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Abstract:

The evolution and structure of rainstorms associated with a flash-flood event are simulated by the Advanced Weather Research
and Forecasting (WRF-ARW) model of the National Center for Atmospheric Research and the Gridpoint Statistical Interpolation
(GSI) data assimilation (DA) system of the National Oceanic and Atmospheric Administration (NOAA) of the United States.
The event is based on a flash flood that occurred in the central Guangdong Province of south-east China during 20–21
June 2005. Compared to an hourly mixed rain-gauge and satellite-retrieved precipitation data, the model shows the capability
to reproduce the intensity and location of rainfall; however, the simulation depends on three conditions to a large extent:
model resolution, physical processes schemes and initial condition. In this case, the Eta Ferrier microphysics scheme and the
initialization with satellite radiance DA with a fine 4-km grid spacing nested grid and coarse 12-km grid spacing outer grid
are the best options. The model-predicted rain rates, however, are slightly overestimated, and the activities of the storms do
not precisely correspond with those observed, although peak values are obtained. Abundant moisture brought by the south-
westerly winds with a mesoscale low-level jet from the South China Sea or Bay of Bengal and trapped within the XingfengJiang
region encompassed by northern Jiulian, southern Lianhua and eastern small mountains are apparently the primary elements
responsible for the flood event. All simulated rainstorms were initiated over the southern slopes of the Jiulian Mountain and
moved south or north-eastward within the Xingfengjiang region. Meanwhile, the Skew-T/Log-P diagrams show that there is a
fairly high convective available potential energy (CAPE) over the active areas of the rainstorms. The higher CAPE provides a
beneficial thermodynamic condition for the development of rainstorms, but the higher convective inhibition near the northern,
eastern and southern mountains prohibits the storms from moving out of the region and causes heavy rainfall that is trapped
within the area. Copyright  2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Summertime strong convective storms over south-east
China are frequently associated with the presence of
tropical air that arrives as part of the East Asian sum-
mer monsoon (EAM, Zhu et al., 1981). The subtropical
regions of south-east China encompass complex topog-
raphy (Figure 1), including ocean, mountain ranges and
diverse land-surface characteristics. With the arrival of
the EAM, severe storms can occur and can result in
hydrological disasters such as flash flooding. In this sea-
son, a quasi-stationary front, the Mei-Yu front, is formed
and it extends from eastern China to southern Japan.
The Mei-Yu front is one of the most significant circu-
lation systems for the hydrological cycle in the East Asia
monsoon region. Many previous studies (Mcanelly and
Cotton, 1986; Zhang et al., 1986; Ding, 1992, Chen et al.,
1998; Zhang et al., 2003, Li et al., 2003) have indicated
the heavy precipitation events, which were primarily
associated with mesoscale convective systems (MCSs),
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organized on the meso-˛ scale (200–2000 km, >6 h)
(Maddox, 1980). Very intense and concentrated rainfall
events are often associated with organized mesoscale dis-
turbances embedded within and propagating along the
Mei-Yu front (Fang, 1985).

The MCS with meso-˛ scale consists of a few meso-
ˇ storms with a scale of 20–200 km. The structure and
evolution of the rainstorms with meso-ˇ scales are not
clearly known because the routine radiosonde data do not
have sufficient spatial and temporal resolution to resolve
these small-scale systems. The high-resolution satellite-
retrieved rainfall data combined with rain-gauge data
(Liang and Xie, 2006, personal communication) during
the period of a heavy rainfall event occurring in south-
east China in June 2005, together with the capability of
an advanced mesoscale model, allow the possibility of
studying this kind of MCS. The evolution, structure and
dynamic and thermodynamic conditions associated with
the heavy rainstorm are discussed in this study.

The data used in this study are given in the Section
‘Precipitation Dataset’. The Section ‘Synoptic Situation
of the Event’ presents a brief overview of the synop-
tic situation related to the event. The Advanced Weather
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Figure 1. Domains for the ARW-WRF forecasts. The outer box is the
coarse grid (domain 1) with a resolution of 12 km; the inner box is the
nested grid (domain 2) with a resolution of 4 km. The shading shows the

terrain elevation (m)

Research and Forecasting (WRF-ARW) model (Ska-
marock et al., 2005) and its option of model resolu-
tion, physical scheme and initialization are described
in Section ‘The Mesoscale Model’. Section ‘Observa-
tion of the Rainstorms and Precipitation’ presents the
observations of the meso-ˇ scale convective system. The
evolution and structure of the convective system are anal-
ysed in Section ‘The Model Simulation’ and the possible
causes of the flash-flood event are discussed in Section
‘The Relationship between Rainstorm and Mesoscale
Low-Level Jet’. Finally, the summary and discussion are
given in ‘Summary’ Section.

