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ABSTRACT

Two major mesoscale convective clusters of different characters occurred during the heavy rainfall event
in Guangxi Region and Guangdong Province on 20 June 2005, and they are preliminarily identified as
a frontal mesoscale convective system (MCS1; a frontal cloud cluster) and a non-frontal MCS (MCS2; a
warm sector cloud cluster). Comparative analyses on their convective intensity, maintenance mechanism,
and moist potential vorticity (MPV) structure were further performed. The convective intensity analysis
suggests that the ascending motion in both the frontal MCS1 and the warm sector MCS2 was strong, so it
is hard to conclude whether the intensity of the frontal convective cluster was stronger than that of the non-
frontal convective cluster, and their difference in precipitation might result from differences in their moisture
conditions. The comparative analysis of the maintenance mechanisms of matured MCS1 and MCS2 show
that in MCS1 there were strong northerly inflows at middle and upper levels, and the convection was mainly
maintained through convective-symmetric instability; while in MCS2, the water vapor was abundant, and
the convection was maintained by moist convective instability. The structural analysis of MPV indicates
that (1) the two clusters were both potentially symmetric unstable at middle and low levels; (2) there
were interactions between the cold/dry air and the warm/wet air in the frontal MCS1, and the interactions
between the upper- and low-level jets in the warm sector MCS2; (3) the high- and low-level jets and moisture
condition nearby the convective clusters exerted different impacts on the two types of convective systems,
respectively.
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1. Introduction

The first rainy season in South China is usually
considered as an important beginning of rainy seasons
in summer. It is a special rainy season characterized
by high occurrence frequency and long life duration of
heavy rain, unique orographic effect, and overly abun-
dant moisture conveying.

The quasi-stationary front is one kind of circu-
lation system which occurs and develops all the year

around South China. It is always recognized as strip-

shaped clouds in the background of weak surface pres-
sure fields (Li et al., 1984). It is believed that the
quasi-stationary front which often induces heavy rain
is related to symmetric instability in theory (Zheng,
1990). In addition, severe convection involving quasi-
stationary front and instability were discussed by Ji
et al. (2004). The mesoscale convective rainy clus-
ters are the direct contributor to heavy rainfall. The
trump-shaped terrain in the Nanling Mountains en-
hances the ascending motion of the warm and wet air
from the south (Xia et al., 2006).

*Supported by the National “973” Program—Research on Theories and Methods of Monitoring and Predicting of Heavy Rainfall
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(2000) conducted a
modeling study of mesoscale systems along the Meiyu
front in South China. Their model captured the thus
3-D structure of the MCS and a concept model was

Furthermore, Zhang et al.

derived. They inferred that mesoscale systems could
induce a meso-low in the lower layer and a meso-high
in the upper layer due to the emanation of latent heat.
Then the meso-low and meso-high gave positive feed-
back to the development of the mesoscale systems and
strengthened the convective motion. It was suggested
that the sensible heat flux, latent heat flux, and PBL
process can also affect the development of the strong
convective systems (Sun and Zhao, 2000, 2002).

However, there has not existed a general concept
of MCS inducing heavy rainfall in South China fol-
lowing current studies and knowledge about severe
weather.

In this paper, we aim to analyze the frontal and
non-frontal convective clusters in a typical case char-
acterized by a quasi-stationary front in South China
on 20 June 2005. Based on GOES-9 satellite cloud-
top infrared blackbody temperature, NCEP reanalysis
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data (1°x1°), Japanese East Asian regional data (20
km) and routine observation networks, the distinction
between the frontal and non-frontal systems is sum-
marized in four aspects, namely, dynamic structure
(Section 4), convective intensity (Section 5), main-
tenance mechanism (Section 6), and MPV structure
(Section 7).

