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Abstract

In this study, we revealed and discussed the role of mesoscale convective systems (MCSs) in the eastward expansion of
an upper tropospheric high (UH, that is South Asian High or Tibetan High) with a timescale of a few days over the Asian
monsoon region in the summers of 1999-2008. The MCSs was extracted using hourly satellite images. The distribution
of mature MCSs was inhomogeneous in the Asian summer monsoon region. At three specific regions, i.e., around the
eastern part of Tibetan Plateau (TP), over the Bay of Bengal, and in northern Vietnam, the percentage of MCSs larger
than 1.2 x 10° km? to all mature MCSs counted in each area was higher and exceeded 25%. Focusing on these regions,
the UH extension was examined around the day of large MCSs (LMCSs) formation using objective analysis data sets.
Only the LMCSs of eastern TP areas contributed to a significant increase of the geopotential height at 200 hPa with a
temperature increase in the mid-upper troposphere. At the same time, the zone of active cloud convection (ZACC) was
formed along 30-35°N over central and east China. Cyclonic circulation was strengthened in the eastern part of TP by the
LMCS formation and transported moist air north and northeastward toward the inland region, such as the northeastern
part of the Sichuan Basin, in the lower troposphere. This moisture advection corresponded to the meandering of the
ZACC. The ZACC was maintained until a few days after the LMCS formation, and was also a contributor of greater
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extension of UH to the east and eastward propagation of the positive anomaly area of soil moisture.

1. Introduction

During the monsoon season, the center position of
the upper tropospheric high (UH) distributed around the
Tibetan Plateau (TP), which is generally called “South
Asian High” or “Tibetan High,” oscillates east and west
in a sub-monthly time scale (Krishnamurti et al. 1973;
Tao and Ding 1981). The relationship between the east-
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ward expansion of UH and the formation of precipita-
tion systems in and around China are particularly inter-
esting. According to the statistical analysis of Yatagai
and Yasunari (1995), an increase (decrease) in the sum-
mer precipitation at the Taklamakan Desert corresponds
to the UH intensification (weakening) around 30°N,
100°E. In a year of heavy precipitation at the middle
and lower areas of the Yangtze River, active cloud con-
vections are formed by low-level convergence in asso-
ciation with anomalous moisture intrusion from the Bay
of Bengal (BoB) and South China Sea due to enhance-
ment of the Western Pacific Subtropical High over the
northern South China Sea (Zhou and Yu 2005; Mao and
Wu 2006). Under this condition, the active convections
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strengthened the divergence in the upper troposphere
and caused UH extension over China. Two different
patterns of UH distribution, which are controlled by
the variation of the propagation pathway of the Rossby
wave along the subtropical jet, change the intraseasonal
variability of cloud convective activity over the Yangtze
River during Meiyu, as concluded through analysis of
outgoing longwave radiation data from 1979 through
2004 (Fujinami and Yasunari 2009).

Active cloud convections during the Asian monsoon
season contribute to the UH development via diabatic
heating in the middle-upper troposphere. The latent
heat release from convective clouds over and around
the TP is known to be a factor for the maintenance of
monsoon circulation and the first transition of the Asian
summer monsoon (e.g., Nitta 1983; Yanai et al. 1992;
Ueda and Yasunari 1998; Hsu et al. 1999). For the east-
west oscillation of the UH, Zhang et al. (2002) reported
that diabatic heating reached 200 hPa and was domi-
nant in the case of the center position of UH staying
over the TP, and adiabatic heating in the free atmosphere
and diabatic heating near land surface were dominant
in the case of the center position of UH staying over
the Iran Plateau. On the other hand, Fujinami and Ya-
sunari (2004) indicated that intraseasonal variability of
cloud convection with sub-monthly time-scale oscilla-
tion over the southern TP is defined by the UH distribu-
tion, which is controlled by wave activity along the sub-
tropical jet. During the pre-monsoon season, subsidence
with adiabatic heating at the southwestern TP, which
is a response of cloud activity in the tropical region,
causes a high-pressure formation in the upper tropo-
sphere (He et al. 1987; Yanai et al. 1992; Tamura et al.
2010). According to a sensitivity experiment using five
Atmospheric General Circulation Models (AGCMs) by
Zhou et al. (2009), warming of the sea surface temper-
ature and activation of cloud convection over the Indian
Ocean—Western Pacific change the Walker circulation
and weaken cloud activity over tropical central and east-
ern Pacific during the monsoon season. This response
from ocean to atmosphere encourages westward exten-
sion of the eastern Pacific subtropical high in the mid-
dle troposphere and expansion of UH. Previous studies
have focused on UH distribution with a time scale of 10
days to several months, and have used daily OLR/Tbb
data, objective analysis/reanalysis data, and simulated
results with grid spacing of a few hundred km. How-
ever, these data do not sufficiently represent the active
diurnal variation of mesoscale organized clouds that are
a dominant component of convection in Asian summer
monsoons. A new index defined by hourly satellite im-
ages will assist in the understanding of the direct impact
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of active cloud convection on UH enhancement with “a
timescale of a few days.”