PRECIPITATION DATASET

An hourly precipitation data with 0Ð125° ð 0Ð125° grid
spacing was employed in this study, which was created by
the Climate Prediction Center (CPC) morphing method
(CMORPH) (Joyce et al., 2004) with an hourly precipi-
tation data derived from satellite observation and hourly
rain-gauge dataset. The rain-gauge stations are shown in
Figure 2a, which includes 394 stations over the Guang-
dong Province in south-east China.

The 24-h accumulated precipitation over the central
Guangdong Province from 06Z20 to 06Z21 June 2005
is depicted in Figure 2b. The evidence shows that the
24-h accumulated rainfall exceeding 100 mm appeared
over the central Guangdong Province (e.g. XingfengJiang
region, which is surrounded by northern Jiulian, southern
Lianhua and eastern small mountains). The maximum
(up to 350 mm) rainfall appeared near a reservoir in the
Xingfengjiang region (Figure 2b). The rain band displays
the direction from south-west to north-east. According to

the historic record reported by the Guangdong Province
observational center, this heavy precipitation episode was
the third most severe flood event in this area since 1950,
which resulted in 65 deaths and $400 million in property
damage.

SYNOPTIC SITUATION OF THE EVENT

Before the flood broke out, there was a ridge of high pres-
sure at 00Z20 June 2005 of 500 hPa (Figure 3a) starting
from the western Pacific subtropical areas, moving along
the south-west border of the Chinese mainland and end-
ing in northern Bangladesh. The high-pressure system is
often called Western Pacific Subtropical Highs (WPSHs).
Under the control of the WPSH system, a strong south-
westerly flow appeared towards the northern or north-
western sides of the high-pressure ridge. At mid-latitude,
a major trough was located over north-eastern China.
There was another short-wave trough towards the south-
west, located along 110 °E, with weak cold dry air merg-
ing into the flow above the sub-tropical south-westerly.
Consequently, the relatively cold dry air took over the
central Guangdong Province areas, where a flood event
was about to occur. Consistent with the middle–upper
atmosphere situation, the synoptic diagram at the lower
level 850 hPa (Figure 3b) shows that a ridge of high pres-
sure was also present over the western Pacific subtropical
areas, but it stopped by the western bank of the South
China Sea and its position was located towards the south
of the ridge aloft. Meanwhile, a wind shear line emerged
over southern China extending from 100 °E to the western
Pacific off the south coast of Japan. Between the ridge
line and the wind shear line, there was a south-westerly
synoptic-scale low-level jet (LLJ) with wind speeds of
over 12 m s�1 from the South China Sea to the Bay of
Bengal. The northern edge of the synoptic LLJ is located
over the axis of the rain band (Figure 2b). Apparently,
the lower level of the flooding area was dominated by
relatively warm moist air.

This vertical synoptic structure with the lower warm
wet flow and the middle upper cold dry air provided
a beneficial unstable condition for a convective sys-
tem, with an inverted trough moving eastwards across
these areas. The sounding diagram (Figure 4) at 06Z20
June located near the reservoir in the Xingfengjiang
region indicates (Figure 4) that precipitable water in the
area exceeded 58 mm, the convective available potential
energy (CAPE) exceeded 1000 J kg�1 and the convec-
tive inhibition (CIN) was almost zero; this furthermore
reflects the existence of a conditional unstable situation.

THE MESOSCALE MODEL

WRF-ARW model and model resolution

The numerical model used in this study is the WRF-
ARW, which is a non-hydrostatic, fully compressible,
primitive equation model. Lead institutions involved
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Figure 2. (a) The distribution of rain-gauge stations over Guangdong Province in south-east China. (b) Observed 24-h accumulated precipitation from
06Z20 to 06Z21 June 2005 based on mixed rain-gauge and satellite-retrieved precipitation data (mm). Shading indicates the terrain elevation (m).
The central bird-like contour is a reservoir within the Xingfengjiang region surrounded by northern Jiulian, southern Lianghua and eastern small

mountains. The slope line indicates the axis of the rain band

in the effort include the National Center for Atmo-
spheric Research (NCAR), the Air Force Weather Agency
(AFWA), the National Oceanic and Atmospheric Admin-
istration (NOAA) and other governmental agencies and
universities. WRF is built around a software architec-
tural framework in which different dynamical cores and
model physics packages are accessible within the same
code. Within the WRF framework, it is possible to mix
the dynamical cores with differing physics packages to
optimize the performance as each core has strengths and
weaknesses in different areas.

