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ABSTRACT

Using a doublc-parameter non-hydrostatic elastic three-dimensional model with detailed microphysical
processes, the authors simulate the heavy rainfall event in South China which occurred on 9 June 1998 and
lasted [or more than 3 hours. This case is a supercell, and the upward and downward drafts interact with
each other, which transfers rich water vapor at the converging position to upper levels, and the two drafis
together maintain the convective course. The vertical heating profiles and contributions to water matter
of five kinds of micro-phase processes are revealed quantitatively in the results. Condensation releases Lhe
most heat, which is more than that of the absorption by evaporation and melting. The rain particles lirst
conie from the autoconversion of cloud particles, the warm-rain process; later from the cold-rain process.
the melting of grauple particles. The precipitation intensity reaches 75 mim h ™' while its efliciency remains
high. The total amount of rain is 32 mm, a value close to the observations of nearby stations.
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1. Introduction

Based on observation, strong convective clouds of
heavy rainfall in China usually extend about 20-40
km, water vapor over a large range by stratiform
clouds and the horizontal convergence of airflow that
can extend one or two thousand kilometers result in
their long duration. The model computational domain
should be large enough to accommodate them, yet so
much work has been done to simulate heavy rainfall
with high-resolution meso-scale models, rather than
clond models. However, when horizontal grids are
taken too small, for example 5 20 km, these models are
no longer efficient since convection turns to grid-scale
from the suby gridscale (Zhang et al., 1998). But ex-
plicit microphysics processes of many meso-scale mod-
els should be improved. For example, in the relatively
detailed microphysics processes scheme of MM5, Reis-
ner [lor Goddard Graupel, some microphysical pro-
cesses of ice-phased processes should be modified, snch
as sublimation of water vapor to cloud ice and the nu-
cleation of cloud ice, etc. Meanwhile ice phase pro-
cesses are important to precipitation (Ferrier et al.,
1995). MMS5 V3 has 8 explicit microphysical schemes
(Lin et al., 1983; Reisner et al., 1998; Mccumber et al.,
1991), in which only the Reisner II scheme predicts ice
number content ()}, and does not predict the num-
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ber contents of rain (AN;). snow {N,), graupel (V).
and hail (Ny). As we know, if the number content is
diagnosed, the truncated value (N} of particle spec-
tra is constant. However in different rainfall cases, Ny,
and particularly Ny, may vary rapidly. Sometimes the
change of N in a case can reach two orders of magui-
tude. Thus if the model cannot well describe &, and
Ny which directly influence the precipitation forecast,
this will limit the ability of the model to describe the
features of spectra in different precipitation cases, and
limit its ability to simulate and forecast rainfall.

Tao and Simpson (1989), Trier et al. (1996), and
Shutt and Gray (1999) used meso-scale models devel-
oped from cloud models to simulate meso-scale con-
vective systems of fong time duration with the sup-
port of advanced computers, though in their schemes
the Ny for the size distributions Is assumed to be con-
stant. But in China the simulations of long time dura-
tion of convective systems are carried out very seldom
to improve understanding of their microphysics pro-
cesses and their feedback to dynamics, the precipita-
tion mechanism, etc., especially for heavy rainstorms
in South China. But these models cannot give very
realistic initial fields because most of themw trigger the
model by using a homogeneous field and disturbance of
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temperature and humidity, which limit the value of the
model and affect its development. Nowadays the wind
and temperature fields can be retrieved from Doppler
radar data, which can be applied in the cloud model.
Thus it avoids the start-up problem of the model us-
ing a non-homogeneous field. With the improvement
of the simulating capacity of the meso-scale madel, it
is a good way to take the output of the meso-scale
model with high resolution as the initial field ol the
cloud model. Vet such a strategy brings the difficul-
ties of a non-homogeneous basic state. If we regard
the horizontal imean value of the basic statc as its true
basic state, it is in accordance with the homogeneous
basic state of the cloud model, though the disturbance
includes part of it (Lou et al., 1998).

To delicately study microphysical processes of
heavy rainfall, lo analyze the contribution of differ-
ent hydrometeors to precipitation and to study the
impact of every microphysical process on precipitation
and source of precipitation particles, it is important to
use a nonhydrostatic model with explicit microphysics
processes (Su et al., 1999) by explicit prediction of
hydrometeor spectra in fully three-dimensional cloud
models. To insure positive values and conservation
of every hydrometeor, the model uscs a time-gplitting
method, small time step size to calculate fast pro-
cesses, and a non-negative advection method in space.
And furthermore when one amount of hydrometeor is
less than zero, another will make it up, which conserves
the tolal mass.