Mesoscale convective systems (MCSs) are cloud sys-
tems that are expected to heat the atmosphere efficiently
in a time scale from several hours to 1-2 days. Since the
1980s, the generation of large cloud systems has been
observed by satellites in the Asian monsoon region. For
example, large cloud clusters with radii larger than 140
km and a lifetime of 10-50 hours tend to occur inten-
sively in the northern part of the Bay of Bengal (BoB)
and propagate south-southwestward (Zuidema 2003).
Houze et al. (2007) has explained that an MCS at the
foothill of the steep terrain of the Himalayas is formed
by the enhancement of convective instability due to the
intrusion of a moist monsoon flow over the dry air mass
from the TP. Although the Himalayas and the TP are in-
land with high elevations and low humidity, MCS gen-
eration has been confirmed by Barros et al. (2004) and
Li et al. (2008). According to a numerical simulation
of Sugimoto and Ueno (2010), cyclonic circulation in-
duced by land surface heating in the dry western TP
and its eastward propagation during the nighttime in-
duce a low-level convergence over the wet eastern TP
on the following daytime, and this convergence is a trig-
ger for large MCS generation. Case studies of the early
2008 monsoon season by Ueno et al. (2011) indicate
that a large MCS is generated at the Sichuan Basin in the
evening by strengthening of the low-level convergence
between the southerly monsoon flow and northerly dry
intrusion under conditions of a following mid-latitude
trough. Xie and Ueno (2011) also clarifies that inten-
sive generated areas of the MCSs in the Sicuan Basin
overlap with areas recording heavy rains accompanying
severe disasters. It would be valuable to examine the
contribution of those MCSs to the 1-2 day variation of
synoptic fields, including upper tropospheric pressure
pattern in East Asia.

In our study, the impact of cloud activity on the east-
ward extension of UH was revealed within 1-2 days,
focusing on an MCS with a meso-alpha scale. The
analysis period is from June through August from 1999
to 2008 (10 years), and set at 64—124°E, 14.5-46.5°N.
First, the MCSs were extracted and tracked in the target
region using satellite hourly images. The distribution
of MCSs and initiation/maturity time were identified.
Next, the differences in the temperature/geopotential
height were calculated between the day of MCS devel-
opment and the day before MCS generation, and effec-
tive areas of MCS development on the UH intensifica-
tion were examined. Finally, convective activity was
analyzed around the effective area on the day of and a
few days following MCS formation, and its function on
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Fig. 1. Frequency distribution of mature MCS
counted at every 0.6 degrees of grid spacing
in the summer from 1999 to 2008. Elevations
are contoured from 3000 to 5000 m at 1,000-m
intervals. Six concentrated areas of the MCS
development are marked by open squares, and
Area 4 and Area 6 (Area 5) include only land
(ocean) area. The gray zone is not included in
the analysis.

further UH expansion and change in land-surface con-
ditions were discussed.

2. Data description

Infrared (IR) images of MeteosatS (until 2006) and
Meteosat7 (from 2007) provided by EUMETSAT were
used for the analysis of cloud convections. Meteosat5/7
is a stationary satellite located over the Indian Ocean at
63°E, 0°N/57°E, 0°N. The horizontal data resolution is
about 5 km at the nadir, and an original image is com-
posed by perspective projection with inhomogeneous
grid spacing. The original data was transformed into
brightness temperature (Tbb) with a conversion table.
The Tbb of Meteosat7 was intercalibrated with that of
Meteosat5 to adjust observation error. 0.3° x 0.3° grid-
ded data was produced because the original data with
inhomogeneous grid spacing was inconvenient for the
calculating the area and tracking of an MCS. The far-
thest grid point from the stationary position of the satel-
lite, which is 124°E, 46.5°N, includes 2-5 original data
for averaging to create gridded data.

The Japanese Meteorological Agency (JMA) con-
ducted a Japanese 25-year ReAnalysis (JRA2S5) in col-
laboration with the Central Research Institute of Elec-
tric Power Industry (Onogi et al. 2007). The reanalysis
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period was from January 1979 to December 2004. The
resolution of a global model for producing the JRA2S is
T106L40 with a model top of 0.4 hPa. JMA also oper-
ates a real-time climatic assimilation system known as
the JMA Climate Data Assimilation System (JCDAS)
using the same system as JRA25. The JCDAS prod-
ucts have been available since January 2005. We used
pressure-level analysis data of JRA25 (until 2004)/JC-
DAS (from 2005) with 1.25° grid-spacing in this study
to analyze the fluctuation of the synoptic condition.

