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Abstract: This study used the Weather Research and Forecasting model coupled with Chemistry (WRF-

Chem) version 4.1.2 to simulate a warm-sector heavy rainfall (WSHR) event that occurred over coastal 

Southern China in 2014. To investigate the effects of the concentration of sea salt aerosols (SSA) on the 

development of WSHR, different levels of SSA emission were incorporated in three separate experi‐

ments (CTL, LOW, and HIGH). The distribution of precipitation and hydrometeors, the microphysical 

processes, and the release of latent heat resulting from the rainfall in all three simulations were ana‐

lyzed. Results show that SSA mass concentration can affect the rainfall area: the LOW experiment 

shows dispersed rainfall, whereas the HIGH experiment presents concentrated rainfall. Under the situa‐

tion of low (high) SSA emission: the concentration of cloud condensation nuclei during rainfall de‐

creases (increases), the mixing ratio of rain and graupel increases (decreases), and microphysical pro‐

cesses, particularly the automatic conversion of cloud water into rainwater and accretion of cloud water 

by rain, are enhanced (weakened), more (less) latent heat is released, and the updrafts are enhanced 

(weakened); these result in an increase (decrease) of accumulated precipitation and rain rate.
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1　Introduction

Heavy rainfall that often occurs over Southern 

China (SC) during the first rainy season(April-June) 

can be one of the most devastating natural disasters. 

Warm-sector heavy rainfall (WSHR) is a special and 

important type of rainfall in SC that often causes se‐

vere flooding and huge economic losses. Generally, 

WSHR refers to precipitation that occurs in the warm 

zone approximately 200-300 km from the surface 

front, in the convergence zone between southwesterly 

and southeasterly flows, or in southwesterlies without 

a front and shear. Heavy rainfall in the warm region 

of SC, caused by microscale-mesoscale systems, 

usually happens abruptly and locally, making both 

objective forecasts and numerical model predictions 

difficult. On the one hand, such events are difficult to 

forecast owing to lack of synoptic-scale baroclinic 

system forcing such as fronts, shear, and vortices (Wu 
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et al., 2020). For example, deterministic operational 

numerical weather prediction models failed to fore‐

cast the typical local warm-sector rainfall event that 

occurred over Guangzhou (China) on May 7, 2017 

(Wu et al.,2018). On the other hand, when using a nu‐

merical model to simulate WSHR, one of the most 

critical factors is the capability of the cloud micro‐

physical parameterization scheme to effectively de‐

scribe the cloud microphysical processes (Gao et al.,

2012). Therefore, employing a numerical model to 

simulate WSHR and using the results to analyze the 

mechanism of the cloud microphysical characteristics 

could improve the understanding of WSHR and pro‐

vide scientific reference for improving the capability 

of numerical models to forecast such events.

Aerosols can act as cloud condensation nuclei 

(CCN) and participate in the formation of cloud drop‐

lets, thereby changing the concentration and size dis‐

tribution of cloud droplets, and thus affecting hydro‐

meteor distribution, cloud lifetime, and precipitation

(Twomey, 2012; Rosenfeld 2008). Rosenfeld (1999;

2020) observed that aerosol concentration was in‐

creased by biomass combustion, which narrowed the 

cloud droplet spectrum and inhibited the collision pro‐

cess, leading to reduced precipitation. Lohmann et al.

(2005) revealed that aerosols can act as ice-forming 

cores at high altitudes, thereby promoting deep con‐

vection and increasing surface precipitation. Other re‐

search used simulation results to demonstrate quantita‐

tively that an increase in aerosol concentration could 

lead to a 23.4% decrease in topographic cloud precipi‐

tation (Xiao et al., 2014).

Sea salt aerosols (SSA) are one of the main aero‐

sols in oceanic and coastal areas (Lewis et al., 2004). 

They are generated primarily from spume or emitted 

during bubble bursting at the sea surface (Monahan et 

al., 1986). As CCN, SSA can participate in cloud mi‐

crophysical processes, chemical reactions, and the 

dry-wet sedimentation process (Gong et al., 1997). 