This paper simulates heavy rainfall in South China
using the three dimensional elastic meso~/3 model (Liu
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et al., 1993) which is developed from the cloud modcl
ol the two-parameter microphysics processes scheme of
Hu Zhijin (Hu and He, 1988), where both mass con-
tents and number concentrations of varicus water par-
ticles are predicted, and which analyzes convective de-
velopinent, microphysics characteristics, and the pre-
cipitation mechanism.

2. Case and model introduction

The sixth heavy rainfall event during Torrential
Rainfall Experiment over both sides of the Taiwan
Strail and adjacent area—HUAMEX, is from & June to
{1 June 1998, when Guangdong and Fujian Provinces
experienced a heavy rainfall. In Fujian, the rainfall
centered in the north and central arcas, and the max-
imum of this cvent was located in Pingtang City as
171 mun. The heavy rainfall was the result of a frontal
trough, shear line, and southwest jet moving o Guang-
dong and Fujian Provinces under the unstable condi-
tions before the westerly trough (Yi et al., 1998).

The sounding data on 0800 UTC 9 June 1998 at
Fuzhou in South China was used in our model simu-
lation. Figure 1 shows that the air was very humid,
the vertical profile of temperature and its dewpoint
were very close. The positive unstable energy is enly
191 J kg~ ', the negative 39 Jkg™!, and the total 152
J kg1 a relatively stable stratification. North-south
wind shear is not strong, and east-west shear averages
2ms~! k!, but peaks at 4 ms~! kin™! at low lev-
els. "The convective cell moves east at about 11 ms™1,
and a moving coordinate is used to accommodate it
within the simulated time (3 hours).
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Fig. 1. Temperaturc and dewpoint (left), northern and eastern (right) wind components of the sounding

data on 0800 UTC 9 June 1998 at Fuzhou.
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The time-dependent, nonhydrostatic model nsed in
this study is described in Hu (1988) and Liu et al.
{1993). The predicted model variables are the poten-
tial temperature, pressure, the three velocity compo-
nents, and the mixing ratios for water vapor and hy-
drometeors: cloud water {(J,), rain water {(J.}, cloud
ice (@), graupel {Q,), and hail {Qy), and the latter
four’s numbers (Nj, Ny, Ng, Ni). Twenty-six kinds of
microphysical processes are calculated, including con-
densation and evaporation (S, 5y.), deposition {5,
Sogy Sen)s collection (Cer, Ceiy Cog: Ceiny Cris Crgs Crt,

irs Cigy Ciny Ciia Cip), dce nucleation {£), ice multi-
plication {F), melting and freesing (Mir, Mg, Mg,
M), and autoconversions ol cloud to rain, ice to grau-
pel and graupel to hail (Ac., Aig, Agn). Cloud water
and cloud ice are assumed to advect freely with the
environmental airflow with negligible terminal veloci-
ties. The precipitation particles are heavier particles,
although advected by the ambient wind, fall relative
to the updraft with appreciable terminal velocities.
The horizontal domain of the model is 120 kmx120
km with a constant grid increment of 2 km. The top
of the model is placed at 20 km, high enough to allow
a'supercell to develop. Boundary conditions are free-
slip at the lower surface, rigid at the top, and open
up-stream at the lateral boundaries., :