The soil moisture data from the Advanced Mi-
crowave Scanning Radiometer for Earth observing sys-
tem (AMSR-E) estimated by Fujii et al. (2009) from
2003 to 2008 was also used to analyze the land surface
condition. Fujii et al. revised the soil moisture algorithm
of Koike et al. (2004) to increase the accuracy using a
new fractional vegetation coverage dataset which was
created from the normalized difference vegetation index
(NDVI) provided as a standard product using the Mod-
erate Resolution Imaging Spectroradiometer (MODIS).
AMSR-E can be used to observe around the TP region
approximately once a day. The data resolution is 1.25°
grid spacing, and the number of significant figures for
soil moisture is 0.001 (cm? cm™3).

3. MCS tracking method

The MCS was extracted using IR images of Me-
teosat5/7. The methods of the MCS extraction and
tracking conformed to those of Evans and Shemo
(1996). Their methods have been applied to the region
around the Himalayas and TP by Barros et al. (2004),
Sugimoto and Ueno (2010), and Ueno et al. (2011).
First, a continuous area larger than 4,000 km? and with
Tbb less than 219 K (hereafter, the target cloud area)
was identified. A Tbb threshold with 219 K is appro-
priate over the plateau because the echo top of convec-
tive precipitation observed by Doppler radar in the cen-
tral TP, as pointed by Uyeda et al. (2001), reached 17
km above sea level. If grids with Tbb less than 235
K existed around the target cloud area, the grids were
treated as candidate areas for MCS. This requirement
allows the criteria of cumulus convections with precip-
itation. Next, target cloud areas at time ¢ were com-
pared with the image obtained one hour later (r + 1).
If the overlapped areas of target cloud of time = ¢ and
t + 1 exceeded 40% or if this overlap was greater than
10* km?, they were categorized as the same target cloud
area. Target clouds tracked for more than 6 hours were
determined as MCSs. If two target cloud areas merged,
the larger one was chosen for continued tracking. The
smaller one was not ignored if its lifetime was longer
than 6 h; however, active tracking was terminated. In
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Fig. 2. Frequency distribution of the initiation (white) and mature (black) time of the MCS in each area. The
horizontal axis shows the local time depending on each longitude.

this study, a grid with a minimum Tbb was identified as
the location of MCS and tracked to calculate the MCS
movement. Missing images of less than 3 hours were
interpolated on a time sequence and MCS tracking was
continued. “Mature size/mature time” was defined as
the size/time when each tracking MCS reached the max-
imal area. Tracking results including areas three degrees
to the left, right, top and bottom of the analysis area
were not used because the MCS generated in edge had
possibility to go outside of the analysis area before the
MCS extinction.

4. MCS formation around the TP

A ten-year location composition with mature size
MCSs is shown in Fig. 1. The MCSs developed in
several concentrated areas; some of them were over
ocean and coastal areas, and others were over inland
and high elevation areas. The generation and growth
of cloud convective systems in the former areas have
been explained by solar radiative heating during day-
time (e.g., Chen and Houze 1997) and low-level con-
vergence between prevailing flow and local circulation,
such as land/mountain breeze during the nighttime (e.g.,
Ohsawa et al. 2001; Zuidema 2003). On the other hand,

MCS development in high and inland areas, such as
the latter, was interesting because these areas were sup-
posed to have scarce water vapor. In our study, six areas
were selectively defined: 1) southern TP, 2) eastern TP
and western edge of the Sichuan Basin, 3) Patkai Moun-
tains, 4) southern Himalaya lowlands, 5) Bay of Bengal
(BoB), and 6) northern Vietnam and southern coastal
area of China (labeled in Fig. 1), and the growth rate
of large MCS was investigated for each of the six ar-
eas. The number of MCSs/very large MCSs exceeding
1.2 x 103 km? (about the top 20% of all MCSs in the
Asian monsoon region) was 1) 344/76, 2) 564/141, 3)
380/22, 4) 765/165, 5) 628/321, and 6) 933/276, respec-
tively. The incidence rate of very large MCSs to all ma-
ture MCS counted in each area exceeded 25% in three
areas, i.e. Areas 5 (51.1%), 6 (29.6%) and 2 (25.0%). It
is especially notable that one MCS was formed per day
on average in Area 6 and one-half of the MCSs over
the BoB (Area 5) grew larger than 1.2 x 10°> km?. This
means that MCSs were frequently generated and devel-
oped over those ocean and coastal areas. It is also note-
worthy that very large MCSs easily developed around
the eastern part of TP (Area 2) relative to other high el-
evation (Area 1) and inland areas (Area 3).
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Vertical composite diff. of Z & T
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a) Composite diff. of the temperature (shaded, K) and geopotential height (contour, gpm) at 200 hPa,

b) composite distribution of the wind (vector, m s~!) and geopotential height (contour, gpm) at 200 hPa, and
¢) longitude-vertical cross section of the composite diff. of temperature (shaded, K) and geopotential height
(contour, gpm) along 30°N in the LMCS cases of Area 2. The scale of shades in Fig. 3a is the same as that in Fig.

3c. “L,” “H,” and “N” indicate “a low geopotential height anomaly”,

LINT3

a high geopotential height or its anomaly,”

and “a negative value of temperature anomaly,” respectively. The topography is masked out with black in Fig. 3c.

