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Abstract: Simulations of the severe precipitation event that occurred

in the warm sector over southern China on 08 May 2014 are con-

ducted using the Advanced Weather Research and Forecasting

(WRF-ARWv3.5.1) model to investigate the roles of microphysical

latent heating and surface heat fluxes during the severe precipitation

processes. At first, observations from surface rain gauges and ground-

based weather radars are used to evaluate the model outputs. Results

show that the spatial distribution of 24-h accumulated precipitation is

well reproduced, and the temporal and spatial distributions of the

simulated radar reflectivity agree well with the observations. Then,

several sensitive simulations are performed with the identical model

configurations, except for different options in microphysical latent

heating and surface heat fluxes. From the results, one of the signifi-

cant findings is that the latent heating from warm rain microphysical

processes heats the atmosphere in the initial phase of the precipitation

and thus convective systems start by self-triggering and self-

organizing, despite the fact that the environmental conditions are not

favorable to the occurrence of precipitation event at the initial phase.

In the case of the severe precipitation event over the warm sector,

both warm and ice microphysical processes are active with the ice

microphysics processes activated almost two hours later. According

to the sensitive results, there is a very weak precipitation without

heavy rainfall belt when microphysical latent heating is turned off. In

terms of this precipitation event, the warm microphysics processes

play significant roles on precipitation intensity, while the ice

microphysics processes have effects on the spatial distribution of

precipitation. Both surface sensible and latent heating have effects on

the precipitation intensity and spatial distribution. By comparison,

the surface sensible heating has a strong influence on the spatial

distribution of precipitation, and the surface latent heating has only a

slight impact on the precipitation intensity. The results indicate that

microphysical latent heating might be an important factor for severe

precipitation forecast in the warm sector over southern China.

Surface sensible heating can have considerable influence on the

precipitation spatial distribution and should not be neglected in the

case of weak large-scale conditions with abundant water vapor in the

warm sector.

Key words: Severe precipitation event, warm sector, microphysical

latent heating, surface heat fluxes

1. Introduction

For decades, observations have illustrated that severe pre-

cipitation events occur frequently during the period from April

to June (named as “the first-rainy season”), concentrating on

southern China (Huang, 1986). Among those severe precipita-

tion events, one category of them takes place inside the warm

sector ahead of a front zone which is far away from a surface

front toward the north or northwest. One of the main charac-

teristics of the severe precipitation events is that the surface

front and cold air have no direct effects on the development of

precipitation and the rainfall areas are always located in the

warm sector, rather than in the frontal zone. Therefore, the

severe precipitation is referred to as warm-sector rains in the

first-rainy season in southern China (Zhou et al., 2003). 

The severe precipitation events occurring in the warm sector

in the first-rainy season over southern China have caused

heavy casualties and loss of property. Therefore, considerable

effort has been devoted to investigating the mechanism of

formation and development for the severe precipitation. Since

1977, four field experiments have been conducted to under-

stand the severe precipitation during the first rainy season over

southern China (Huang, 1986; Zhou et al., 2003; Zhang et al.,

2011a; Luo et al., 2017). More recently, the WMO/WWRP

Research and Development Project (RDP) named as Southern

China Monsoon Rainfall Experiment (SCMREX) has been

launched with one of the goals to further understand the

development of severe precipitation in the warm sector and the

associated dynamical and microphysical processes (Luo et al.,

2017).

The severe precipitation events occurring in the warm sector

over southern China have complicated dynamic and micro-

physical processes. Zhang et al. (2011b) suggested that the

low-level warm advection may play a more direct role in the

development of mesoscale-beta convective systems, and the

southerly warm and moist current contributes a lot to the

severe precipitation formation (Zhao et al., 2007). Chen et al.

(2012) discussed the systems for the warm-sector severe pre-

cipitation formation in southern China and proposed that the

features of the circulation under 500 hPa can be divided into

three types of shear lines, low vortexes and shear of southerly
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wind velocity. Generally speaking, most of the studies have

been focused on the effects of dynamical forcing on the severe

precipitation events, such as cold air, low-level jet, local topo-

graphy, and convergence line in the boundary layer. However,

it is troublesome to explain the formation mechanism of the

heavy precipitation occurred in the warm sector on the basis of

the theories of frontal lifting and potential instability (Cheng

and Bao, 1990). So far, it is still difficult to predict accurately

the severe precipitation according to the large-scale environ-

mental conditions, and thus the severe precipitation events are

often missed by the forecasters in operational prediction (e.g.,

Du and Xue, 1985; Chen et al., 2003; Guan and Zhang, 2009). 

Although some studies noticed the importance of cloud

microphysical processes within the warm and wet air, little

attention has been paid to further investigating the effects of

the microphysics and thermodynamics on the development of

cloud and precipitation in warm sector over southern China.