2. Observational analysis of the rainfall event
in South China on 20 June 2005

Figure 1 shows the synoptic setting of the heavy
rainfall event that occurred in South China. At 200
hPa (Fig 1a), there was a subtropical anticyclone cov-
ering a broad region from the east of the Tibetan
Plateau to the east of the South China Sea, and diver-
gent winds were in favor of outflows from convective
systems. At 500 hPa (Fig. 1b), the western North Pa-
cific subtropical high (WPSH) developed, and its pe-
riphery (identified by the 588 dagpm) extended west-
ward to 110°E. Southwesterlies on the north side of
the WPSH indicated that warm moisture was pushed
to South China. At 850 hPa (Fig. 1c), a low was
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Fig. 1. Geopotential height and wind fields at (a) 200 hPa, (b) 500 hPa, and (c) 850 hPa (unit of contours: dagpm;

unit of shaded terrain: m).
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Fig. 2. GOES-9 black body temperature (TBB) evolution every 2 hours (unit: °C).

located over the northeast of Jiangxi, and a trans-
meridional shear line was formed near 28°N. The low
level jet (LLJ), with the wind speed over 12 m s~!, de-
veloped to the south of the shear line. Corresponding
to the settings of 850 hPa, there was a quasi-stationary
front in South China from surface analysis.

The primary weather systems which induce the
heavy rainfall are a vortex at low level, a shear line,
and the quasi-stationary front. The synoptic settings
from high to low levels advantage the occurrence and

development of convection in South China.

3. Temporal variation of two types of meso-

scale convective clusters

3.1 Ewolution of MCS1 that induced the heavy

rainfall in Guangxi

MCS1 was initially formed by two merging clus-
ters, the bigger one of which was not strong enough to
meet the definition of MCC at 0200 BT 20 June. By
0600 BT 20 June, the two clusters started to merge,
and the cold-shield area of TBB <-32°C reached

1.5%x10% km?, and the area of TBB <-52°C was also
up to the definition of MCC. Two hours later, MCS1
attained its mature stage, with its area of TBB <—
52°C increased to 2.3x10° km?, and it started to in-
duce intense precipitation over the middle of Guangxi.
From then on, MCS1 gradually split into a number of
meso-0 clusters and it dissipated by 1800 BT 20 June.
The lifetime of MCS1 was about 10 h from 0600 to
1600 BT 20 June.

3.2 Ewvolution of MCS2 that induced the heavy

rainfall in Guangdong

MCS2 was initiated from the rear of a former clus-
ter at 0900 BT 20 June. Three hours later, MCS2 de-
veloped into an MCC, with the cold-shield area of TBB
<-32°C reaching 1.02x10° km?. At 1400 BT 20 June,
the area of TBB < —52°C increased to 6.8x10* km?,
and then the MCS2 entered its mature stage. From
then on, the MCS2 fell to decay and it moved east-
ward gradually. At 1800 BT 20 June, it migrated to
the coastline of Guangdong. Two hours later, MCS2
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Fig. 3. TBB (shaded) and 850-hPa wind fields at (a) 0800 BT and (b) 1400 BT 20 June 2005. The positions of

cross-section AB and C'D are highlighted.

dissipated over the sea. The lifetime of MCS2 was
about 7 h from 1200 to 1900 BT 20 June.

There are some similar characters between MCS1
and MCS2. Both of them have less than 24-h life-
times and deep convective centers with TBB <-78°C.
However, differences between MCS1 and MCS2 also
emerge from observational analyses. Further exami-
nations of these two convective systems are conducted
and the comparison between them is documented as
follows.

4. Comparison of the dynamic structure be-
tween MCS1 and MCS2

Figure 3 shows the low-level wind fields (850
hPa) of MCS1 and MCS2 at their mature stage, re-
spectively. The MCS1 was located near the quasi-
stationary front, in which the northerly and south-
westerly inflows converged, and the frontal structure
of MCS1 was recognizable. Whereas, the MCS2 oc-
curred and developed on the south of the front, the
convective region of MCS2 was covered only by south-
west airflows in the lower layer, and the non-frontal
structure of MCS2 was uncovered.