Previous studies focused on the transmission of atmo‐

spheric momentum and heat flux by oceanic droplets 

and the effect of SSA on typhoons. For example, 

Rosenfeld et al. (2002) found that aerosols generated 

by oceanic droplets were conducive to removing pol‐

lutants in the atmosphere and enhancing the process 

of collection of cloud droplets by raindrops. Herbener 

et al. (2014) proved that an increase in aerosol concen‐

tration in the cloud wall area would strengthen a ty‐

phoon, whereas an increase in aerosol concentration 

in the periphery of a typhoon would cause it to 

weaken. Jiang et al. (2019) and Luo et al. (2019) both 

studied the influence of SSA as CCN on the cloud mi‐

crophysical processes, precipitation, and thermal pro‐

cesses of typhoon using numerical models, and they 

found that SSA can promote the transformation of 

cloud water and the process of its collection by rain‐

drops, thereby increasing precipitation. However, it re‐

mains unclear how SSA-cloud interactions might in‐

fluence heavy rainfall events.

Southwesterly winds can carry SSA to SC and af‐

fect local precipitation. On the basis of multisource 

observational data, Li et al. (2021) preliminarily dis‐

cussed the influence of SSA on the microphysical pro‐

cesses and internal dynamics of the heavy rainfall 

event that occurred over SC on May 7, 2017. Addi‐

tionally, Guo et al. (2022) explored the effects of an‐

thropogenic aerosols and SSA on heavy rainfall in 

early summer (June 2019) over the monsoon coastal 

region of China. However, studies on the role of SSA 

regarding the intensity and microphysical processes 

of heavy rainfall in SC, especially in terms of WSHR, 

remain limited.

The objective of this study was to investigate the 

effects of SSA on WSHR over SC. For this purpose, a 

typical WSHR event that occurred over SC in May 

2014 was selected and subsequently simulated using 

the Weather Research and Forecasting Model coupled 

with Chemistry (WRF-Chem) (Grell et al., 2005; Ska‐

marock et al., 2008). The model setup and the experi‐

mental design are described in detail in Section 2. An 

overview of the WSHR event is provided in Section 

3. Section 4 presents the results of the modeled pre‐

cipitation and further reveals the effects of SSA on the 

heavy rainfall. Finally, the main conclusions are sum‐

marized in Section 5.
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2　Model configuration and experimental 

design

The WRF-Chem model version 4.1.2 was used 

in this study to simulate meteorological fields coupled 

with gas-chemistry and aerosols. WRF-Chem is a non‐

hydrostatic fully compressible model in which the 

constitution and number concentration of aerosols are 

predicted explicitly. The simulation period started at 

12:00 UTC on May 10, 2014 and ended at 00:00 UTC 

on May 12, 2014. The first 12 h were regarded as the 

spin-up time. The period from 00:00 UTC on May 11 

to 00: 00 UTC on May 12, 2014 was used for the 

analysis. The model was configured with three do‐

mains: d01, d02, and d03 (Fig.1a). The outermost do‐

main (d01) had horizontal grid resolution of 36 km, 

while domains d02 and d03 had horizontal grid resolu‐

tion of 12 and 4 km, respectively. The key region of 

this study (21.5°-23.5°N, 113°-115°E) encompassed 

the area in which the selected WSHR event happened, 

it included the Pearl River Delta and some offshore ar‐

eas. The key region is indicated by the gray dashed 

rectangle in Fig. 1b. The meteorological initial and 

boundary conditions were set using the NCEP FNL 

dataset (http://rda.ucar.edu/datasets/ds083.2) with 1°×

1° spatial resolution and 6 h temporal resolution. To 

improve the simulation results in the boundary layer, 

40 vertical levels were used from the surface up to 50 

hPa at the model top.

The microphysical scheme used was that of Lin 

et al. (1983), which predicts cloud droplet number and 

size by determining aerosol activation in the WRF-

Chem model (Liu et al., 2004). The Grell-3 cumulus 

parameterization scheme (Grell et al., 2002) was used 

in domains d01 and d02. No parameterization scheme 

for cumulus convection was employed in d03 because 

of the ability of the grids with 4 km resolution to 

clearly distinguish cloud-scale processes. The other 

major physical schemes used included the Rapid Ra‐

diative Transfer Model for Global Climate Models 

longwave and shortwave radiation schemes (Iacono et 

al., 2008), the unified Noah land surface model 

(Livneh et al., 2011), and the revised MM5 Monin-

Obukhov surface-layer scheme (Jiménez et al., 2012).