3. Dynamic structure

A sypercell is well captured by our model in this
case, The continuous precipitation from 8 June caused
such high humidity in the area that nearly all layers
reached saturation. So we used a thermal disturbance
of 1.5°C to initiate the model. The convective cloud
developed fast after a while. The vertical velocity of
this case was not very strong, and the peak vertical
velocity was not more than 10 m s™! during the 3-h
simulation time. The updrafts increased quickly before
rainfall occurred, peaking at 9ms™! at 100 min. Then
the updrafts decreased a bit. The maximum value of
6 m s~ ! held until the end of the simulation. While
the intensity of updrafts increased, the updraft center
rose to higher than the 10 km level at 60 min. The up-
drafts extended to about 15 km high and declined af-
terward. The horizontal domain of updrafis extended
from 15 km at 20 min to 35 km at 200 min during the
simulation, which is in accordance with the horizon-
tal scale of the RHI (radar echo}. The updraft center
split into two parts that were maintained till the end of
the simulation. Under the rear updrafts where precip-
itation appears occurred weak downdrafts that were
less than 2 m s™!. A cold high from the downdrafts
coincided with the declined updrafts, which continu-
ously transported sufficient water vapor of the conver-
gence area to the high level. So in the high lcvel there
was enough water vapor over a long time to allow the
hydrometeors to increase, which maiutained the long
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convection. In Fig. 2, the time sequences of vertical
velocity and u — w streamlines are given. In order to
better describe the airflow out of and into the cloud,
the east-west direction wind eomponent is modified so
that strong winds are weakened and weak winds are
strengthened, but the wind direction and the relative
size among different levels are not changed. In the sim-
ulation, cloud moved to the right forward compared
with the environment wind field, and formed an up-
draft and downdraft, which maintained convection of
a long duration and improved cloud development. Up-
draft came from the right and climbed slantwise. Ver-
tical velocity became bigger as altitude grew higher.
It reached a maximum value in the medium-high level
and then decreased. It was pulled out from the plume
by high wind. Cold air from the rear cloud and down-
draft caused by dragging of precipitation raindrops dif-
fused in the ground layer, and partly moved downward
of the updraft area. This is a classic structure of the
supercell, and the simulated system was in a quasi-
steady state for a long time. Though the coordinate
system was moved eastward at 11 m s™!, the cloud
body shifted to the east lateral boundary after 200
simulated minutes, so the run was terminated.

To maintain a supercell for a long time, water vapor
should be transported by updraft to the cloud contin-
uously. In order to get a better understanding of this
phenomenon, divergence and convergence of air flow
and water vapor flux at 8 different height levels are
listed in Fig. 3. During the 3-h simulation, both diver-
gence and convergence of the lower levels were bigger
than those of the middle levels and upper levels, which
were caused by the rich water vapor of the lower levels
of high temperature. In Fig. 3b, the water vapor flux
presents convergence below 5.2 km, and from 7.6 km
to 17.6 km height it takes on divergence, which peaks
at 7.6 km. The valucs of convergence at different lev-
els are much larger than that of divergence hecausc a
small part of convergent water vapor is transformed
to liquid water or ice particles to form the cloud body,
and most of it turns to the ground rainfall. The value
of the convergence of water vapor flux is dominated by
the water vapor at lower levels, so the small values of

_upper levels do not mean that the convergences or di-

vergences arc weaker than those of lower levels, which
is testified by Fig. 3c. Obviously airflow also presents
convergence at 0.4 km, 2.8 km and 5.2 ki, and their
curves are very close to cach other, The other 5 levels
over 5.2 km take on divergence and reach the maxi-
mum value at the 12.4 kin level, near the location of
the maximum vertical velocity. So the convergence of
water vapor flux is bigger than its divergence. It shows
convergence on the whole. Water vapor is continually
transported from lower levels to high levels and fAows
out in high levels. In the 3-h simnulation, a part of the
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Fig. 2. Time sequences of z— z sections of vertical velocity (left) and streamlines (right} at y=60 km,
interval value is 1 m s™'; solid lines stand for the updrafts, and dashed for downdrafts.

water vapur is converted to liquid or solid water all the
time, which maintains development of convection and
the duration of precipitation.

Sitnulated radar echoes and vertical distributions
of the streamline field at four times are given in Fig. 4.
The horizontal scale of the simulated echo extends con-
tinuously with the prolonging of the simulation, and
slowly moves eastward, but the height of the echo does
not change prominently. Because the radar echo is not
ainly formed by ice ¢rystals and cloud, but by rain-
drops and graupel, the strong echo area appears in the
rear position of the strong updraft of the ground layer
where plenty of raindrops and melting graupel can be
found. The maximum echo intensity reaches b5 dBZ.
Forward airflow takes away a part of the hydromete-
org, which forms a sheet of plume of less than 15 dBZ.
Duoppler radar in Changle City of Fujian Province cap-
tured echoes within the simulation time. The data are
not complete and do not fully mateh the simulation in
time and space. But the magnitude of the simulated
echo is in great accordance with the observed one, and
the single echo is nearly reproduced.