Figures 4 and 5 show the cross-sections of MCS1
and MCS2 at their mature stage, respectively. A high
6 tongue (> 350 K) was located on the mid-low lev-
els of MCS1, and the streamlines also indicated the
intense updrafts of MCS1 induced by convergence of

northerly and southerly winds, which was confirmed

Height (hPa)

Convective region

Fig. 4. Streamline (solid) and equivalent potential tem-
perature (dashed point; K) for cross-section AB at 0800
BT 20 June 2005. The terrain is shaded.

Height (hPa)

Convective region

Fig. 5. As in Fig. 4, but for cross-section CD at 1400
BT.
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Fig. 6. Averaged profiles of (a) horizontal divergence (107°s™!) and (b) vertical velocity (Pa s™!). Dashed point lines
are for MCS1 at 0800 BT, and solid lines for MCS2 at 1400 BT.

from Fig. 3a. In contrast, the vertical motion of MCS2
was the result of orographic effects to the southerly
inflows with a high 6, tongue (> 350 K), and the non-
frontal character was reconfirmed.

In one word, the MCS1 and MCS2 have similar
high 0, tongue in mid-low layer but different dynamic

structures which induce vertical motion.

5. Comparison of convective intensity between

MCS1 and MCS2

Convective intensity is a main element of meso-
scale convective systems. We further examine the in-
tensities of MCS1 and MCS2 with area average of
four variables, i.e., horizontal divergence, vertical ve-
locity, moisture flux, and precipitation.

From the area average of horizontal divergence at
the mature stage (Fig. 6a), both MCS1 and MCS2
show convergence in the mid-low layer and divergence
in the high layer. But the maximum convergence was
just 1.0x107° to 1.5x107°s~!, which was possibly a
result during the mature stage of convection and it also
implied that the vertical motion would be decreasing
from then on.

In addition, the height of naught divergence for

MCS1 reached above 400 hPa and was higher than
that of MCS2 (500 hPa). It was believed that the
northerly inflows in mid-upper layer lifted the height
of convergence of MCS1.

At the same time, Fig. 6b shows the vertical ve-
locity profiles of MCS1 and MCS2 at their mature
stage. The vertical motions of MCS1 and MCS2 were
both updraft, and the velocities were both increasing
as height increased in mid-lower layer but decreasing
as height increased in upper layer of the troposphere.
The vertical motion of MCS1 reached its peak (about
—0.26 Pa s~ 1) at 350 hPa while the velocity of MCS2
culminated (—0.34 Pa s™!) at 450 hPa.

It is then concluded that the pattern of velocity
is in accord with the distribution of convergence. It
seems that the vertical motion of MCS2 is stronger
than that of MCS1.
not only on the velocity but also on the moisture con-

The convective intensity relies

dition. Therefore, the further analysis below is given
mainly from the area average of moisture flux conver-
gence and precipitation.

Figure 7 shows that major moisture flux conver-
gence occurred in lower layer and nearly disappeared
at 500 hPa and above because moisture was con-

veyed mainly by the low-level southwest airflow. The
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moisture supply of MCS2 seemed more abundant than
that of MCS1 in view of the maxima of moisture con-
vergence.

Figure 8 shows that the total precipitation in-
duced by MCS1 from 0200 to 1400 BT 20 June was
79.3 mm, and the total precipitation induced by MCS2
from 0800 to 2000 BT 20 June was 103.11 mm, which
was about 24 mm more than that of the former.
The difference in precipitation is perhaps was easily
thought that because of the difference in the moisture
condition.

In summary, the profile of horizontal divergence
at the mature stage implies that the vertical motion
of MCS1 and MCS2 will become weak from then on.
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Fig. 7. As in Fig. 6, but for moisture flux divergence
(1077"g s™! hPa~tem™2).
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And the pattern of vertical velocity is in accord with
the distribution of convergence. It seems that the ver-
tical motion of MCS2 is more drastic than that of
MCS1. Moreover, the area average of moisture flux
convergence and precipitation show that the moisture
supply of MCS2 seems more abundant than that of
MCSI1.