In accordance with the multiple options for WRF-
ARW model packages, we first choose an appropriate
model resolution. During the last two decades, the
meteorological community has paid great attention to the
effects of the model horizontal resolution on forecast
accuracy (Mass et al., 2002). For example, Weisman
et al. (1997), using a non-hydrostatic model to simulate a

mid-latitude squall line at horizontal grid spacing ranging
from 1 to 12 km, found that the development of the squall
line became more realistic as resolution increased, and
that the 4-km grid spacing successfully duplicated much
of the observed mesoscale structure and evolution. Gallus
(1999) examined the variation in the precipitation forecast
skill of the Eta model for three heavy summertime
precipitation events as the grid spacing was decreased
from 79 to 12 km. He found that when convective
parameterization schemes were active and produced the
bulk of the precipitation, increasing the resolution had
little benefit. In order to get a suitable model resolution
for the current event, we made a comparison experiment
with two pairs of nested domains: one of the nested
domains had fine resolution with 4 km and coarse with
12 km (Figure 1) and the other one had 10 km of fine and
30 km of coarse domain (not shown). Figure 5 shows
that in the 24 h (from 06Z20 to 06Z21 June, 2005) of
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simulated precipitation, the maximum simulated rainfall
in the 12- or 30-km model grid spacing (Figure 5b
and c) is apparently lower than the observed value. In
contrast, the maximum rainfall goes up to 400 mm in
the simulation with 4-km grid spacing (Figure 5a), which
is the closest to the observed precipitation, although
its value is overestimated slightly. A subtle mesoscale
characteristic with a scale range from 20 to 200 km
is identified significantly. However, it is worth noting
that the location of simulated maximum rainfall is about
80 km south-west of the observed. This implies that the
4-km grid spacing is an appropriate option for the current
event despite the fact that the option is not perfect, which
is discussed in the ‘Initialization and Data Assimilation’
Section.

Physical processes schemes

Physical processes schemes are another important issue
for the WRF-ARW model simulation. Table I describes
the options of microphysics, cumulus convection, radia-
tion, land-surface scheme and planetary boundary layer

Figure 3. NCEP/NCAR reanalysis for the wind, geopotential height
(gpm) fields at 00Z20 June 2005 (a) 500 hPa and (b) 850 hPa. The solid
lines depict trough of low pressure. The dashed lines indicate the ridge
of high pressure and the shading is the LLJ with wind speed of 12 m s�1

Table I. Model options

Physics options Model set-up

Microphysics Eta Ferrier microphysics
(Ferrier, 1994)

Cumulus New Kain-Fritsch cumulus
scheme (Kain and Fritsch,
1993)

Short-wave radiation Simple short-wave radiation
(Dudhia, 1989)

Long-wave radiation RRTM long-wave radiation
(Mlawer et al., 1997)

Planetary boundary layer Yonsei University (YSU)
scheme (Hong et al.,
1996)

Land-surface model 5-Layer thermal diffusion
(Skamarock, 2005)

scheme. On the basis of the current event, we concen-
trate on the microphysics and cumulus schemes in this
section. Similar to the other mesoscale model, such as
the Pennsylvania State University-National Center for
Atmospheric Research (Penn State-NCAR) Mesoscale
Model version 5 (MM5), the University of Oklahoma
Advance Regional Prediction System (ARPS) and the
Colorado State Regional Atmospheric Modeling System
(RAMS), there are many options for physical processes
schemes in the WRF-ARW model. Some previous stud-
ies (Wang and Seaman, 1998; Giorgi and Shields, 1999;
Xu and Small, 2002 and many others) have indicated
that the option of these schemes has a substantial impact
on the simulation. Therefore, we provide the informa-
tion to support our options. Figure 6 shows the 24-h
accumulated precipitation in the simulation of the 4-
km model resolution with two options of microphysics
schemes: WSM 3-class simple ice scheme (Hong et al.,
1998) and WSM 6-class graupel scheme (Hong et al.
2004). Compared to the simulation in the Eta Ferrier
microphysics scheme (Figure 5a) and the observed pre-
cipitation (Figure 2b), the simulations in both options
totally fail to produce the precipitation distribution of
the heavy rainstorm. Similar to the two options men-
tioned above, all simulations in the other four options,
including schemes of Kessler (1969), Lin et al. (1983),
WSM 5-class scheme (Hong et al., 2004) and Thomp-
son et al. (2004), do not show the observed precipita-
tion (not shown). The Eta Ferrier microphysics scheme
is the best option for the current case study. Figure 7
shows the 24-h accumulated precipitation in the simu-
lation of the 4-km model resolution with two options
of cumulus schemes: Grell–Devenyi (2002) ensemble
scheme and simplified Arakawa–Schubert scheme (Ska-
marock et al., 2005). Compared to the simulation in
the new Kain–Fritsch scheme (Figure 5a), the results
indicate that the Grell–Devenyi ensemble scheme com-
pletely misses the location of the observed precipita-
tion and the amount of precipitation in the simplified
Arakawa–Schubert scheme goes up to 500 mm, which
overestimates the observed precipitation substantially.
The amount of precipitation in the Betts–Miller–Janjic
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Figure 4. Upper-air sounding near to a station (23Ð5 °N, 114Ð4 °E) in Xingfengjiang region at 06Z20 June 2005