For instance, Wen et al. (2006) proposed that latent heating

makes vertical motion stretch further high. Wang et al. (2002)

also noticed that the cold cloud processes play important roles

in the formation and development of severe convective pre-

cipitation in Southern China. 

Previous studies show that the severe precipitation events in

the warm sector have apparent differences in terms of the

rainfall features and its formation environment in the frontal

zone (e.g., Zhao et al., 2008; Zhang and Ni, 2009; Luo et al.,

2013). The severe precipitation events in the warm sector may

have different microphysical processes and different initiation

and maintenance mechanisms from those at the front. Obser-

vations show that the rain rate in the warm sector is generally

much larger than that at the front zone, which may be related

to microphysical processes within the warm and wet air

(Cheng and Bao, 1990). To the best of the author’s knowledge,

much effort has been devoted to the large-scale weather

conditions and external forcing systems associated with the

severe precipitation events, and there is little information avail-

able in the literature about the roles of microphysical diabatic

heating and surface heat fluxes in the development of severe

precipitation in the warm sector over southern China. 

Previous studies proposed that cloud microphysics plays a

significant role on precipitation (e.g., Li et al., 2007; Tao et al.,

2012; Li et al., 2013b). An interesting phenomenon is that the

simulation with ice phase processes covered produces less rain

over southern China than that of ice-free runs (Gao et al., 2006;

Fu et al., 2011). This phenomenon somewhat contradicts the

fact that ice phase processes are more effective than warm rain

processes. This suggests that there are still some unknown

mechanisms of the heavy rainfall initiation, development, and

maintenance to be revealed for the warm sector. As early as in

1880s, Hazen (1889) noticed the importance of latent heating

to precipitation. Liu and Moncrieff (2007) pointed out that

latent heating profiles are largely comparable among the micro-

physical schemes, and surface precipitation is insensitive to the

choice of cloud microphysics schemes. The aim of this study is

to understand the cloud microphysical processes inside the

warm sector region, and investigate the roles of microphysical

latent heating as well as surface latent and sensible fluxes in

the development of cloud and precipitation. 

Following this introduction, Section 2 introduces the over-

view of the data and the severe precipitation event. A des-

cription of model configurations and simulation verifications is

presented in Sections 3. An analysis of cloud microphysical

properties is presented in Sections 4. The roles of warm rain

and ice microphysics in the severe precipitation are given in

Section 5. Results of sensitive experiments to surface latent

and sensible heating are presented in Section 6. Section 7 gives

a summary and discussion.

2. Data and case description

a. Datasets

The conventional observation data (including sounding and

surface observations), ground-based weather radar, and the

National Centers for Environmental Prediction Final Oper-

ational Global Analysis (NCEP-FNL) data are employed in

this study. The precipitation data are obtained from the hourly

automatic weather stations, which contain more than 40,000

stations over China. For the radar data, seven individual radar

observations around Guangzhou station are used to generate

the composite radar reflectivity. Those radar observations

include Guangzhou, Meizhou, Shantou, Shenzhen, Zhanjiang,

Shaoguang, and Yangjiang stations (Fig. 1). The large-scale

flow and moisture field in the vicinity of the severe pre-

cipitation are investigated using the NCEP-FNL data, which

has a horizontal resolution of 1-degree by 1-degree in the time

interval of 6 hours. Except for the large-scale analysis, the

NCEP-FNL datasets on the surface and 26 pressure levels

from 1000 hPa to 10 hPa are also used as initialization and

boundary conditions for the model simulations.

b. Rainfall process

Figure 1 shows the observational 24-h accumulated rainfall

from 0000 UTC 08 to 0000 UTC 09 May 2014 over southern

China. There were more than 10 rain gauge stations with 24-h

accumulated rainfall exceeding 100 mm and the maximum

value was 180 mm occurred at Shanwei station marked with a

red hollow circle in Fig. 1. The main rainfall belt was mostly

along with the coastline of southern China. Particularly, the

severe precipitation occurred in the warm sector, which was

far from the cold frontal zone. From the conventional synoptic

analysis, it was almost impossible to predict accurately the

intensity and location because the large-scale synoptic con-

ditions were not beneficial to form severe precipitation event

over southern China at that time. Consequently, operational

forecasts almost missed the severe precipitation with the

precipitation amount underestimated. 
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c. Large-scale conditions

The weather charts at 0000 UTC 08 May 2014 at 500 hPa

and 700 hPa are presented in Fig. 2. At 500 hPa, the sub-

tropical high (marked with 588 gpdm) was located over the

western Pacific, which was far away from the coastline of

southern China. There were two low-height centers over North

China. One was located over northern China, and the other

was located in north-western China. Both of the low-height

centers were far away from southern China, and the surface

front had no direct effects on the areas in the warm sector.