4. Microphysics processes
MMS5 is extensively used to simulate meso-scale

weather process. It has a great advantage over cloud
models in the aspect of dynamic fields, initial and
boundary conditions, radiation and planetary bound-
ary layer and so on. Whereas its microphysical process
is weak though il includes 8 microphysical schemes,
all of them were simplified from the cloud model. In
MMS5 the truncated value of the particle spectrum is
constant, and for hydrometcors is diagnosed. But the
truncated value of the raindrops, snow, and graupel
(Nor, Nos and Ny} are different in different cases.
Even in the same case they are different at different
developing periods. If we regard them as constants,
they do not coincide with reality. Autoconversion of
particles is given a threshold that varies in different
microphysical schemes, even in the same scheme of
different versions of MM5. All of these things affect
the simulation. If we use the simulation result of MM5
to analyze the microphysical process and precipitation
mechanism, the result is not reasonable. But the num-
ber contents of particles are predicted in our double-
parameter model. The process of cloud autoconversion
to raindrops (Ae) is defined by the predicted value
spectrum width. Our model has a greater advantage
than MMS5 in the process of ice nuclei [P,;), freezing
of rain to graupel (M), melting and sublimation of

PR RN
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Fig. 3. Time variations of convergence and di-
vergence of water vapor flux and air flow, a: con-
vergence and divergence of water vapor fux at §
levels, dashed presents divergence and solid mesns
convergence; b: the sum of convergence and diver-
gence of water vapor flux at the same 8 levels: ¢
divergence of air flow.

graupel (Mg or Sy), and so on. So the analysis of
the microphysical process is mcaningful, though the
simulated convective process is developed from homo-
geneous initial conditions.

4.1 Hydrometeors

In this case, the cloud body extends to 18 ki of
height, and stretches horizontally for more than 70 kin,
which can be seen in Fig. 5. In order to better deseribe
the airflow out of and into the cloud, the east-west di-
rected wind is modified as in section 3. The upper
part of the cloud is formed by cloud ice and graupel
particles, and in the plume nearly by ice. Because of
condensation caused by the upward movement of the
air, the clond watcr area coincides well with the up-
draft area, and splits into two centers with the splitting
of updraft, and leans backward along with the slanting
ascending air flow which is hung up over the downdraft
area. There appear two cloud water centers at about
50 km and 70 km in horizontal distance. At the same
time, because of near saturation, the bottom of
the cloud reaches the ground. Graupel particles of
0.5 g kg~" outlinc embrace most of the cloud water,
cloud ice, and raiuwater areas. Graupel is distributed
extensively from 2 ki to 17 km in height. It extends to
the top of the updraft area, and its horizontal scope
is about 50 km wide. Raindrops are distributed be-
low 8 km high. Some of rain drops located around 60
km in hotizontal distance can grow either from rain
embryos of the autoconversion of cloud water or from
melied graupel particles, through both the warm rain
process and the cold rain process, but others located
around 32 kmx 35 km, where little cloud water exits,
the rain particles can only be generated via the melting
of graupel, which is a cold rain process.

4.2 Phase transformation

Microphysics processes include phase transforma-
tion and non-phase transformation processes. Latent
heat is not released in the latter, but in the former wa-
ter materials change from one phase to another phase
among vapor, liquid water, and solid particles, and
so latent heat is absorbed or released, which affects
the air temperature and therefore affects the dynamic
fields. Based on their initial phases and final phases,
all phase transformalbion processes are divided iuto
5 categories: condensation, evaporation, sublimation,
freezing, and melting.

Condeunsation: vapor to cloud water (positive S,.};
S,r is very small, omitted;

Evaporation: cloud water to vapor (negative Sq.),
rainwater to vapor (negative S, );

Sublimation: vapor to ice (Sy;), vapor to graupel
{Svg), ice nucleation (Py);

Freezing: cloud water collected by ice (%), cloud
water by graupel (Ceg), smail raindrop by ice (Cy) and
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Fig. 5. Vertical section of hydrometeors (g kg™ ') described as a function of height at =60 ki, duplicated
by the stroamlines of u and w. The curves for the hydrometeors shown are cloud ice ¢ (thin hatched, short
dashed, contour of 0.1 g kg™ '), cloud water g, (thin solid, contour of 0.1 g kg™ '), graupe! g (thick solid,
contour of 0.5 g kg "), rain g. (thick long dashed, contour of 0.5 gkg™').

the multiplication of ice {Py), freezing of raiu to grau-
pel (M., sutoconversion of cloud to graupel (Aq);

Melting: ice collected by raindrop (%), melting of
ice (M) and graupel {My,).

The amount of hourly hydrometeor mixing ratios
and temperature caused by the 5 categories of phase
transformation is described in Fig 6. Condensation be-
gins uearly at the ground, extends to 12 km high, and
the maximum value of 4 gkg™! h™! appears at 6 km
high. Second to condensation, freezing and melting
processes bring more than 2 g kg~! 57! of hydrome-
teors, peaking either above or below the zero temper-
ature layer. Sublimation mainly exists at the plume
where cloud ice contributes to solid particles, however
from 4 kin to § ki of height the ice turns to water va-
por via melting of solid particles. Evaporation is the
least importaut process among the 5 categorics.