6. Comparison of the maintenance mechanism

between MCS1 and MCS2

Generally, the genesis and development of
mesoscale cluster are always linked with convective
motion, which relies closely on the atmosphere insta-
bility, and the intensity of convective motion is to a
great extent connected with the instable energy re-
leased by the atmosphere.

The MCS1 exhibits slantwise updraft motion
while the MCS2 yields vertical updraft motion as
shown in Figs. 3 and 4. Whether the different charac-
teristics of converctive motion imply different mainte-
nance mechanisms? We aim to search for the answer

to key of that through the following analyses.

6.1 Analysis of the maintenance mechanism

for MCS1

The parcel method indicated that the motion of
MCS1 (Fig. 9) was from large absolute momentum to

small one in lower layer (800 hPa below) of the tro-

posphere, where — < 0 means inertial stability, and
2z
conditional instability. Then the motion got slantwise

from small absolute momentum to large one in middle

layer where % = 0, indicating a neutral layer and
conditional-symmetric instability.

In the 1980s, Emanuel (1980) and Jascourt et
al.(1988) gave the definition of convective-symmetric
instability, which is the coexistence of moist-gravity
instability (conditional or potential instability) and
moist-symmetric instability (conditional or potential-
symmetric instability). The pattern of MCS1, which
was conditional instability and inertial stability at low
levels and conditional-symmetric instability at middle

levels, demonstrated that the convective-symmetric
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Height (hPa)

1000

Fig. 9. Equivalent potential temperature (dashed; unit:
K) and absolute momentum (solid; with an interval of 5
m s™') at cross-section AB at 0800 BT. Arrows represent

inner upward motions of MCS1.

instability was the maintain mechanism of convective
motion.

Cheng and Lu (2006) conducted a modeling study
and simulated the evolution and circulation feature of
convective-symmetric instability. They found that the
circulation would have vertical updrafts at lower lev-
els and slantwise updrafts at upper levels when the
conditional instability existed at lower levels and con-
This

was again true with the characters of MCSI1 in this

ditional symmetric instability at upper levels.

study. Figures 10 and 11 show the schematic diagram

and conceptual model of MCS1 at its mature stage.

Northerly cold—dry

side of the front

MCS1
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6.2 Analysis of the maintenance mechanism
for MC-52

The updrafts of MCS2 (Fig. 10) almost ran par-

allel with the contours of absolute momentum, and

00

—° <0 appeared at lower levels. These demonstrate
thgt inertial instability is nonexistent and conditional
instability is the main mechanism. The vertical mo-
tion of MCS2 is characterized by deep and moist ver-
tical convection.

Deep moist convection has been investigated by
Doswell (1987) and Doswell et al. (1996) using the
ingredients-based methodology. Instability, moisture,
and lifting were thought as three indispensable fac-
tors inducing deep moist convection. With reference
to Fig. 10, the three factors were all manifested in
the convective region of MCS2, and the moist convec-
tive ascending inspiried by conditional instability was
a unique feature of MCS2.

In addition, the schematic diagram and concep-
tual model of MCS2 at its mature stage are depicted
in Figs. 13 and 14, respectively, which are different
from that of MCS1.