Diurnal variation of initiation and mature time of
MCSs was examined in six areas, as shown in Fig. 2.
First, over the TP (Areas 1 and 2), the primary time
of MCS occurrence was 15-17 local time (LT), which
corresponds with the result of Li et al. (2008). MCSs
reached maturity at 19-23 LT and there was a blank in
MCS formation at 9-13 LT. Only in Area 2, the diurnal
variation of cloud activities was the most significant for
all target areas, and mature time had another small peak
at 01-02 LT. According to rain data obtained by gauge
observation and satellite estimation in the eastern pe-
riphery of TP, the hourly precipitation amount and pre-
cipitation intensity reached their maximum at night over
high land area and midnight in the low land area (Yu
et al. 2007; Zhou et al. 2008). The two peak maturity
times in Area 2 conformed to precipitation observations
shown in the previous studies.

The major timing of MCS initiation (maturity) in
Area 3 was 22-01 LT (4-7 LT), this area was consis-
tent with the midnight precipitation area shown in Oh-
sawa et al. (2001). The frequency distributions of MCS

formation in Areas 4 and 6 were characterized by dou-
ble peaks. The MCSs tended to form in the afternoon
or midnight, and reached maturity after 2—4 hours of
generation in each area. The double peaks in MCS ini-
tiation/maturity corresponded to the diurnal variation of
cloud activity and the amount of precipitation shown
in Islam et al. (2004) using IR satellite data and Oh-
sawa et al. (2001) with rain gage observation. Finally,
the active convective time over the ocean area (Area 5)
differed substantially from that in the continental areas.
The MCS initiation times concentrated from 23-04 LT,
and maturity time had two maximum peaks; the smaller
one was around 08 LT, and the larger one was around
12-15 LT. The smaller morning peak of maturity time
of MCSs corresponded to the diurnal variation of con-
vective cloud activity formed over the BoB shown in
Yang and Slingo (2001). On the other hand, Zuidema
(2003) indicated the midnight—early morning initiation
of cloud clusters (with radii larger than 210 km and Tbb
lower than 210 K) and maturity from morning through
noon over the BoB. Islam et al. (2004) also showed that
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Fig. 4. Same as Fig. 3c, but for the a) SMCS case
and b) HInoMCS case of Area 2.

cloud embedded area with Tbb lower than 214 K max-
imized in the afternoon over the northern part of the
BoB. The initiation timing and larger peak in maturity
times of the MCSs in Area 5 of our study was consistent
with their results.

According to MCS tracking, the maturity size/time
of the MCS clearly differed from region to region in the
Asian monsoon area, and significant incidences of very
large MCSs were recognized in not only the ocean and
coastal areas (Areas 5 and 6) but also inland high eleva-
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tion area (Area 2). MCS formation with obvious diurnal
variation around the eastern TP is expected to play a di-
rect role in day-to-day variability of UH. The impact of
large MCSs on the UH enhancement was investigated
focusing on Areas 2, 5, and 6, as shown in the next sec-
tion.

5. Identifying an area with significant variation of
synoptic conditions associated with MCS forma-
tion

The convective index (Ic), which is defined as either
Ic = “threshold temperature” — Tbb (when Tbb is not
exceeding a threshold) or Ic = 0 (otherwise), has been
used for the analysis of cloud convective activity for
ease of calculation (e.g., Murakami 1983; Fujinami and
Yasunari 2001, 2004). However, the Ic cannot directly
represent the size of convective cloud systems and life-
time of a convective cloud. Three categories were then
developed for this study: 1) a case of MCS development
to large size (LMCS), 2) a case of MCS formation with-
out further growth (SMCS), and 3) a case of high daily
averaged Ic without MCS formation (HInoMCS). For
each target area, the days in the top or bottom 15% dur-
ing a mature MCS were extracted for LMCS or SMCS
cases. On a no-MCS formation day, if the daily-mean
Ic was larger than the climatological Ic averaged during
Jun.—Aug. in 1999-2008, that day was classified as a
HInoMCS case. The threshold temperature of this study
was set at 250 K for the calculation of Ic. The number of
LMCS/SMCS/HInoMCS cases was 86/85/110 for Area
2, 199/202/28 for Area 5, and 193/199/70 for Area 6, re-
spectively. For the temperature and geopotential height,
the composite of the difference between the selected
days for each case and a day before the target MCS gen-
eration (a day before the selected day) was calculated
for the LMCS and SMCS (HInoMCS) cases to exam-
ine the influence of MCS on the UH fluctuation using
JRA25/ICDAS. Hereafter, the abbreviation “composite
diff.” is used for convenience.