Generally, the large-scale conditions were not favorable to the

occurrence of precipitation over southern China. However,

from Fig. 2b, the air was saturated at 700 hPa, and there was a

strong southwesterly or southeasterly flow over Southern

China. Previous studies (e.g., Zhao et al., 2007; Wu et al.,

2010, 2011; Zhang et al., 2011b) indicate that the low-level

flow with abundant water vapor is significant for severe pre-

cipitation to form over southern China. 

Observation of the upper-air profile at 0000 UTC 08 May

2014 at Qingyuan station marked with a red dot in Fig. 1 over

southern China is illustrated in Fig. 3. It is apparent that there

was an extremely small (20 J kg−1) convective available potential

energy (CAPE) at this time. Generally, CAPE is a good

indicator of the formation and development of convection and

a favorable value of 1000 J kg−1 is usually necessary for con-

vection development over southern China (e.g., Zhang et al.,

2011b). Therefore, it is impossible to predict the severe pre-

cipitation event based on such a low CAPE and also on such a

large CIN. It is worth noting that CAPE is very sensitive to

temperature and humidity, and small variation of temperature

or humidity can cause large change of CAPE (Bluestein and

Jain, 1985). Besides, the lifting condensation level was 1005

hPa, with a temperature of 20oC. However, there was a large

precipitable water of 40 mm, which might be a key factor of

the severe precipitation event. The profiles of dew-point tem-

perature and temperature were overlapped below 700 hPa,

implying that the air was saturated at those levels. In addition,

southern China was characterized by southwesterly or south-

easterly flows within the lower troposphere, and westerly flows

were dominated at levels between 850 and 250 hPa. 

3. Model configuration and simulation analyses

a. Model setup

The WRF-ARW (v3.5.1) model was set in a triple nested

configuration at 36, 12, and 4 km, using one-degree NCEP-

FNL dataset at intervals of six hours as the initialization and

boundary conditions. The geographical coverage of each

domain is shown in Fig. 4. According to the theory of Lindzen

and Fox-Rabinovitz (1989), vertical resolution should be pro-

portional to the horizontal resolution. Consequently, 57 sigma

levels were used in the vertical and the model top was set to 20

hPa. Aligo et al. (2009) pointed out that precipitation is

Fig. 1. Observational 24-h accumulated rainfall (mm) during the
period from 0000 UTC 08 to 0000 UTC 09 May 2014. Black
hollow circle is Shanwei station with the maximum rainfall of
180 mm; red dot is sounding station of Qingyuan; and asterisks are
ground-based radar stations.

Fig. 2. Weather charts at 0000 UTC 08 May 2014 at (a) 500 hPa
and (b) 700 hPa. Blue lines are geopotential height (units: gpdm),
red lines represent temperature (oC), vectors indicate wind velocity
(m s−1), and the green shaded is relative humidity (%). The blue line
with triangles is the cold front at surface.
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sensitive to vertical grid resolution above the melting level and

the surface layer. Therefore, the distribution of vertical levels

was assigned to 15 levels below 850 hPa and 9 levels above

200 hPa, and the remaining levels were placed between 850

hPa and 200 hPa. The Kain-Fritsch (new Eta) cumulus param-

eterization scheme (Kain, 2004) was used for the outer two

domains, and the scheme was turned off in the innest domain.

The microphysical scheme was Yin scheme which is a newly

developed double moment scheme based on long-term obser-

vations over East Asia (Yin, 2011, 2012, 2013, 2013a, 2014,

2005). The scheme predicts both the mixing ratios and particle

number concentrations for six hydrometer species of cloud

droplet, cloud ice, snow, rain, graupel, and hail, and the

hydrometeor size distributions are represented by gamma

functions. As for the shortwave and longwave radiative flux

calculations, the rapid radiative transfer model scheme (Mlawer

et al., 1997) was used. The Yonsei University (YSU) scheme

(Hong et al., 2006) was introduced for the boundary layer, and

the MM5 Monin-Obukhov scheme (Beljaars, 1995) was

employed for the surface layer. The land surface model was

Noah-MP scheme (Niu et al., 2011). The WRF model was run

24 hours starting at 0000 UTC 08 May 2014, with outputs at

an interval of every hour, and it worked in non-hydrostatic

mode and in two-way configuration with feedbacks.

b. Design of sensitive experiments 

Previous studies (e.g., Wang et al., 2002; Wen et al., 2006)

have proposed that latent heating made from cloud micro-

physical processes lead to vertical motion stretching high,

which has significant impacts on the intensity of precipitation.