Figure 5. Simulated 24-h accumulated rainfall varying with model resolution from 06Z20 to 06Z21 June 2005. (a) 4 km, (b) 12 km and (c) 30 km.
The physical locations are identified by the same tags as those in Figure 2b

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)



Q. WAN AND J. XU

Figure 6. Simulated 24-h accumulated rainfall varying with microphysics
schemes from 06Z20 to 06Z21 June 2005. (a) WSM 3-class simple ice
scheme and (b) WSM 6-class graupel scheme. The physical locations are

identified by the same tags as those in Figure 2b

scheme (Betts and Miller, 1986) is much lower than that
in the observed scheme (not shown).

Initialization and data assimilation

The initialization is the third issue in this study. The
simulation initiates at 06Z20 June 2005 and makes a 24-
h run by 06Z21 June. The data for the original initial
conditions and time-varying boundary conditions for the
coarse domain are taken from the NCEP/NCAR reanaly-
sis data sets with 1° ð 1° resolution. Initial conditions
include atmospheric and surface fields. According to
the above suggestions, the new Kain–Fritsch cumulus
scheme and the Eta Ferrier microphysics scheme are good
options for the current event; however, the results indicate
that the simulation in the above options (Figure 5a) still
does not show the right location of rainfall. This clearly
reflects that the errors of model simulation are caused by
many other reasons besides model resolution and physi-
cal schemes. One of the reasons is the initial conditions
(Lorenz, 1963; Zhang, 1986; Xu et al., 2006; Gallus and
Bresch, 2006 and many others). Zhang (1986) noted that,
without a proper initial condition, the development of a
mesoscale feature within a model could be subject to

Figure 7. Simulated 24-h accumulated rainfall varying with cumulus
schemes from 06Z20 to 06Z21 June 2005. (a) Grell–Devenyi ensemble
scheme and (b) simplified Arakawa–Schubert scheme. The physical

locations are identified by the same tags as those in Figure 2b

large errors in timing, location and magnitude. In order
to get a better initial condition, the direct radiance assimi-
lation through the gridpoint statistical interpolation (GSI)
analysis system has been employed in the current study.

The GSI analysis system developed by NOAA is sup-
ported for the community by the Joint Center for Satellite
Data Assimilation (JCSDA) partners. The GSI replaced
the current operational NCEP spectral statistical interpo-
lation (SSI) global analysis system (Derber et al., 1991;
Parrish and Derber 1992; Xu et al., 2008) by the regional
DA system in May 2007. The main difference with
respect to the SSI is that the DA system replaces the spec-
tral definition for background errors with a grid point def-
inition based on recursive filters that permit more degrees
of freedom in defining the error statistics adaptively. The
GSI is linked to the WRF-ARW mesoscale system, and
the Advanced (TIROS)-N [Television and Infrared Obser-
vation Satellite] Operational Vertical Sounder (ATOVS)
radiance observations are employed. The ATOVS radi-
ance datasets show (Figure 8) that AMSU-A has the
largest number (350) and covers most of the study areas,
but the number in the AMSU-B radiance is only 95, and
its coverage is beyond the Chinese mainland.

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)
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Figure 8. ATOVS (AMSU-A/B and (HIRS)/3) radiances have being used in current DA system at 06Z20 June 2005. (a) AMSU-A NOAA-16;
(b) AMSU-B NOAA-16; (c) HIRS/3 NOAA-17 and (d) AMSU-B NOAA-17

Figure 9. Simulated 24-h accumulated rainfall with the ATOVS radiance
data assimilation from 06Z20 to 06Z21 June 2005. The model resolution
and physical schemes options are the same as those in Figure 5a and the

other definition is the same as that in Figure 2b

The 24-h accumulated precipitation in the DA exper-
iment shows that the DA improved the rainfall distri-
bution (Figure 9) to a large extent and corrected the
maximum rainfall centre into the right position within
the Xingfengjiang region. The axis of the rainband from
the south-west to north-east was reproduced, although it
did not completely match the observation (Figure 2b).
The DA also produces a closer rainfall amount over the
observed flooding area.