At this moment, we can answer the question
about whether the different characteristics of con-
The
convective-symmetric instability is the maintaining
mechanism for MCSI1, represented by
updrafts. Compared with MCSI,

vective motion imply different mechanisms.

slantwise
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Fig. 10. A schematic diagram for the mature stage MCS1.
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instability is the maintaining mechanism for MCS2,

characterized by vertical updrafts.
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7. Comparison of moist potential vorticity be-

tween MCS1 and MCS2

The definition of MPV (moist potential vorticity)
was first mentioned by Bennetts and Hoskins (1979),
and was derived by replacing potential temperature
with equivalent potential temperature that contains
moisture effects. The MPV reflects both dynamic and
thermodynamic features of the atmosphere through a
combination of inertial instability and convective in-
stability. The diagnosis of MPV helps to reveal real
conditions of the atmosphere during rainfall and other
convective weathers involving airborne moisture. At
the same time, such a PV diagnostic is a useful aid
in understanding the relationship between nonhydro-
static moist convection and large-scale balanced flow
(Schubert et al., 2001).

There have been many applications of the MPV
theory in mesoscale convective weathers in China. A
numerical case study of MCSs that developed in South
(2004) who
found that areas with high pressure and positive moist

China was carried out by Meng et al.

vorticity were favorable for the development of heavy
rainfall and MCS on the slantwise moist isentropic sur-
face. Moreover, Gao et al. (2002) revealed that moist
potential vorticity anomaly regions correspond well to
the regions of intensive precipitation, from both dy-
namical and diagnostic methods.

In the following, we want to uncover the MPV

Conditional instability
at mid-lower level

|
|
|
|
: flows from southern
|
|
|
|
|
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Convergence of :
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| Guangdong Province
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Upward motion on
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Ample supply of moisture
and orographic influence at
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Fig. 13. A schematic diagram for the mature stage MCS2.
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structure in order to further understand the diffrences
between MCS1 and MCS2.

7.1 Description of the MPYV theory

Expression of MPV in pressure coordinates is:
MPV = —g(fk+ V, x V)V,0.. (1)

Considering that the horizontal variation of verti-
cal velocity is much less than the vertical shear of hor-
izontal velocities, the former is neglected. The MPV
is regarded as a conserved quantity, and the above ex-

pression can be written as

00, v 06,  Ou 00,
MPV = — — - = = t
where ( = @ — @ is relative vorticity and f is
or Oy

geostrophic vorticity. In addition, MPV can also be

Height (hPa)
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divided into

00,
MPVL= (¢ + 1) 5"
Ov 0. Ou 0,

where MPV1 is the first component, also named as
the vertical component, which depends on the prod-
uct of vertical absolute vorticity and vertical gradient
of equivalent potential temperature; and MPV?2 is the
second component, also named as the horizontal com-
ponent, which relies on the vertical shear of winds and
horizontal gradient of equivalent potential tempera-

ture.
7.2 Comparison of MPV, MPV1, and MPV2

Figure 15 shows the MPV structures of these two
convective systems. There both existed negative MPV
at mid-lower levels and positive MPV at upper levels.
This indicated similar stratification of atmosphere and
latent instability in lower layer. But to the north of the
convective region, there was positive MPV below 500
hPa in Fig. 15a, which corresponded to the northerly
flows in Fig. 4. In contrast to MCS1, MCS2 had neg-
ative MPV below 500 hPa in Fig. 15b.

Compared with MPV, MPV1 structure is close
to MPV patterns because MPV1 is the main compo-

nent of MPV, which is about 1 magnitude greater than
MPV2.

Fig. 15. The moisture potential vorticity (MPV) field for (a) cross-section AB of MCS1 at 0800 BT and (b) cross-section

CD of MCS2 at 1400 BT with an interval of 0.1 PVU (x107°

m?sT'K kg™h).
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Fig. 17. As in Fig.

MPV1 is a moist-barotropic term based on its def-
inition. It links together inertial instability (f+¢) and
convective instability (— g%—%). In the Northern Hemi-
sphere, (f+() is generally regarded as positive because
f is positive (about 10=* s) while ¢ is about 107° s.
Then the negative region of MPV1 is thought as con-
vective instability and the area of interface is consid-
ered as interaction between dry and wet airflows.