First, the impact of LMCSs that developed in Area
2 on the synoptic condition in the upper troposphere
was investigated. The composite diff. of geopoten-
tial height and temperature at 200 hPa for the LMCS
case of Area 2 is shown in Fig. 3a. A high-low-high
anomaly pattern appeared alternately on the geopoten-
tial pattern with 15-20 degree intervals to the north of
38°N where the sub-tropical jet dominated (Fig. 3b).
The train of high/low anomalies with cold/warm tem-
perature anomalies had a wave number of 8 (not shown).
Terao (1998) revealed that a quasi-stationary Rossby
wave with a 5-7 wave number, which has an approxi-
mate 14-day or 30-45-day time scale, is formed along
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Fig. 5. Same as Fig. 3c, but for the LMCS cases
of a) Area 5 and b) Area 6 along 20°N.

the sub-tropical jet during summer in the northern hemi-
sphere. Eastward propagation of the quasi-stationary
Rossby wave with a sub-monthly scale contributes to
the formation of the Bonin high (Enomoto et al. 2003)
and controls the intraseasonal variability of cloud con-
vections over the southern TP (Fujinami and Yasunari
2004). The high and low anomalies of geopotential
height shown in Fig. 3a were a part of the mid-latitude
wave activity. On the other hand, no significant wave
propagation was found in the mid-latitude for the com-
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posite cases of SMCS and HInoMCS (not shown). This
result indicated that the mid-latitude wave activity con-
tributed to the MCS “growth” in Area 2.

The local temperature around 30°N, 105°E increased
more than 0.45 K at the time between initiation and
maturity of an LMCS (shade pattern in Fig. 3a), and
the center of temperature increase slightly shifted to
the southeast due to a northerly-northwesterly at 200
hPa, as shown in Fig. 3b. In addition, a high pressure
anomaly in a geopotential height field with a center lo-
cated at 40°N, 110°E extended southwestward because
of the response to the local temperature increase asso-
ciated with MCS formation. According to the vertical
structure of the composite diff. along 30°N (Fig. 3c),
the temperature increased between 400 and 200 hPa
level, and a high anomaly of geopotential height with
8—10 gpm appeared between 200 and 100 hPa. For the
SMCS (HInoMCS) case, a weak temperature increase
of 0.15-0.3 K was recognized at 350-250 (500-300)
hPa (Figs. 4a and 4b). The geopotential height in the
upper troposphere of the SMCS case increased only 4
gpm, which is less than half of the magnitude of the
LMCS case. There was no variation of the geopotential
height at 200 hPa on the longitude of Area 2 in the case
of HInoMCS. Consequently, only large cloud systems
could contribute greatly to the 1-2-day strengthening of
the UH and temperature increase in Area 2.

Next, the synoptic circulation variation was examined
in the case of LMCS formation over Areas 5 and 6. For
the LMCS cases of Area 5, a longitude-vertical cross
section along 20°N of the composite diff. showed 6-10
gpm decrease of the geopotential height from the sur-
face to 300 hPa and 0.3-0.45 K temperature increase
at 450-200 hPa within 1-2 days corresponding to the
LMCS development (Fig. 5a). A weak temperature
increase in a 400-200 hPa layer with small positive
anomaly in geopotential height for 200-150 hPa was
also identified in LMCSs cases of Area 6 (Fig. 5b).
The increases in temperature and geopotential height
ranges for the LMCS cases in both areas were small
relative to those in Area 2. According to a synoptic
chart at 850 and 500 hPa for the LMCS cases of Areas 5
and 6 (not shown), an obvious cyclonic circulation was
formed in each area. Zuidema (2003) has pointed out
that a large organized cloud system with Tbb below 210
K was formed with development of a cyclone and mon-
soon depression over the northwestern BoB. Accord-
ing to the analysis using geostationary meteorological
satellite images at the Indian monsoon region by Laing
and Fritsch (1993), some mesoscale convective com-
plexes develop into tropical depressions. The tropical
cyclones that form over the South China Sea and east of
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Fig. 6. Daily mean of geopotential height in 2003/2008 summers averaged in Areas 2 (black thick line), 5 (gray
line), and 6 (black dashed line). Large (small) squares, circles, and triangles mean LMCS (MCS excluding
LMCS) formation days in Areas 2, 5, and 6, respectively.

the Philippines, which accounted for 33% of all tropical
cyclones, pass over the coastal region of South China
and northern Vietnam and cause landfall due to heavy
rainfall (Camargo et al. 2007). The development of
such disturbances over the BoB and the northern part of
Vietnam, as shown in previous studies, was expected to
form LMCS and caused a rapid decrease of the geopo-
tential height anomaly in the lower and middle tropo-
sphere with a weak temperature increase in the middle
and upper troposphere. On the other hand, the tempera-
ture increase between the middle and upper troposphere
was not captured in the SMCS and HInoMCS cases in
Areas 5 and 6 (not shown).