OBSERVATION OF THE RAINSTORMS
AND PRECIPITATION

On the basis of the hourly satellite cloud-top infrared
(IR) brightness temperature (Tbb), we used a standard
(�54 °C isothermal line with a 20-km-diameter circle)
to measure the activities of the meso-ˇ rainstorm. At
18Z20 June, a standard circle of the isothermal line was
initiated over the flooding region near the point (24°N,
114 °E), which is a meso-ˇ rainstorm (Figure 10a). There
was another meso-ˇ rainstorm 60 km to the west. During
the subsequent 1 h, the eastern storm expanded to the
east (Figure 10b). Starting from 20Z, the storm system
developed individually and the lower Tbb decreased
to below �72 °C (Figure 10c). By 22Z, the central
intensity reached its maximum (Figure 10e). After 23Z,
the diameter of the �54 °C isothermal circle increased
up to 200 km, which is the standard for the meso-˛
convective system (Maddox, 1980). Meanwhile, the areas
of �72 °C included several single meso-ˇ rainstorms with
diameters from ¾30 to ¾80 km (Figure 10f–h).

Corresponding to the development of the meso-ˇ
rainstorm in Tbb, the hourly precipitation distribution is
shown in Figure 10i–p, in which the 10 mm h�1 rain
rate is the standard to measure the activity of the meso-ˇ
rainstorm. At 18Z20 June, over the central flood region,
two single meso-ˇ rainstorms can be found: one over
the north of the reservoir and another 55 km to the west
(Figure 10i). Subsequently, the intensity of the western
storm grew quickly (Figure 10j) and merged into the
eastern one (Figure 10k) at 20Z20 June. The intensity of
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Figure 10. Observed evolution of satellite cloud-top IR blackbody tem-
perature (Tbb: °C) and hourly rainfall (mm) from 18Z20 June 2005 to
01Z21 June 2005. Tbb (Left panel): (a) 18Z20, (b) 19Z20, (c) 20Z20,
(d) 21Z20, (e) 22Z20, (f) 23Z20, (g) 00Z21 and (h) 01Z21. Areas of Tbb
lower than �72 °C are shaded and the area of Tbb lower than �54 °C
is contoured. Rainfall (right panel): (i) 18Z20, (j) 19Z20, (k) 20Z20,
(L) 21Z20, (m) 22Z20, (n) 23Z20, (o) 00Z21 and (p) 01Z21. Areas of
terrain elevation greater than 500 m are shaded (right panels). The slope

line indicates the axis of the rain band in Figure 2b

the storm increased steadily and it moved slowly eastward
until around 01Z21 June.

THE MODEL SIMULATION

Evolution of simulated rainstorm

The subsequent discussion is based on the simulation
of the 4-km resolution model with the options of Eta
Ferrier microphysics scheme, new Kain–Fritsch cumu-
lus scheme and the initialization of satellite radiance
DA. Corresponding to the observed cloud represented by
Tbb (Figure 10), the simulated cloud is described by the

Figure 11. Modelled evolution of column cloud water and vapour
(g kg�1) and hourly rainfall (mm) from 16Z20 to 23Z20 Jun 2005. Cloud
(Left panel): (a) 16Z20, (b) 17Z20, (c) 18Z20, (d) 19Z20, (e) 20Z20,
(f) 21Z20, (g) 22Z20 and (h) 23Z20. Areas of column cloud water and
vapour greater than 10 (g/kg) are plotted. Rainfall (right panel): (i) 16Z20,
(j) 17Z20, (k) 18Z20, (L) 19Z20, (m) 20Z20, (n) 21Z20, (o) 22Z20, and
(p) 23Z20. Areas of rain rate greater than 10 mm h�1 are plotted. The

others are the same as those in Figure 10

column cloud water and vapour, in which the value of
10 g kg�1 is the standard to measure the activity of the
meso-ˇ rainstorm. In terms of the standard, the meso-ˇ
rainstorm initiated from 16Z20 June, 2 h earlier than the
observation (Figure 11a). At 17Z, the 10 g kg�1 contour
was separated into two meso-ˇ rainstorms (Figure 11b):
one moving quickly to the east of the Xingfengjiang
region and the other to the south. At 20Z, the west-
ern storm (Figure 11e) moved eastward continuously and
reached its maximum, whereas the eastern one moved
out. Subsequently, the western storm reduced substan-
tially (Figure 11f–h).