In this study, a simulation with microphysical latent heating as

well as surface sensible and latent heating was launched at first

as control run (CTRL). Then, two categories of sensitive

experiments were launched in order to investigate the effects

of microphysical latent heating or surface sensible and latent

heating on the precipitation. One category was characterized

by turning off cloud microphysical latent heating, and the other

with the surface sensible and latent heating turned off. It is

worth noting that only the heating from microphysics was

turned off for the former. It means that the temperature

tendency was zeroed out (equivalent to no latent heat). How-

ever, other microphysical processes were not affected. In order

to further illustrate the roles of warm rain microphysics and ice

microphysics in the development of the severe precipitation,

two sensitive simulations with either warm rain microphysics

or ice microphysics only were performed. In the ice micro-

physics only experiment, the warm rain processes were not

included. Therefore, the warm rain processes (e.g., conden-

sation, auto-conversion from cloud water to rain water, the

collision-coalescence cloud droplet by raindrop, etc.) were not

activated. As a result, supersaturation was not considered when

temp is warmer than 0
oC. The interconversion between water

vapor and ice hydrometeors would occur at a temperature

below 0oC and rain water and cloud water were from ice

particles melting at a temperature above 0oC. Note that the

warm rain processes were not included in the ice microphysics

only experiment, and vice versa. For the latter, both the surface

sensible heating and latent heating were turned off first, and

then the effects of the surface sensible heating or the latent

heating were further tested separately. It should be noted that

all the experiments were launched with identical physics

options, initial and boundary conditions. 

Fig. 3. Upper-air sounding data at 0000 UTC 08 May 2014 at
Qingyuan station (marked with a red dot in Fig. 1) over southern
China. The blue dot-dashed and thick black lines represent dew-
point temperature and temperature, respectively. The shaded with
red and blue colors are convective available potential energy
(CAPE) and convective inhibition (CIN), respectively. 

Fig. 4. Nested model domains used for the simulation of the severe
precipitation event. The domain resolutions are 36 km, 12 km and
4 km, respectively. The shaded areas with gray color represent land.
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c. Simulation verification

According to the simulation, both the domains of the

horizontal resolution of 12 km and 4 km are able to reproduce

the spatial distribution and evolution of the severe precipi-

tation. From the model configuration, the cumulus param-

eterization is turned on in the 12 km domain, while the

cumulus parameterization is not used in the 4 km domain.

Cumulus parameterization has important effects of on severe

precipitation in subtropical zone. Therefore, the 12 km results

were chosen for all analysis in the next sections so as to keep

the effects of cumulus parameterization on the precipitation. It

should be noted that we focus the effects of cloud micro-

physics on the severe precipitation event in this work, while

the effect of cumulus scheme was not investigated. 

Simulation of 24-h (between 0000 UTC 08 to 0000 UTC 09

May 2014) accumulated rainfall amount is shown in Fig. 5.

Compared to the observation (Fig. 1), the spatial distribution of

the severe precipitation is well reproduced by the WRF model.

It is obvious that the simulated severe precipitation belt along

the coastline shows a good agreement with the observation. In

addition, the model yields a peak value of 204 mm, which is

close to the maximum observation value of 180 mm. However,

the precipitation is a slightly overestimated over the regions to

the north of 25oN. Moreover, the location of model’s peak

precipitation has a displacement to the observational station of

Shanwei (marked with a red hollow circle in Fig. 1).

Figure 6 shows the composite radar reflectivity (CR) of both

observation and simulation at 0600 and 1200 UTC, respectively.

There are three CR belts at 0600 UTC. One is located over

southern China from southwest toward to northeast, the second

Fig. 5. Simulated 24-h accumulated precipitation (mm) during the
period from 0000 08 UTC to 0000 UTC 09 May 2014. The dashed
lines marked with A-B and C-D will be used for drawing profiles in
next part.

Fig. 6. Horizontal maps of simulation and observation composite radar reflectivity (dBz) at 0600 and 1200 UTC. The main radar
reflectivity belts are marked with the black dashed lines.
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one is near the coastline with three cells, and the third one is

over the sea from west toward to east, which is far away from

the coastline. At 1200 UTC, the strong CR is along the

coastline from the southwest toward to northeast. It is apparent

that the temporal and spatial distributions of the simulation

agree well with the observations. To sum up, the WRF model

is capable of simulating the major convective system develop-

ment and reproduces the total surface rainfall amount as

compared with the observations from the rain gauges and

ground-based weather radars.

4. Cloud microphysical processes

a. Properties of hydrometeors

The distribution of cloud hydrometeor is one of the impor-

tant properties of the microstructure of clouds. The evolution

of the cloud hydrometeor reflects the dynamic and thermo-

dynamic characteristics of a cloud system. Figure 7 shows the

time-height cross sections of the averaged mixing ratios of

water vapor, liquid (cloud (qc) and rain (qr)) and solid (cloud

ice (qi), snow (qs), graupel (qg), and hail (qh)) hydrometeors

from the 12 km spacing grid simulation. It is obvious that there

is an abundant water vapor throughout the rainfall process. The

water vapor decreases with the increasing height from surface

to 8 km with the maximum value of water vapor greater than

16 g kg−1. As for liquid hydrometeors, there are two layers with

high values in the vertical distribution from 1000 to 1400 UTC.