On a monthly time scale, latent heating from active
cloud convections, including MCSs in the sub-tropical
areas such as Areas 5 and 6, play an important role
in the first transition to Asian summer monsoon and
maintenance of monsoon circulation (e.g., Li and Yanai
1996; Hsu et al. 1999). However, the upper tropospheric
geopotential height increased significantly on a 1-2 day
time scale only in the LMCS case in Area 2. We need
to explore the reasons why the LMCS in Areas 5 and 6
did not show a large effect on the day-to-day fluctuation
of UH directly above the subtropical region. Figure 6
shows the temporal sequence of the daily geopotential
height averaged in Areas 2, 5, and 6 at 200 hPa during
the summers of 2003/2008, which were active years of
LMCS formation in Area 2/Areas 5 and 6, as examples.
The amplitude and behavior of intra-seasonal variability
in geopotential height were significantly different be-
tween Area 2 and Areas 5 and 6 for both years. In Area
2, geopotential height increased to about 150 gpm at the
monsoon onset in mid-June. Then, a 10-20-day oscil-

lation with large amplitude, which was about 100 gpm
for a few days, was prominent. In most cases, the LMCS
formation in Area 2 corresponded to the maximal phase
of the geopotential height. For Areas 5 and 6, the fluc-
tuation in the upper geopotential height was about one-
third to one-half of that of Area 2 without a seasonal
trend. The LMCS formed independently of the variation
in geopotential height in the upper troposphere. Those
relationships between geopotential height and LMCS
formation in each area were also shown in other years
(not shown). The temperature fluctuation at 200 hPa
was 2-2.5 K in Areas 5 and 6 with a 10-20-day time
scale, and about one-half of that in Area 2 (not shown).
As described in Section 4 and shown in Fig. 6, the cloud
convective systems, i.e. including not only the LMCS
but also medium or small MCSs, formed in Areas 5 and
6 on consecutive days. We speculated that those active
cloud convections reduced the geopotential height and
temperature variations on a 1-2-day time scale around
the center area of the UH.

LMCSs in Areas 5 and 6 could not drastically change
the geopotential height in the upper troposphere, unlike
the LMCS case of Area 2. Tamura et al. (2010) indi-
cated that the remote response of cloud convection in
the Southeast Asian/Indian monsoon region was a factor
to make adiabatic subsidence over the southwestern TP
during the pre-monsoon season. A remote response to
UH expansion was also confirmed by composite anal-
ysis of the pressure vertical p velocity and geopoten-
tial height. The updraft was analyzed over the BoB and
the northern part of the South China Sea in both LMCS
cases of Areas 5 and 6, not only at 200 hPa as shown
in Figs. 7a and 7b, but also between the surface and the
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a) ZUV®200 in the
LMCS case of Area 5 ¢

b) ZUV®200 in the
LMCS case of Area 6

—0.06 0 0.06 (Pa/s)

Fig. 7. Same as Fig. 3b, but for the LMCS cases
of a) Area 5 and b) Area 6 with vertical p ve-
locity (shaded; Pa sfl). The dashed line indi-
cates an axis of a synoptic trough.

upper troposphere. On the other hand, the weak down-
draft appeared over the southwestern part of the Indian
subcontinent, over the land east of the BoB, some areas
north of 40°N, and over the continent west of 75°E. The
weak subsidence areas shown in Fig. 7 did not corre-
spond to the area of UH expansion, which is the focus of
this study. In other words, we could not find any areas of
subsidence over central and east China in LMCS cases
in Areas 5 and 6. In addition, the synoptic scale mid-
latitude trough existed at 200 hPa over central and east
China in LMCS cases for both Areas 5 and 6 (dashed
line in Figs. 7a and 7b, respectively). The distribution of
12500-gpm isoline shifted slightly southward between
100 and 113°E, and its eastern edge remained at about
10 degrees west of that in the Area 2 LMCS case, as
shown in Fig. 3b. This evidence does not indicate any
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impact of the remote response of convective activity in
the sub-tropical region on UH expansion to the east on
a 1-2 day time scale.

6. Formation of active cloud convection zone and
its impact on the UH fluctuation after the LMCS
development around the eastern TP

The LMCS around the eastern part of TP was a direct
factor for the eastward extension of UH on a 1-2 day
time scale. In this section, the variation of the UH, land
surface condition, and cloud activity in the surround-
ing region of Area 2 were examined after LMCS de-
velopment. The daily maximum value of Ic (Icmax)
was defined as another index of cloud convection in
addition to the MCS tracking, and the difference be-
tween the composite of the Icmax of LMCS cases and
its climatology averaged during Jun.—Aug. 1999-2008
was calculated. Hereafter, the day of LMCS develop-
ment is represented as t = 0, and the number of days
before (after) is described as r = —1,—2,—-3,—4,—5
(t=+1,4+2,+43,+4,+5).

First, the contribution of the LMCS to the cloud
convection over China was investigated on the day of
LMCS development. An area with positive anomaly of
Icmax larger than 4 K extended eastward to 93°E along
32°N on ¢t = 0 (Fig. 8a) and was defined as a Zone of
Active Cloud Convection (ZACC). The maximum cen-
ter of the Icmax anomaly was located in Area 2 as a
peak of ZACC. The formation of a very large MCS con-
centrated in Area 2 with an altitude higher than 1500 m
(Fig. 8b). In the case of LMCS development, cyclonic
circulation over Area 2 was stronger than that of the
climatology and enhanced intrusion of moist souther-
lies at 700 hPa to the east of 105°E (Fig. 8a). The
ZACC clearly curved inland in association with those
enhanced moisture intrusions, although the northeast-
ern side of the Sichuan Basin (around 110°E, 35°N) was
without very large MCS formation. This evidence indi-
cated that the LMCS around the eastern TP functioned
as the northward-northeastward moisture transport and
activated cloud convection inland.