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)
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With the same standard as that observed in Figure 10i–o,
the simulated precipitation shows (Figure 11i–o) that the
simulation reproduced the rainfall pattern at each step
of the development of the meso-ˇ rainstorm. The 10-
mm h�1 rain rate in the meso-ˇ rainstorm was initiated
at 16Z20 June (Figure 11i). With the development of
the meso-ˇ rainstorm, the rain rate got its maximum
at 20Z20 June (Figure 11m). Subsequently, the rain rate
decreased significantly with the reduction in the meso-ˇ
rainstorm.

On the basis of the rainfall distribution, the positions
and tracks of the meso-ˇ rainstorms in both observa-
tion and simulation are plotted in Figure 12. The results
show that the meso-ˇ rainstorms started from the foothill
of Jiulian Mountain and moved slowly south-eastward;
after reaching its maximum at 20Z20 June, the storms
moved north-eastward with reduced intensity, although
a certain degree of difference existed in the positions
and tracks of the storms in observation and simula-
tion.

Figure 12. The positions and tracks of meso-ˇ storms in simulation (‘�’
and dished line) and observation (‘°’ and solid line). ‘C’ represent the
storm centre, and ‘A, B, D and E’ represent the four corner points.
The central bird-like contour indicates the reservoir in the Xingfengjiang

region

Structure of the rainstorms at the mature stage

According to above results, we took the model time at
20Z20 June 2005 as the mature stage, when the rain rate
reached its maximum (Figure 11m). The positions of the
two meso-ˇ rainstorms (ˇ1 and ˇ2) are highlighted by
shading (Figure 13a).

Mesoscale horizontal flow. At 850 hPa, the south-
westerly dominates over the Xingfengjiang region and
the surrounding mountain areas (Figure 13a) and the
synoptic-scale LLJ with a wind speed of 12 m s�1 covers
most of the areas of south-east China. On the basis
of the criteria of a mesoscale system, the wind flow
with a speed of 18 m s�1 is defined as the mesoscale
low-level jet (MLLJ). By this definition, there are two
single MLLJs in the midst of the synoptic LLJ, and both
are located to the south-west of the storms ˇ1 and ˇ2,
respectively (Figure 13a). At 300 hPa, a south-westerly
with a wind speed of 12 m s�1 covers the region of the
meso-ˇ rainstorms (Figure 13b). Evidence shows that the
south-westerly jet is tilted towards the north-east and its
wind speed decreases with height.

For the divergence field, two convergence cells
appeared over the south-western portion of the storm ˇ1
at 850 hPa (Figure 14a) and one divergence cell occupied
its north-eastern portion. A convergence cell dominated
over the storm ˇ2. Its counterpart at 300 hPa was roughly
opposite (Figure 14b) over the two meso-ˇ rainstorms. At
the same time, a positive vortex occupied both meso-ˇ
rainstorms at 850 hPa, although there were two or more
tiny vortexes embedded inside (Figure 14c) the storms.
At 300 hPa, a pair of positive and negative vertexes
appeared over storm ˇ1, and the positive vortex was still
over storm ˇ2.

Moisture and temperature. For the dew-point tempera-
ture field (Figure 15a and b), the highest value always
appeared to be close to the region over the meso-ˇ
rainstorms at either 850 or 300 hPa. Meanwhile, the
high value of the moist static energy (MSE) dominated

Figure 13. Winds at (a) lower (850 hPa) and (b) upper (300 hPa) level at the mature stage of meso-ˇ storms (20Z20 June 2005). Contours are wind
speed (m s�1). The shading represents rain rate greater than 10 mm h�1. ˇ1 and ˇ2 represents two single meso-ˇ storms, respectively. The solid

line indicates the position going through the centre of storm ˇ1
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Figure 14. (a) 850 hPa divergence (s�1), (b) 300 hPa divergence, (c) 850 hPa vorticity (s�1) and (d) 300 hPa vorticity at the mature stage of the
storm (20Z20 June 2005). The shading is the same as that in Figure 13

Figure 15. Dew-point temperature and MSE on lower (850 hPa) and upper (300 hPa) level at mature stage of the storm (20Z20 June 2005). (a) 300 hPa
dew-point temperature (contour: °C), (b) 300 hPa MSE (contour: J g�1), (c) 850 hPa dew-point temperature and (d) 850 hPa MSE. The shading is

the same as that in Figure 13

over the storm centre at both low and middle levels
(Figure 15c and d).