The lower one, which is mainly below 600 hPa, has a maxi-

mum value over 0.7 g kg−1, and the upper one locates at the

level between 300 and 500 hPa with a peak value of 0.45 g kg−1.

It should be noted that there is a large cloud water content

concentrating on the levels between 500 and 300 hPa. This is

because cloud droplets were transported by strong updraft in a

short time. However, the cloud droplets did not freeze in such

a short time (Xu et al., 2011). Rain water is mainly located

below 600 hPa with the maximum rain mixing ratio of 0.7

g kg−1, and the rain water enable to reach the ground. 

Solid hydrometeors mainly appear above the height of 600

hPa with a peak value of 0.45 g kg−1 during the period of 1000-

1400 UTC. Among the solid hydrometeors, graupel and cloud

ice are major components. The results are consistent with the

previous studies (e.g., McCumber et al., 1991; Krueger et al.,

1995; Franklin et al., 2005), which proposed that graupel is the

dominant frozen hydrometeor in the tropical and subtropical

clouds due to abundant water vapor. Under this condition,

cloud ice grows quickly forming a large number of graupel

particles. On the contrary, there are low values of snow and

hail mixing ratio in this simulation, which is similar to the

results simulated with the Penn State/NCAR mesoscale model

(MM5) given by Wen et al. (2006). In a few words, there are

considerable cloud water, rain, cloud ice, graupel, while snow

and hail are very small. Cloud ice and graupel occurs at the

upper levels, and rain mainly concentrates at the lower levels.

Cloud water had a widest spatial distribution, compared with

the other hydrometeors.

Compared the occurrence time of liquid hydrometeors and

solid hydrometeors, the occurrence time of liquid hydrometeors

is almost two hours earlier than that of solid hydrometeors.

This indicates that warm rain microphysics processes are

dominated processes in the initial stage, and then ice phase

processes developed gradually, suggesting that the severe

precipitation starts from warm rain microphysics processes.

The results indicate that the latent heating from warm rain

microphysics processes promotes convective systems to de-

velop. The processes are similar to the ideal case with a

temperature perturbation which is specified near the surface in

the shape of a spherical bubble (called the “warm bubble”) for

kicking off a convection. The latent heat from warm rain

microphysical processes heated the atmosphere in the initial

phase of the precipitation, and then the vertical motion started

gradually. The upward motion further caused the release of

latent heat. As a result, the vertical motion developed and the

convective system formed by self-triggering and self-organizing.

With the development of convection, ice phase processes are

becoming more and more important for the severe precipi-

tation formation. In other words, the severe precipitation event

starts from the warm-rain process, and then cold-rain processes

are activated. This is in line with the ideal model simulations

given by Lou et al. (2003), which proposed that rain particles

first come from auto-conversion of cloud droplets. Therefore,

both warm rain and ice phase processes occur during the

Fig. 7. Time -height cross sections of averaged mixing ratios of (a)
water vapor, (b) liquid (qc+qr) and (c) solid (qi+qs+qg+qh) hydro-
meteors along line A-B in Fig. 5.
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period of precipitation, although the severe precipitation event

occurs in the warm sector.

b. Effects of microphysical latent heating on precipitation

Observational and modeling studies have proposed that

microphysical latent heating have important roles in precipi-

tation development and dynamical processes (Magagi and

Barros, 2004; Papritz and Pfahl, 2015; Pfahl et al., 2015). As

stated above, the severe precipitation event occurs within the

warm and moist air mass areas that are far away from cold

fronts. Vertical profiles (marked with A-B and C-D in Fig. 5)

of microphysical latent heating and vertical velocity at 0300

UTC 08 May 2014 are illustrated in Fig. 8. It is apparent from

Fig. 8 that the microphysical latent heating is mainly located in

the warm regions at a temperature above 0oC. The pattern of

microphysical latent heating agrees well with the z-wind com-

ponent. This indicates that the microphysical latent heating

heats the atmosphere and thus triggers the development of

vertical motion. One hour later, the vertical motion develops

quickly and several convective systems forms gradually (figures

not present here). The results are consistent with the ideal

simulations given by Lin et al. (2005) who proposed that warm

microphysics dominates the first 10 min, with accretion

overshadowing auto-conversion as the first cell develops, in

the warm season thunderstorms over the subtropical regions.

Although there is no strong large-scale forcing system, the

microphysical processes are able to form convective system by

self-triggering and self-organizing. 