Next, we analyzed the linkage among the UH
eastward extension, land surface wetness, and the
LMCS/ZACC activity after a few days of LMCS forma-
tion. The anomalies, which are the LMCS cases minus
climatology, averaged 30-35°N; a) Icmax, b) geopoten-
tial height at 200 hPa, and c) daily soil moisture from
t = —5tot = +5 are shown in Fig. 9. Four days prior
to LMCS formation (t+ = —4), cloud convections were
activated over two zones; one was from 82 to 107°E,
and the other was east of 115°E (Fig. 9a). The upper
geopotential height gradually increased following the
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(Left) Composite of Icmax (shaded) and gV (vector) anomaly from climatology a) on the day of LMCS

formation in Area 2 (t = 0) and c) a day after LMCS formation (f = +1). A thin contour indicates topography
with 1,500, 3,000, and 4,500 m above sea level of JRA2S5, and a thick line indicates the coastline. An open
square shows Area 2. (Right) Distribution of the position of mature MCS larger than 1.2 x 10° km? b) on the day
of LMCS formation in Area 2 (t = 0) and d) a day after LMCS formation ( = +1). A thick contour indicates
topography with 1,500, 3,000, and 4,500 m above sea level, and a thick dashed line indicates the coastline. The

open square shows Area 2.

cloud convective activity in those two zones (Fig. 9b).
The Icmax anomaly was larger than 6 K over the TP
(90-100°E) on the day of r = —2, and the soil mois-
ture was 0.02 (cm® cm™3) greater than that of the cli-
matology (Fig. 9c). Around the LMCS formation day
(from t = —1 to t = 0), the primary area of the ZACC
shifted from the TP (about 90-105°E) to central-east
China (about 100-123°E). In the upper troposphere, the
geopotential height anomaly became the largest from
t =0tot=+1, and reached 60 gpm at 102—-110°E. This
positive anomaly zone in geopotential height expanded
to the east until # = +3, corresponding to the cloud con-
vective activity. On the other hand, the distribution of
larger soil moisture propagated eastward from r = —1
to t = +2. The wet land surface conditions continued to
t = +5 in the area east of 112°E. Namely, cloud convec-
tive activity in the ZACC induced more eastward expan-
sion of UH and obviously moistened the land surface
from the TP to east China.

Focusing on the gV anomaly at 700 hPa (Fig. 9b, vec-
tor), the southwesterly or westerly monsoon flow pre-

vailed to the east of 100°E a few days before LMCS
generation. The magnitude of gV anomaly in the lower
troposphere (length of vector, shaded in Fig. 9b) signif-
icantly increased after LMCS occurrence, and its maxi-
mum exceeded more than 0.04 (m s~!)(kg kg~!) on the
day at r = +2. This enhanced intrusion of moist south-
westerly/westerly into the east of 110°E of the ZACC
is also horizontally shown in Fig. 8c. Particularly, the
maximum of the positive anomaly of Icmax was formed
at around 112°E and 120°E at t = +1 (Fig. 8c), al-
though the occurrence number of LMCS at central and
east China on = 41 was similar to that on t = 0 (Fig.
8d). According to the numerical simulation of Wang
(1987), the development of a warm vortex over the TP
is explained by the enhancement of the low-level con-
vergence associated with the Conditional Instability of
the Second Kind (CISK) which was caused by the la-
tent heat release from cloud convection, complex ter-
rain, and convergence between southerlies and norther-
lies at the center of the TP. On the other hand, Yasunari
and Miwa (2006) identified through case studies that the
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; shaded), and ¢) soil moisture (contour interval is 0.01 cm?

cm~3) for the LMCS case of Area 2. A horlzontal thick line means r = 0, and an open square indicates the
longitude of Area 2. The black shaded area in Figure a and c is an area from which no data was obtained.

eastward movement of the vortices with cloud convec-
tive systems, which is induced in the large-scale conver-
gence over the TP, is embedded in the Meiyu/Baiu front
and triggers flooding in the middle and lower reaches
of the Yangtze River. The LMCS development around
the eastern part of the TP was suggested to contribute to
the activation of successive precipitation systems over
central-east China via the enhancement of low-level
convergence of ¢V by the CISK and/or the LMCS prop-
agation in the ZACC, as shown in those previous stud-
ies.