The Model for Simulating Aerosol Interactions 

and Chemistry using eight sectional aerosol bins (Za‐

veri et al., 2008) provided simulations of gases and 

aerosols; the aerosols considered comprised sulfate, 

nitrate, sea salt, ammonium, organic carbon, black car‐

bon, other inorganics(e. g., silica, other inert minerals,

and trace metals), and liquid water. The Carbon-Bond 

Mechanism version Z (Zaveri et al., 1999) was ad‐

opted for gas-phase atmospheric chemistry. The Fast-J 

scheme (Wild et al., 2000; Barnard et al., 2004) was 

Fig. 1　(a) The three nested model domains with horizontal resolution of 36 km (d01), 12 km (d02), and 4 km (d03) 

with terrain height (shading; unit: m); (b) Domain d03 showing the key region of this study

(21. 5°-23. 5°N, 113°-115°E) indicated by the gray dashed rectangle
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used for photolytic reaction rates. Inventories of an‐

thropogenic emissions were are obtained from the 

Multi-resolution Emission Inventory for China(http://

www. meicmodel. org), released by Tsinghua Univer‐

sity (Zhang et al., 2009), which has 0.25° grid resolu‐

tion and covers anthropogenic emissions from power 

plants, transportation, industry, agriculture, and activi‐

ties related to residential areas. Biogenic emissions 

were obtained from the Model of Emissions of Gases 

and Aerosols from Nature (Guenther et al., 2006). 

Biomass burning emissions were computed at hori‐

zontal resolution of 1 km2 on the basis of the global 

daily fire emissions in 2014 using the Fire Inventory 

from NCAR (https://www. acom. ucar. edu/Data/fire/) 

(Wiedinmyer et al., 2011). The chemical lateral 

boundary and initial conditions were derived from the 

results of the Community Atmosphere Model with 

Chemistry (Lamarque et al., 2012), which is a compo‐

nent of the NCAR Community Earth System Model 

used for simulations of global tropospheric and strato‐

spheric atmospheric composition.

In the WRF-Chem model, SSA are mainly com‐

posed of sodium chloride, and their formation is 

mainly related to the development of spray droplets 

that form from the breakup of waves caused by the 

continuous flow across the sea surface. Generally, 

SSA have a broad size distribution and they can im‐

pact cloud droplet number concentration and cloud 

condensation as CCN. Because SSA are hydrophilic 

and large, they can easily be removed from the atmo‐

sphere; thus, their average lifetime is approximately 

only 0.6 d (Chin et al., 2002). The emission intensity 

of SSA (Np per m2, per second and per μm,where  is 

number of particles) is often considered a function of 

sea surface wind speed, and it can be parameterized 

as below following Gong et al. (Gong et al., 1997):

dF dr = 1.373W 3.1410 r-A(1 + 0.057r3.45 ) × 101.19exp ( )-B , (1)

where A = 4.7 (1 + Θr )C, B = (0.433 - log r ) /0.433, 

C = -0.017r-1.44, W10 is sea surface wind speed, r is the 

SSA radius (integrated over the size range of 0.1-10 

μm in the model), and Θ is a parameter to adjust for 

the shape of the submicron-size distribution(set to 30 

in this study) (Gong et al., 2003).

To investigate the effects of SSA on warm-sector 

rainfall, we designed three simulation experiments. 

The SSA emission in the control (CTL) experiment 

followed Eq. (1). In the two sensitivity experiments: 

LOW and HIGH, the coefficient of the sea salt aero‐

sol flux emission was multiplied by 0.1 and 10, re‐

spectively. All other model settings were the same in 

each of the three simulations.

3　Case overview

A gridded dataset (resolution: 0.1° ×0.1° ) of 

hourly precipitation was used to examine the spatio‐

temporal distribution of rainfall. After quality control, 

the dataset comprised 30 000-40 000 rain gauge ob‐

servations from China and data from the U.S. Climate 

Precipitation Center Morphing (CMORPH) satellite 

retrieval precipitation products with 30 min temporal 

resolution and 8 km horizontal spatial resolution (http:

//data.cma.cn/).