Unlike to other studies (e.g., Tao et al., 2013; Li et al.,

2013a), the effects of terrain are not important to the convective

system development for the event. Li et al. (2013a) proposed

that a local low terrain have strong effects on precipitation

development and spatial distribution by changing boundary

layer convergence and ascending motion. In this study, how-

ever, the profile marked with C-D indicates that there was also

vertical motion around the terrain, but the convection was not

developed. This suggests that topography is not important for

the event, and the precipitation is intensified through the

microphysical latent heating, rather than by dry topographic-

flow dynamics. This is probably because there is very weak

large- and meso-scale dynamical forcing over the warm sector.

Figure 9 shows the vertical profiles of 24-h averaged total

liquid water content (qr plus qc) and ice water content (qi, qs, qg,

plus qh) along line A-B and C-D in Fig. 5. Liquid water is

mainly located at the temperature above 0oC, with the maxi-

mum value greater than 0.50 g kg−1. Most of the ice water

concentrates on the levels with temperature below 0oC and the

ice water enable to reach a height near 15 km. There are two

large value cores of ice water content. The lower one con-

centrates on the levels between 5 and 9 km with the maximum

value of 0.50 g kg−1, the other locates at the level between 10

and 13 km with the maximum value of 0.25 g kg−1. The

distribution patterns are in agreement with the results provided

by Yin et al. (2013b) in which studies cloud vertical profiles

over East Asia are investigated using the CloudSat datasets. It

Fig. 8. Vertical profiles (marked with A-B and C-D in Fig. 5) of microphysical latent heating (shaded, K h−1) and z-wind
component (contour, cm s−1) after the model integration of 3 hours. The red lines present the heights of temperature at −10.0

o
C

(dashed) and 0o
C (solid), and the shaded with black is terrain.
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should be emphasized that the two ice water cores with large

value formed from different microphysical processes. The

upper one is formed by the homogeneous freezing of cloud

droplets, where cloud water immediately freezes to form cloud

ice when cloud temperature is less than 237.15 K or a cloud is

located higher than 10 km (Yin et al., 2013b). However, the

lower one is caused by ice nucleation, riming, accretion and

collision-coalescence processes (Hobbs et al., 1974). 

Obviously, distinct patterns can be found between A-B and

C-D profiles. It is apparent that both the liquid water content

and ice water content along line A-B is much larger than those

along line C-D. Although the severe precipitation event occurs

in the warm sector, the precipitation event has similar micro-

physical processes to a cool cloud precipitation. Previous

studies such as Wen et al. (2006) suggested that a mixed ice

phase microphysical scheme reproduced better precipitation

than a warm scheme for a heavy rainfall over southern China.

Wang et al. (2002) also noticed that the cold cloud process in

which ice phase is coexisted with super-cooled liquid phase of

cloud water plays the most important role in the formation and

development of convective severe precipitation over southern

China. It is well known that ice phase microphysical processes

are more efficient to form large size drops than that of warm

cloud processes (Fovell and Ogura, 1988; McCumber et al.,

1991; Tao et al., 2003; Gao et al., 2006). Therefore, the ice

phase microphysical processes contribute a lot to the severe

precipitation formation. This phenomenon is also seen from

the Fig. 5 in which there is a strong rainfall along line A-B, but

a weak precipitation along line C-D.

5. Roles of warm rain and ice microphysics

Figure 10 presents the simulation of 24-h accumulated pre-

cipitation from the simulations with either warm rain micro-

physics or ice microphysics only. As for the simulation with

warm rain microphysics only (Fig. 10a), there is a wide range

of precipitation area with the maximum precipitation is greater

than 100 mm, implying that severe precipitation can occur

even without ice microphysical processes. However, the spatial

distribution of precipitation is quite different to observation.

Without the ice microphysics, there is no feedback of ice

microphysics on the large-scale fields, and thus the effects of

the large-scale fields on the precipitation spatial distribution

are eliminated (Grabowski, 2003). Grabowski (2003) proposed

that without ice microphysics would reduce stratiform com-

ponent and short life cycle of mesoscale systems, which

influences scale selection of the large-scale convectively-coupled

gravity waves and the vertical transport of horizontal momen-

tum. As a result, the precipitation spatial distribution is altered.

If only the warm rain microphysics is used, the WRF model

cannot capture the characteristics of the severe precipitation in

warm sector, and thus the spatial distribution is modified.

Regarding the simulation with ice microphysics only (Fig.

10b), there is a very weak precipitation over southern China,

while a large precipitation occurs in north region with the

precipitation over 50 mm. The heavy precipitation might be

related to the northern frontal synoptic systems. The strong

rainfall belt along the coastline is completely missed. In the

case without warm rain processes, the convective systems are

Fig. 9. Vertical profiles of 24-h averaged total liquid water content (rain water and cloud water, contour) and ice water
content (cloud ice, snow, graupel and hail, shaded) along line A-B and C-D in Fig. 5. The red lines present the heights with
temperatures at 0, −10, −15, −20, −30 and −40oC from bottom to up, and the shaded with black is terrain.
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unable to form, and thus the severe precipitation is not formed.