Vertical flow. With regard to the complication in
the above storms ˇ1 and ˇ2, a longitude-pressure
section through the centre of the storm ˇ1 (13Ð65 °N in

Figure 13a) is plotted in Figure 16. Both the rain rate and
the terrain elevation through the latitude are described
in Figure 16 (bottom) with a curve line and a shaded
bar, respectively. It is clear that the maximum rainfall
of the storm ˇ1 was located over the western slope of
a small mountain with height of ¾700 m. The vertical

Copyright  2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)
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motion observed strong ascending of the storm with the
maximum speed of 2Ð5 m s�1 at the vicinity of 500 hPa
emerging from the west side of the maximum rainfall
centre (Figure 16). The axis of the vertical speed tilted
westward with height. To the east of the small moun-
tain, the vertical motion was complicated with an updraft
(downdraft) of over (under) 400 hPa. Apparently, the ver-
tical motion was consistent with the rainfall of meso-ˇ
rainstorm, and it was affected significantly by the config-
uration of the local mountain, although the height of the
mountain was less than 1000 m. The asymmetric verti-
cal structure over the up and down slopes of the small
mountain needs to be explored.

Thermodynamics. How can the meso-ˇ rainstorms
be maintained over the narrow mountain valley areas
(Figure 12)? The five model grid-simulated soundings
(A–E in Figure 12) represent the centre and the four
corners of the storm ˇ1 at 20Z (Figure 17). The results
show that the strongest CAPE was not consistent with the
storm centre (C) and was located at the south-west of the
storm (D). There was a very weak CIN towards the centre
of the storm (as indicated by the lifted parcel at the top of
the boundary layer) at both the south and north sides and
the CIN was much higher (A, B, E). Over the centre of
the storm, the model-predicted boundary layer also had
a substantial conditional instability. However, in contrast
to the mountain sounding (A), there was a layer of fairly
substantial CIN (102 J) above the boundary layer. The
outflows predicted in the simulation were apparently not
strong or deep enough to lift the boundary layer air
through the layer of inhibition.

THE RELATIONSHIP BETWEEN RAINSTORM AND
MESOSCALE LOW-LEVEL JET

Ding et al. (1992) noted that an LLJ is often observed and
is highly correlated with the precipitation, in particular,

Figure 16. Longitude-pressure section of vertical motion through the
rainstorm centre at 23Ð65 °N. Upper panel: contour indicates the vertical
wind component (w: 0Ð1 m s�1); stream field indicates the flow of zonal
wind u with vertical wind w ð 10. Lower panel: shading represents the

height of terrain (m) and the curve indicates the rain rate (mm h�1)

with the heavy rainfall during the summer monsoon
season. On the basis of the statistics of the relationship
between the LLJ and heavy rainfall in the Guangdong
Province using data for May–June of 1970–1973, Huang
(1986) found that out of the 19 cases with an LLJ,
16 were accompanied by heavy rainfall. But this only
reflected the relationship between the synoptic-scale LLJ
and the rainstorm. The role of the MLLJ described in
Figure 13a in this flash-flood event is worth discussing.
For this, we examined the evolution of the rainstorms,
dew-point temperature and the wind fields at 850 hPa, as
well as the surface CAPE and CIN from an hourly model
output.

At 16Z (Figure 18a), the synoptic LLJ with a wind
speed of 12 m s�1 had already covered most of the study
areas and the MLLJ with a wind speed of 18 m s�1

just appeared sporadically to the south of the meso-
ˇ rainstorms. The generation of the MLLJ was closely
associated with the development of the synoptic LLJ over
south-east China. It should be noted that the highest dew-
point temperature was associated with the higher moisture
content located over the south-west side of storm ˇ1, the
south-westerly flow was directed towards the storm and
a moist air belt (shading areas) was observed around the
rainband. One hour later (Figure 18b), the wind speed
increased substantially and the MLLJ was formulated
significantly towards the south-west of this storm, and the
high dew-point temperature centre increased, signalling
the development of the storm. At 18Z (Figure 18c),
associated with the development of storm ˇ1, the MLLJ
developed remarkably. Subsequently, the high dew-point
temperature centre increased and moved eastward by 19Z
(Figure 18d). The volume of warm, moist air feeding into
the storm enhanced the development of storm ˇ1 to a
mature stage, whereas another MLLJ occurred over the
south-west of storm ˇ2.

At 20Z (Figure 18e), when the storm ˇ1 was in a
mature stage, the MLLJ increased continuously. The high
dew-point temperature tended to decrease and moved
northward. It should be noted that the MLLJ did not stop
increasing after the mature stage had been reached and the
wind speed increased to 21 m s�1 at 21Z (Figure 18f).
Two hourS later (Figure 18h), the MLLJ predominated
the whole south of the meso-ˇ rainstorms. As the south-
westerly MLLJ penetrated into the storm, a high moisture
content centre formed and was consistent with the storm.