Reliable information from direct measurements of
lateut heating released by deep cumulus clouds is not
available. The cloud model can explicitly estimate
feedback of phase transformation processes. Figure 6b
shows the vertical distribution of the apparent heat
source. Condensation releases the most relevant en-
ergy, which is larger than the absorption by melting
and evaporation, and along with encrgy released by
freezing and sublimation, the three provide energy for
the convective system to develop. The cooling due
to deposition and the warming due to melting oc-
curred mainly near 5 km in height but above 7 km,
sublimation displays positive feedback and peaks at
12 km. The cooling effect due to evaporation of rain-
drops mainly occurs below 4 km and & small number of
cloud particles evaporate near 12 km high. Because of
supercooled water, condensation appears at high levels
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Fig. 6. Contributions to mixing ratios (left) and temperature {right) of 5 microphysics categories, these
curves represent an average spanning the entire horizontal domain.

of the negative temperature area.

4.3 Generation mechanisms

The growth mechanism of particles and drops in
hail clouds in stratiform clouds in South China are
analyzed in detail for the purpose of hail suppression
and rain enhancement. However, it is not well un-
derstood of heavy rainfall in some relatively rich rain
areas, such as in South China. In this case, a large part
of the clouds is warm. By which processes do precipi-
tation particles grow? Which is much more important,
warm rain process or cold rain process? In this section
these issues are to be examined. To study the micro-
physical characteristics and precipitation mechanism
of this case, we analyze the source and sink terms of
cioud ice, graupel and raindrops, and particularly an-
alyze the growth mechanism of raindrops. Equations
of mass contents and their number concentrations of
water vapor and five categories of water particles are
described in section 2. Since hail particles are not
important in this case, and the mass and number con-
tents are negligible, processes related to hail are not
considered.

The main out-growlh courses of ice crystals are P
and Py, and their main dissipation courses are Cjp,
Mic, Asg, and Cig. Ice mass transformation larger than
1078 g kg~' 57! per grid point are four processes, as
shown in Fig. Ta. Sublimation (Syi) contributes the
most mass growth, though F,; brings many ice em-
bryos; the amount of mass is small because of the small
mass of ice embryos. Auotconversion to graupel par-
ticles (Az) and their collection {Cy) almost consume
all ice particles mass contents. But the number mixing
ratio of cloud ice increases mainly via ice nuclei (Py)

and ice multiplication (F,) (shown in Fig. 7b}. The
former is mainly generated in the lower temperature
area, and the latter is mainly generated in the upper
temperature area, which only occupies one ten thou-
sandth of the former. At the beginning ice droplets
decrease via autoconversion to graupel embryos (A;g).
After 40 minutes, ice droplets dissipate in turn via
collection by graupel {Ci,), autoconversion to graupel
embryos {A;g), ice droplets melting to small raindrops
(Mir), and collection by raindrops (Cic).

The change of mass contents of graupel mainly in-
volves the 5 processes, Cog, My, Cig, Ay, and 5,
(shown in Fig. 7¢). But only graupel melting to rain
{Mpg) expends some graupel mass. Graupel grows
mainly by collection of cloud water {Cgg). Collection
of ice [z} and raindrops (Cr;) contribute less to grau-
pel. About 20 minutes after graupel embryos are gen-
erated by Ajg, they grow via collection of cloud water
and ice particles (Cy and Ci,). As for particle number
{shown in Fig. 7d), Ajg first occurs at 20 min, and it
nearly generates most of the granpe! particles after 40
computational minutes. Ag, Cig, and Gy generate a
part of the graupel too. And some raindrops freeze to
graupel.

At first raindrops grow via collection of cloud water
(Cer), the warm rain process. Subsequently there ap-
pears the cold rain process (shown in Fig. 7e). That is
to say that the value of melted graupel particles (A4,,)
increases quickly. It nearly reaches Ce, at 50 minutes
and maintains its value till 180 minutes, which is to
say that the warm rain process contributes the same
to precipitation as the cold rain process. The main dis-
sipation of rainwater is evaporation of raindrops (Sy,}
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5. Simulated precipitation

The precipitation efficiency of this course reaches
more than 30% during the period 40-200 minutes, and
the intensity of precipitation grows steadily. Figure 8
shows the time sequence of the model-estimated rain-
fall rate over the horizontal domain. The simulated
system moves a little relatively to the domain grid. At
40 min precipitation is very swmall, but al 60 min the in-
tensily reaches 28 mun ht. The peak value reaches 75
mmh~! al 100 min. Then the intensity declines slowly.
But at 200 min the intensity reaches the peak value 75
mm h~! again. During the whole simulation time, the
position of the precipitation moves eastward gradually.
Meanwhile the arca of precipitation increase continu-
ously and at 200 min it nearly reaches the northeast
boundary of the simulated domain. 'To aveid the in-
fluence of the boundary, we end the simulation after
200 rinutes.