This is because the latent heating from warm rain micro-

physics processes is eliminated, and thus strong vertical motion

is not triggered. As a result, convective systems are not

developed, and thus the precipitation is unable to form in the

warm sector over southern China. 

From the above, it is found that the warm rain processes play

crucial roles in the development of precipitation in the warm

sector, which promotes convective system development by

self-triggering and self-organizing through latent heating from

warm rain microphysics. Severe precipitation event can occur

in the warm sector even without ice microphysical processes,

but the spatial distribution of precipitation is altered. This may

be related to the feedbacks of ice microphysics on large-scale

fields (Grabowski, 2003; Wang et al., 2010). However, without

warm rain processes, convective systems are not trigged and

developed, and thus the precipitation cannot be formed in the

warm sector. 

6. Sensitivity to latent and sensible heating

a. Sensitivity to microphysical latent heating

Figure 11 shows the simulation of 24-h accumulated pre-

cipitation using the scheme without microphysics latent

heating. It is apparent that the 24-h accumulated precipitation

is less than 25 mm with several rainfall centers locating on the

southern China. Compared to the simulations with micro-

physics latent heating turned on, it is found that there is a very

weak precipitation, and the strong rainfall belt along the

coastline is not reproduced at all. It can be concluded that the

microphysics latent heating has significant contribution to

forming severe precipitation in the warm sector over southern

China. Without microphysics latent heating, convective systems

are not organized, and thus the severe precipitation cannot be

reproduced. The results are consistent with the effects of

condensation heating on the precipitation of meso-scale con-

vective system over southern China (Qian and Shen, 1990;

Meng et al., 2005; Li et al., 2016).

Figure 12 shows the vertical profiles of 24-h averaged total

liquid water content and ice water content along line A-B and

C-D marked in Fig. 5. Compared to CTRL (Fig. 10), there is a

smaller liquid and ice water content when the microphysical

latent heating is turned off. In addition, the liquid water content

is mainly located at the low levels below 2 km. Without micro-

physical latent heating, there is no enough energy to promote

the development of a convective system. As a result, there only

is an extreme weak vertical motion (Fig. 13), and thus the

severe precipitation fails to develop. Although the warm rain

processes play dominant roles in the microphysical processes

at the low levels, ice phase processes are not triggered largely

under this condition. Consequently, only a small precipitation

occurs from weak cloud microphysics processes. Note that

there exists a large ice hydrometeor zone with temperature

below −40oC. This happens because of the heterogeneous

process of cloud droplets in low temperature condition (Baker,

2001). However, it does not have a contribution to forming

large precipitation drops due to its location at higher levels.

Fig. 10. As in Fig. 5 but with (a) only warm rain microphysics
and (b) only ice microphysics covered.

Fig. 11. As in Fig. 5 but without microphysics latent heating.
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b. Sensitivity to surface heat fluxes

The simulation of 24-h accumulated precipitation (mm)

without both surface sensible and latent heating is shown in

Fig. 14. Compared to CTRL (Fig. 5), the precipitation spatial

distribution is spread and the severe precipitation cores are

altered. The severe precipitation belt along the coastline is

weakened, while the areas of rainfall with an amount between

50 and 100 mm are significant extended northwestward. A

severe precipitation core with an amount over 100 mm occurs

in the central part. Generally speaking, the precipitation spatial

distribution changes a lot with the range spread, when both the

Fig. 13. Vertical profiles (marked with A-B and C-D in Fig. 5) of z-wind component (contour, cm s−1) after the model
integration of 3 hours. The red lines present the heights of temperature at −10.0oC (dashed) and 0oC (solid), and the shaded
with black is terrain.

Fig. 12. As in Fig. 9 but without microphysics latent heating.
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surface sensible and latent heating are turned off. The results

indicate that the surface sensible and latent heating has distinct

influences on determining the spatial distribution and intensity

of the precipitation. Note that the surface sensible and latent

heating show a less influence on the severe precipitation,

compared to the case of latent heating from cloud micro-

physics.

In order to investigate the effects of surface sensible and

latent heating on precipitation, two more sensitive experiments

were performed with surface sensible heating or latent heating

turned off separately. Figure 15 shows 24-h accumulated

precipitation that is simulated without surface sensible heating

(Fig. 14a) or latent heating (Fig. 14b). Generally, the precipi-

tation intensity is comparable to those of observation (Fig. 1)

and the simulation with both surface sensible heating and

latent heating turned on (Fig. 5). However, their effects on the

precipitation spatial distribution are very different. In the case

without surface sensible heating (Fig. 14a), the severe pre-

cipitation belt jumped northward about half a degree of

latitude, implying that the surface sensible heating has strong

effects on the spatial distribution, but small effects on the

precipitation intensity. Lolis et al. (2004) put forward that

sensible and latent heat fluxes contribute significantly to

depression development, and the depressions form advect cold

and dry air masses. Besides, the depressions lead to a southerly

airflow with potential instability. Thielen et al. (2000) pointed

out that increased surface sensible heat flux produces high-

reaching convection, resulting in the development of rainwater

and accumulated rainfall. By turning off surface sensible

heating, the spatial distribution convective cores are altered,

and thus the characteristics of convective systems and their

precipitation are modified. 