The result obtained here is different from the relation-
ship between heavy rainfall events and the synoptic-scale
LLJ in the Guangdong area described in the study of
Huang (1986). He noted that about 84Ð2% of the heavy
rainfall events were accompanied by a synoptic LLJ,
which existed for 1–5 days before the start of heavy rain
(Ding 1992). In this case, the synoptic-scale LLJ also
existed before the development of rainstorms. However,
the interaction between the storms and MLLJ is more
complicated. The MLLJ promoted the development of
meso-ˇ rainstorms before the mature stage of the storm
was reached; subsequently, the MLLJ increased steadily
with reduction in the storm.
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Figure 17. Upper-air sounding at centre point (C) and four corner points (A, B, D, E) at the mature phase (06Z20 June 2005) around the storm ˇ1.
The five grid points are indicated in Figure 12

However, with the development of MLLJ towards
the north-east, the eastern meso-ˇ rainstorms, such as
storm ˇ2, did not develop; contrarily, it seems that the
rainfall was trapped in the region of storm ˇ1 (Figure 12).
What is the reason for this trapping? To answer this
question, the variation of the CAPE and CIN at the five
representative positions described in Figures 12 and 17 is
discussed. The results (Figure 19) show that the surface
CAPE (left panels in Figure 19) at the storm centre (grid
point C) is in agreement with the evolution of the storm

ˇ1, and reached its maximum at the mature stage at 20Z,
then the CAPE decreased substantially; meanwhile, an
opposite variation could be found in CIN (right panels
in Figure 19). Compared to the value of the CAPE over
the other four corners, we found that the central CAPE
was coming from the south-west region (D) and remained
high over the storm central areas, which indicated a
development at the rear of storm’s eastward movement.
On the other hand, the fairly higher CIN appearing over
the other three places surrounding the activities of the
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Figure 18. Evolution of dew-point temperature (shaded with great than 18Ð5 °C) and wind flow at 850 hPa (contour: wind speed greater than 12 m s�1)
from 16Z20 to 23Z20 Jun 2005. The heavy contour with wind speed of 18 m s�1 indicates the MLLJ. (a) 16Z20, (b) 17Z20, (c) 18Z20, (d) 19Z20,
(e) 20Z20, (f) 21Z20, (g) 22Z20 and (h) 23Z20. ‘ˇ1 and ˇ2’ indicate the location of the meso-ˇ storms at the mature stage in Figure 13. The slope

line indicates the axis of the rain band in Figure 2b
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Figure 19. Evolution of CAPE (in J, left panel) and CIN (in J, right panel)
at five grid points (A–E) around rainstorm in Figure 12 from 16Z20 to
23Z20 Jun 2005. The central area with bird-like contour indicates the

reservoir in the Xingfengjiang region

storm prohibited the unstable energy from moving out of
the areas.

SUMMARY

The evolution and structure of meso-ˇ rainstorms asso-
ciated with a flash-flood event are simulated using the
NCAR mesoscale model (ARW-WRF). The event was
based on a flash flood that occurred in the Guangdong

Province of south-east China during 20–21 June 2005.
Comparing the hourly mixed rain-gauge and satellite-
retrieved precipitation data, the model was able to repro-
duce growth and merger of meso-ˇ rainstorm.

The results indicated that the persistent development
of meso-ˇ rainstorms was maximum evidence associated
with each phase of the strong convective storm in the
flash flood. The model-predicted rain rate, however, was
overestimated slightly, and the activities of the storms
did not precisely correspond with the observed, although
the peak values were obtained. The model-simulated
convection occurred about 2 h early.

The structure of the meso-ˇ rainstorm in the mature
phase was investigated. At 300 hPa, the convective storm
was embedded within the high dew-point temperature
domain. Several meso-ˇ rain cells were positioned inside
the convective storm and the high MSE value dominated.
At 850 hPa, the highest dew-point temperature was
lying towards approximately 50 km west of the meso-ˇ
rainstorm. The vertical motion was significantly affected
by the local mountain and displayed an asymmetric
vertical structure over the up and down slopes of the
small mountain.

The south-westerly MLLJ defined by a wind speed of
18 m s�1 carrying abundant moisture to the south of rain
belt from South China Sea and Bay of Bengal provided
the primary condition for the rainstorm. All simulated
meso-ˇ rainstorms were initiated over and moved slowly
near the central Xingfengjiang region. However, the
interaction between the meso-ˇ rainstorms and MLLJ is
very complicated. The MLLJ promoted the development
of meso-ˇ rainstorms before the mature stage of the storm
was reached. The CAPE was released towards the central
areas of the rainstorm to provide a beneficial condition
for the development of the convective system, but it was
trapped within an area surrounded by the northern Julian,
southern Lianhua and eastern small mountains, resulting
in the occurrence of the severe flash flood.
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