The simulated accumulated rainfall is 32 mim,
which is shown in Fig. 9. With convection moving
eastward, the region of the rainfall extends castward
and the horizontal scale is larger than 100 km.

The observatious show that from 8 to 9 June, some
stations in Fujian Province experience rainfalls shifting
hetween 25 mm and 90 mm. Lack of data at Fuzhou
and Changle stations, we compare simulated precipi-
tation with those of several ueighbor stations. Around
1900 UTC, Minhou, Fuqing, and Minging encouutered
heavy continuous rainfalls of 31 mm, 26 mm, and 22
mm respeclively in four or five hours. So our model
results in the 3-h simulation are comparable with ob-
servations though it is a little heavier than reality. It is
regretful that onr simulated horizonial dowain is not
large enough to lengthen the simulation, due to the
limitation of eomputer memory.

§. Conclusions

Using an explicit double-parameter time-depend-
ent, nothydrostatic meso-7 model with detailed micro-

S

100~

D stange (km®

-— - B
50 100 180 200 250

fstants fkm)

Fig. 9. The total rainfall in 3-h simulation, mov-
ing coordinate is considered to the domain.
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physics processes, a heavy rainfall is simulated. The
initial data, thermodynamic sounding data at 1600
UTC 9 June 1998, at Fuzhou City in South China
is obtained from the HUMEX expcriment. The hori-
zontal domain of the model is 120 kmx 12 kin with a
consiant grid increment of 2 km. The conveciive sys-
lern moves cast at about 11 m s7!, and in order to
keep it within the domain and away from the lateral
boundary, a moving coordinate is used to accommo-
date it within the simulated time (3 hours).

The heavy rainfall from 8 June cauwsed continu-
ous precipitation in Fujian and Guangdong Provinces,
which made the whole air saturated. We successfully
triggered the model only using 1.5°C temperature per-
turbation. The vertical velocity of this case is not very
strong, and the peak vertical velocity is not larger than
10 ms ! during the 3-h simulation time. Downdraft
coincides with declined updraft, which continuously
transports sufficient water vapor in the convergence
area to the high level. So in the high level there is
enough water vapor over a long time to allow the hy-
drometeors to increase, which maintains the long con-
vection. This is the classic structure of supercells. The
analysis on the divergence of water vapor flux and the
divergence of horizontal wind proves that water vapor
converges in the low levels and diverges in the upper
levels.

We analyze five phase transformation processes at
all levels. Condensation brings the most mixing ra-
tios of hydrometeors, and releases the most rclovant
encrgy, which is larger than the absorption energy by
melting and evaporation. And along with the energy
release by freezing and sublimation, it provides energy
for the convective system to develop. To study the
wicrophysical characteristics and precipitation mech-
anisi of this case, we analyze the source and sink
terms of cloud ice, graupel, and raindrops, and par-
ticularly analyze the growth mechanism of raindrops.
Rain embryos appear via the warm rain process. At
first raindrops grow via collection of clond water (C,),
the warm rain process. Subsequently there appears
the cold rain process. That is to say that the value
of melted graupel particles (Mg, ) increases quickly. It
nearly reaches C.. at 50 minutes and maintains its
value till 180 minutes, which is to say that the warm
rain process contributes the same to precipitation as
the cold rain process.

[n this case the precipitation appears at 40 min and
lasts till 200 min, the end of the simulation. The in-
tensity reaches a quasi-steady state after 100 min of
simulation time. The peak value of the precipitation
intensity reaches 75 mm h~?! at 100 min during the 3-h
simulation time. The precipitation efficiency of this
course is bigger than 30%, and the simulated accu-
mulated rainfall is 32 mm and extends about 100 km
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within the 3-h simlation, somewhat close to the ob-
served reality. In the future, we may sitnulate the case
with periodic boundary conditions over a longer modet
time, such as 24 hours or even several days, to simulate
the entire evolution of this raiufall process.
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