A heavy rainfall event with more than 200 mm/d 

occurred in the coastal area of SC on May 10-12, 

2014 (Luo et al., 2017). The observed 24 h rainfall ac‐

cumulation from 00: 00 UTC on May 11 to 00: 00 

UTC on May 12, 2014, exhibited two areas of heavy 

rainfall (>50 mm) inland and along the coastline, with 

the maximum rainfall amount exceeding 225 mm near 

Shenzhen. The area of inland rainfall was closely re‐

lated to a northeast-southwest-oriented shear line at 

850 hPa and a 500 hPa trough located north of the 

shear line (Fig. 2a-c). Guangdong is situated a few 

hundred kilometers to the south of the low-level shear 

line that was controlled by warm southwesterly winds at 

850 hPa. As shown in Fig.2d-f, precipitable water in‐

creased near the south coastal area because the shear 

line moved southward and the trough at 500 hPa be‐

came deeper. The area of coastal heavy rainfall was 

located on the leading edge of the boundary layer(BL) 

jet (Chen et al., 2018), which was over the northern 

region of the South China Sea and associated with a 

low-level vortex at 925 hPa over southwestern China. 

The strong southwesterly BL jet brought abundant 

moisture over the coastal area. Surface analysis 
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(Fig.2g-i) shows that the surface low was located over 

southwestern China and a synoptic-scale cold front 

existed to the north of Guangdong. These major syn‐

optic features are similar to those reported in previous 

studies on coexisting frontal and WSHR over SC 

(Chen et al., 2018; Han et al., 2021).

During the selected event, the strong southwest‐

erly BL jet could have brought abundant SSA across 

SC, which would have influenced the precipitation 

process. To investigate the effects of SSA on WSHR, 

we selected 00:00 UTC on May 11 to 00:00 UTC on 

May 12, 2014 as our study period.

4　Results

4.1　Effect of SSA on CCN

As described in Section 1, SSA can serve as 

CCN and participate in the formation of cloud drop‐

lets, thus affecting hydrometeor distribution, cloud 

lifetime, and precipitation. Vertical profiles of spatio‐

temporally averaged concentrations of SSA, PM10, 

CCN (at supersaturation of 0.02%) over the key re‐

gion from the three experiments are shown in Fig. 3. 

(a)-(c): The 500 hPa geopotential height (contour, unit: gpm) and the equivalent potential temperature at 850 hPa (shading, unit: K) 

superimposed with horizontal wind vector (arrows) at 850 hPa. (d)-(f): The 925 hPa geopotential height (contour, unit: gpm) and pre‐

cipitable water (shading, unit: kg/m2) superimposed with horizontal wind vector (arrows) at 925 hPa. (g)-(i): Sea level pressure (con‐

tour, unit: hPa) and surface temperature (shading, unit: K) superimposed with horizontal surface wind vector (arrows).  Red dashed 

lines indicate the wind shear line at 850 hPa; blue lines denote surface fronts, and blue "L" symbols denote low pressure centers.

Fig. 2　Synoptic analysis (NCEP FNL Operational Global Analysis data) at 00:00 UTC on May 11 (left column),

 12:00 UTC on May 11 (middle column), and 00:00 UTC May 12 (right column) in 2014
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Here, the supersaturation ratio is defined in the model 

as S = (Qv Qsw - 1) × 100%, where Qv is the mixing 

ratio of water vapor and Qsw is the mixing ratio at wa‐

ter saturation. It can be seen that SSA, PM10 and CCN 

are primarily distributed below 9 km. The concentra‐

tions of SSA, PM10 and CCN are all first increases 

with height, reaching the maximum values at 3 km, 

then decreases with height. HIGH experiment has the 

largest concentrations of SSA, PM10 and CCN, fol‐

lowed by CTL experiment, the concentrations in 

LOW experiment are the smallest. This discrepancy is 

evident around 3 km. However, the difference in the 

number concentrations of SSA, PM10 and CCN is not 

of the same magnitude as that of SSA emission 

among three experiments, the trends of that three vari‐

ables of LOW and CTL experiment are similar, while 

the trends between HIGH experiment and CTL are 

quite different. This phenomenon partly because of 

the scavenging mechanism of SSA. During the devel‐

opment of rainfall, strong turbulence and inertial ac‐

tion make SSA fall, causing them to be collected by 

falling hydrometeors. Moreover, the aerosols were 

subject to dry and wet deposition before they were ac‐

tivated as CCN in the fully online WRF-Chem model. 