7. Summary and discussion

The contribution of large MCS (LMCS) formation on
the eastward extension of the upper tropospheric high
(UH) was investigated in the Asian monsoon region.
We also verified the fluctuation of UH and land surface
conditions in conjunction with the precipitation systems
over China formed after LMCS generation around the
eastern TP. The UH eastward expansion on a time scale
of a few days was strongly linked with the LMCS for-
mation around the eastern part of TP and a zone of ac-
tive cloud convection (ZACC) over central-east China
during summer. The major results are summarized as
follows;

1) The area in which mature MCS appeared was ex-
amined around the TP region. The mature MCSs were
extracted in six concentrated areas; the southern TP
(Area 1), the eastern TP (Area 2), around the Patkai
Mountains (Area 3), the southern foot of the Himalayas

(Area 4), the Bay of Bengal (Area 5), and the north-
ern part of Vietnam (Area 6). MCSs that developed in
Areas 2, 5, and 6 tended to become large. In Area 2,
an inland and high elevation area with little water va-
por, large MCSs (larger than 1.0 x 103 km?) accounted
for 25% of all MCSs, and the diurnal variation of ini-
tiation/development of MCS was the most active. Ap-
proximately 50% of all MCSs over the Bay of Bengal
(Area 5) were large, with the highest number in the
Asian monsoon region. There was approximately one
MCS daily in Area 6, and about 30% of them became
large.

2) Fluctuation in the upper synoptic condition was re-
vealed around the formation day of LMCS by the com-
posite analysis using JRA25/JCDAS for Areas 2, 5, and
6. The temperature increased over 0.45 K with about
10-gpm increase of the upper geopotential height corre-
sponding to the LMCS formation in Area 2. This UH
evolution was not identified on the days of small MCS
formation and the days of no MCS occurrence with high
daily-averaged Ic. On the other hand, the upper geopo-
tential height varied little from day to day for the LMCS
cases of Areas 5 and 6, and the range of temperature
increase in the middle and upper troposphere was also
small relative to those in the LMCS cases in Area 2.
From this evidence, it was concluded that the LMCS
that formed in the eastern part of TP was especially im-
portant for the eastward extension of the UH.

3) On the day of LMCS development, a ZACC ap-
peared between 30°N and 35°N from the eastern TP to
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east China. Cyclonic circulation, which was enhanced
in the lower troposphere of Area 2, caused northward
intrusion of moist air masses and meandering of the
ZACC on the northeastern side of the Sichuan Basin.
Water vapor transport to the ZACC gradually strength-
ened, and the ZACC remained in central-east China for
a few days after LMCS formation. In response to this
maintenance of active cloud convection, the moisten-
ing area of land surface propagated from the TP to east
China and the UH expanded farther eastward. These re-
sults also identified successive cloud convective activity
in the ZACC as an additional important factor for the
UH extension to the east China.

One to three days after LMCS formation, the posi-
tive anomaly of Icmax remained over the central and
eastern TP (90-103°E, Fig. 9a). In the eastern part (97—
103°E), the soil moisture anomaly was more than 0.02
(cm? cm™3) until r = +4 following the active cloud con-
vections (Fig. 9¢). It is well known that the wetness of
the land surface controls the structure of cumulus cloud
convections in the semi-arid regions of the world. For
example, a numerical simulation by Peilke et al. (1997)
indicated that a change of the land surface conditions
from crop land to homogeneous grass land inhibits the
formation of thunderstorms over the Great Plains in the
United States via a decrease of transpiration from the
vegetation and weakening of convective instability. Ac-
cording to precipitation observations in the Sahel by
Taylor and Lebel (1998), precipitation cells in the MCS
become partly activated because of inhomogeneous wet
patches caused by mesoscale cloud convection a few
days before the passage of MCS. From the case studies
using numerical simulations in the Sahel, triggering of
cloud convection is favored by drier surface and/or soil
moisture inhomogeneities, while a mature cloud system
weakens in the vicinity of a drier surface (Gantner and
Kalthoff 2009). Land surface moistening and activa-
tion of vegetation associated with the seasonal transition
of plateau monsoon change convective cloud structure
and increase precipitation on the ground in the Naqu
Basin over the TP (Yamada and Uyeda 2006; Yamada
2008). Our study suggests that the moist condition of
the land surface due to LMCS precipitation could en-
courage continuing cloud convective activities over the
eastern TP.

In this study, activation of ¢V intrusion and cloud
convections in the ZACC were confirmed within a few
days of the LMCS development. However, it was not
clear whether the LMCS generated in Area 2 was mov-
ing to east or new clouds were formed in the ZACC be-
cause of active water vapor intrusion. Non-hydrostatic
numerical simulations will give insight into this issue.
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The numerical models have dependence on the initial
and boundary conditions, and considerable computa-
tional resources are needed for the increase of the simu-
lation sample. On the other hand, the numerical model
can explicitly solve the formation of cloud convection
with a horizontal scale of a few km—several hundred m
and can be used for sensitivity experiments, e.g., elim-
inating diabatic heating from clouds. The time varia-
tion of cloud convective activity in the ZACC for sev-
eral consecutive days should be verified using a non-
hydrostatic numerical model.
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