In the case without latent heating (Fig. 14b), the precipi-

tation patterns are not altered dramatically. The spatial

distribution and intensity of the total rainfall is close to those of

observation (Fig. 1) and simulation (Fig. 5) with both surface

sensible heating and latent heating turned on. The strong

rainfall belt along the coastline is still reproduced, although the

range of rainfall over 100 mm is somewhat reduced. It is worth

noting that two false rainfall belts are produced over southern

China. 

Generally, both the surface sensible and latent heating have

effects on the rainfall spatial distribution and intensity.

Comparatively speaking, surface sensible heating has more

influence on the rainfall spatial distribution than that of surface

latent heating. More specifically, the surface sensible heating

has strong influences on the rainfall spatial distribution, while

the surface latent heating has only a slightly impact on the

rainfall intensity. It is highlighted that surface sensible heating

can have considerable influence on the precipitation spatial

distribution and should not be neglected in the case of weak

large-scale conditions with abundant water vapor in the warm

sector. It should be noted that the effect mechanism of the

surface sensible and latent heating on precipitation was not

fully explain in this study. We just investigated the importance

of the microphysical latent heating and the surface heat fluxes.

The results suggest that the surface heat fluxes have less

Fig. 14. As in Fig. 5 but without both surface sensible and latent
heating.

Fig. 15. As in Fig. 5 but without (a) surface sensible heating and (b)
surface latent heating.
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influence on the severe precipitation, compared to the case of

latent heating from cloud microphysics.

7. Concluding remarks

In this study, the roles of microphysical latent heating and

surface heat fluxes in the severe precipitation event that

occurred on 8 May 2014 over southern China have been

analyzed based on the numerical simulations by using the

Advance Weather Research and Forecasting (WRF-ARW)

model. The detailed conclusions are as follows.

(1) Warm rain microphysical processes at the low levels play

key roles in the initial phase of the precipitation development.

Latent heating from the warm rain processes heats the

atmosphere, and thus starts the development of vertical motion

in the initial phase and thus promote the formation of con-

vective systems by self-triggering and self-organizing, although

the environmental conditions are not favorable to the occur-

rence of precipitation event. 

(2) Not only warm rain microphysical processes, but also ice

phase microphysical processes are active during the period of

the precipitation over the warm sector. However, the ice

microphysics processes occurs almost two hours later than the

warm rain microphysical processes. The warm rain processes

promote the convective system development in the initial

phase of the precipitation, and the ice phase microphysical

processes have significant influences on the spatial distribution

of the severe precipitation.

 (3) The total rainfall in the warm sector is very sensitive to

the latent heating of microphysics. When the latent heating of

microphysics is turned off, deep convective system cannot be

triggered, and thus there is a very weak precipitation without

heavy rainfall belt occurrence.

(4) Both surface sensible and latent heating have effects on

rainfall intensity and spatial distribution. Comparatively

speaking, the surface sensible heating has strong influences on

the rainfall spatial distribution, while the surface latent heating

has only a slightly impact on rainfall intensity. 

The roles of microphysical latent heating and surface heat

fluxes in the severe precipitation have been investigated in this

study. However, the triggers for the activation of microphysics

latent heat have not been found. This might be associated with

very microscale systems (such as turbulence, rotors in the

boundary layer) due to low model resolution. Further studies

will be continued by employing high resolution (e.g., large-

eddy) simulations so as to provide well understanding of the

trigger conditions in the future. Also, the upstream shortwave

might play an important role in triggering the development of

the heavy rainfall event. Besides, previous studies have

confirmed that cloud processes and associated feedbacks have

strong influences on meso- and large-scale atmospheric

circulations (e.g., Tao and Simpson, 1993; Zängl, 2007; Kumar

et al., 2013). Another interesting phenomenon of the severe

precipitation in the warm sector over southern China is that the

precipitation often occurs along the coastline of southern

China (Chen et al., 2014). This might suggest that the inter-

actions between land and ocean play an important role in the

precipitation formation (Qian, 2008; Mechoso et al., 2013).

Therefore, further studies are required to understand the roles

of interactions between cloud microphysics, thermodynamics

and dynamics in severe precipitations over the warm sector in

the future. 
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