The rectangle in Fig. 16a shows that there was
maximum vertical gradient of MPV1 to the north
of the convective region, which implies interaction of
northerly and southerly airflows in lower layer. Con-
trary to MCS1, the rectangle in Fig. 16b shows that
interaction of wet airflows from mid-lower levels and
dry airflows from upper levels.

Additionally, Fig. 17 shows MPV2 structures. It
is believed that the negative region of MPV2 is in-

duced by the same positive or negative conditions of
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Height (hPa)

15, but for MPV2.

% and % from the definition of MPV?2.
oy dp

The rectangle in Fig. 17a shows that there were

0 ou
positive —= and positive — in the south of the con-

Ay op

. . . e ou .

vective region and same negative — and — in the
Ay dp

north of the convective region on the condition that
high 6, tongue was located over the convective region
and there existed low level jet (LLJ) and upper levle
jet (ULJ) in the south and north of the convective re-
gion, respectively.

In the same way, the rectangle in Fig. 17b indi-

ou

cated the same positive 8—6 and — near the convec-

Y P
tive region of MCS2.

In this section, the MPV structures of both MCS1
and MCS2 exhibit similar characteristice of latent in-
stability in mid-lower layer, but the MPV1 and MPV2
structures are different in details.
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8. Conclusions and discussion

There existed frontal and non-frontal convective
clusters that had induced heavy rainfall events in
Guangxi and Guangdong, respectively, on 20 June
2005. The two kinds of convective systems have sev-

eral discrepancies.
MCSI is located near a quasi-stationary front

where the northerly and southwesterly airflows are
converged. The convective region of MCS1 presents
northerly inflows at middle and higher levels. Whereas
MCS2 occurs and develops on the south of the front,
and the convective region of MCS2 is covered only by

southwest airflows at lower levels.
It seems that the vertical motion of MCS2 is more

drastic than that of MCS1. Moreover, the area aver-
ages of moisture flux convergence and precipitation
show that the moisture supply of MCS2 seems more
abundant than that of MCS1. But it is hard to con-
clude whether the intensity of the frontal convective

clusters is stronger than that of the non-frontal sys-

Table 1. Comparison of MCS1 and MCS2

VOL.24

tems based on current data in this paper.

Moreover, convective-symmetric instability is the
main mechanism for sustained vertical motion of
MCS1, and the convective region is featured with
slantwise updrafts. On the contrary, conditional in-
stability is the mainteance mechanism of MCS2, char-
acterized by vertical updrafts named as moist deep
convection.

Finally, the MPV patterns imply that both of
MCS1 and MCS2 have a similar MPV structure with
latent instability at mid-lower levels. Distributions of
MPV1 indicate that the interaction between cold dry
air and warm wet air represents different characters of
unstable layers between the MCS1 and MCS2. The
different structures of MPV2 demonstrate that high
and low-level jets and moisture nearby the convective
clusters have different impacts on these two convective
systems, respectively.

These conclusions are summarized in Table 1.

Due to limited data interval, the study above just

MCS1

MCS2

Dynamic structure
Maintenance mechanism
Convective intensity
MPYV structure

MPV1 structure

MPV2 structure

Frontal convective
Convective-symmetric instability
Strong velocity

Interaction of southerly and northerly flows
Represents characters of LLJ and ULJ

Non-frontal convective
Conditional instability
Stronger velocity

Both with latent instability in mid-lower layer

Interaction of upper and lower flows
Indicates dry air inflows in mid layer

emphasized the diagnosis at the mature stage of the
convective systems. Comparison of convective density
cannot be generalized by several types of data used in
this paper.

A number of important questions remain to be
answered: (1) How are the entire developments of
these two kinds of convective systems in detail? (2)
Is there any difference between the MCS1 and MCS2
existing before and after the mature stage? (3) Does
terrain have any influence on the occurrence and de-
velopment of convective systems? (4) Are these com-
parisons implicate to the distribution of precipitation
centers? More case studies with detailed mesoscale
And

high-resolution model simulations are also required to

observations are needed to confirm our results.

address these questions.
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