshear
side in the vertical section developed in the an-
vil above 4 km ASL at 1555 LST (Fig. 17c¢).
Horizontal convergence was observed in the an-
vil at Y = 39~43 km and at 6 km ASL at 1555
LST (Fig. 17d). Brown (1979) found in the nu-
merical study that evaporation of anvil rain
can induce a mesoscale downdraft beneath
the anvil. Stensrud et al. (1991) discussed the
maintenance and strengthening of the meso-
scale downdraft in the anvil associated with
sublimation, evaporation, and melting in the
numerical study. Grady and Verlinde (1997)
showed the structure of a squall line with a
leading anvil and discussed the suppression
associated with the leading anvil of convection
on the downshear side of the squall line. It is
considered that the occurrence of a new cell on
the downshear side of cell C1 was suppressed
by the mesoscale downward motion associated
with the anvil.

The sea breeze developed on the downshear
side (Fig. 9). At Gifu (Fig. 10c), the sea breeze
was observed from 1350 LST and the temper-
ature decreased. The sunshine duration re-
mained long until 1500 LST. After 1500 LST,
the sunshine duration decreased, which was a
result of the anvil extending from the cumulo-
nimbus cloud over the slope of the Ibuki Moun-
tains. In addition to the suppression of convec-
tion below the anvil, we consider that it is
difficult for a new cellular echo on the down-
shear side to be generated by lifting the sea
breeze by the outflow from cell C1, because the
sea breeze is a cold advection.

The structure and evolution of the cumulo-
nimbus cloud in the present study are different
from those in previous studies of cumulonim-
bus clouds developed over mountains. Cara-
cena et al. (1979) and Yoshizaki and Ogura
(1988) explained, when the wind toward the
slope was strong in the lower level and weak
in the upper level, new convective cells oc-
curred at the foot of the slope, and moved up
the slope one after another because of the sta-
tionary inflow of water vapor in the lower level.
Cotton et al. (1983) and Tripoli and Cotton
(1989) indicated that cumulonimbus clouds of
the mesoscale convective complex occurred
around the top of the slope and propagated to-
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Fig. 20. Precipitation from 1500 LST to
1700 LST July 5, 2000 at each AMeDAS
observation point over the slope of the
Ibuki Mountains. The shaded areas are
the topography. The black contours at
100, 500 and 800 m ASL. The white
contours at 1000 m ASL.

ward the downslope side, namely the down-
shear side in the vertical environmental wind
shear. The difference between the present
study and previous studies is the occurrence
of Secondary Cells on the upslope side of the
mountains, namely the upshear side of the
Primary Cell, and the lack of occurrence of a
new cumulonimbus cloud on the downslope
side of the mountains, namely the downshear
side of the Primary Cell.

The successive development of the cell groups
contributed to the development and mainte-
nance of a cumulonimbus cloud over the slope
of the mountains for a long time. The cumulo-
nimbus cloud then caused heavy rainfall over
the mountainous region. Figure 20 shows the
precipitation from 1500 LST and 1700 LST
over and around the slope of the Ibuki Moun-
tains. In the present study local heavy rainfall
at the surface, associated with the developed
cumulonimbus cloud was observed over and
around the slope of the Ibuki Mountains. This
rainfall was 23 mm at Hirai and 10 mm at Ibi-
gawa.

6. Summary

The cumulonimbus cloud that developed over
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Cumulonimbus cloud occurred by

(a) (b) the updraft with valley wind circulation
which was strengthened owing to
the low level convergence along
the sea breeze front.
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Water vapor transported
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|The sea breeze from the Pacific Ocean
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Fig. 21. Schematic figures of (a) the valley wind and sea breeze before the cumulonimbus cloud
occurred over the slope of the Ibuki Mountains on July 5, 2000, (b) the structure of the cumulo-
nimbus cloud developed over the slope of the Ibuki Mountains, and (c) the structure of cell group C
in the cumulonimbus cloud developed over the slope of the Ibuki Mountains.

the slope of the Ibuki Mountains in summer  (Fig. 21).

was studied in detail, with the use of data of Before the occurrence of the cumulonimbus
Doppler radar observations. From the results cloud, a valley wind developed over the slope of
of this analysis, we discussed the structure and  the Ibuki Mountains, and the sea breeze from
evolution of the cumulonimbus cloud as follows  the Pacific Ocean blew over the Noubi Plain
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(Fig. 21a). We consider that the valley wind cir-
culation resulted in a favorable field for the oc-
currence of a cumulonimbus cloud. When the
sea breeze front arrived at the slope of the
Ibuki Mountains where the valley wind circu-
lation developed, the cumulonimbus cloud oc-
curred (Fig. 21b). We consider that the cumu-
lonimbus cloud was caused by the updraft
associated with the valley wind circulation
over the slope, which was strengthened locally
due to the low-level convergence along the sea
breeze front. The occurrence of the cumulonim-
bus cloud caused the inflow from the Ibuki
Mountains side to the cumulonimbus cloud.
This inflow contributed to the development of
the cumulonimbus cloud.

The cumulonimbus cloud consisted of cell
groups which include Primary Cell and Second-
ary Cells. We focused on group C, in which the
cells developed more. Over the slope, which was
nearly parallel to the direction of the vertical
wind shear of the environment, Primary Cell
C1 was tilting to the downshear side and Sec-
ondary Cells C2, C3, and C4 were almost up-
right (Fig. 21c). Secondary cells occurred by
the inflow from the Ibuki Mountains side lifted
by the outflow from cell C1. Cell C3+C4, which
merged cells C3 and C4, developed abruptly be-
cause of the strengthening of the horizontal
convergence in the middle layer by the NE-ly
inflow toward cell C3+C4. A weak vertical
wind shear region was formed on the upshear
side of cell C1, because the convection of cell
C1 transported the horizontal momentum in
the middle layer. Therefore, we consider that
Secondary Cells develop almost uprightly on
the upshear side of cells C2, C3, and C4. It is
considered that the anvil extended to the down-
shear side suppressed the occurrence of a new
cellular echo on the downshear side.

We clarified one of the structure and evolu-
tion of a cumulonimbus cloud occurred in a
field which thermally induced local circula-
tions developed. The arrival of a sea breeze at
the slope with a valley wind circulation trig-
gered the occurrence of a cumulonimbus cloud.
The outflow from the Primary Cell lifted the
moist air over the slope of the Ibuki Mountains
accumulated by the valley wind. Secondary
Cells developed almost uprightly on the up-
shear side of the Primary Cell. As a result, the
cumulonimbus cloud was almost stationary,
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and brought heavy rainfall to the local moun-
tainous region. The cumulonimbus cloud played
one part in the water circulation process associ-
ated with thermally induced local circulations.
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