Chameides et al. (1992) highlighted that SSA can re‐

move sulfate particles in the atmosphere and inhibit 

CCN, indicating that the larger flux of SSA emissions 

causes a stronger removal process of sulfate particles 

in cloud. Therefore, it is reasonable that activation in 

the HIGH experiment is inhibited, causing a smaller 

increase in intensity of CCN in comparison with the 

CTL experiment.

4.2　Effect of SSA on precipitation

The observed and the simulated (CTL, LOW and 

HIGH experiments) 24 h accumulated precipitation 

are shown in Fig. 4. The CTL experiment reasonably 

reproduces the observed rainfall, even though posi‐

tional bias exists, which is common in real-data simu‐

lations (Guo et al.,2022 ;Davis et al., 2009). The cen‐

ter of this rainfall is shifted northeastward in the CTL 

simulation relative to the observation, and the amount 

of simulated rainfall is higher than the rainfall amount 

in the CMORPH data. This discrepancy may be the re‐

sult of two factors. First, the grid resolution of domain 

d03 is 4 km, while the CMORPH dataset provides 

grid-averaged precipitation at 0.1° resolution; there‐

fore, the simulated precipitation is provided at higher 

resolution. Second, the Lin cloud scheme was used in 

this study. The Lin cloud scheme is a bulk scheme 

that uses a semi-empirical gamma or exponential size 

distribution to describe the cloud microphysical proper‐

ties. Fan et al. (2012) highlighted that bulk schemes 

tend to produce higher cloud droplet numbers, which 

might result in overestimation of the rain mixing ratio 

and precipitation in numerical models.

Three experiments can reproduce the rainfall cen‐

ter, which is located in Shenzhen. The rain belt is dis‐

tributed along the coastline. The precipitation in the 

LOW experiment is relatively dispersed, while that in 

the HIGH experiment is more concentrated. The 24 h 

averaged rainfall of the three simulations are 78.87 

mm (LOW), 77.40 mm (CTL), and 77.19 mm 

Fig. 3　Vertical profiles of spatiotemporally averaged concentrations of (a) sea salt aerosols (SSA), (b) PM10 , (c) cloud condensation

 nuclei (CCN, at supersaturation of 0. 02%) over the key region during 00:00 UTC on May 11 to 00:00 UTC on May 12, 2014

 in experiments LOW (green dashed lines), CTL (red solid lines), HIGH (blue dashed lines)
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(HIGH), respectively, while decreases by 2.18% un‐

der high sea salt aerosols emission. Therefore, accu‐

mulated precipitation decreases with increasing SSA. 

Although the differences in the values among the 

three simulations are small, it must be considered that 

the values are domain-averaged and that extreme rain‐

fall usually happens locally.

The temporal variation in hourly precipitation 

over the key region in the observed data and the CTL 

simulation are compared in Fig.5. It can be seen that 

the trend of hourly precipitation derived from the ob‐

servation is consistent with that from CTL experiment 

during 00:00 UTC on May 11 to 00:00 UTC on May 

12, 2014. CTL experiment well reproduces the peak 

rainfall rate during 01:00 to 02:00, when the observed 

and simulated rain rate is approximately 6 and 7 mm/h 

respectively. Observed rain rate shows a trough 

around 05: 00 while simulated trough appears at 06:

00. Experiment CTL fails to reproduce the peak value 

at 08: 00 in observation, which is about 1.5 mm less 

than observed precipitation and occurs at one hour 

later 09:00. During 12:00 on May 11 to 00:00 on May 

(a) observation data (OBS) and (b)-(d) simulation results from the CTL, LOW, and HIGH experiments, respectively.

Gray lines denote coastlines and provincial boundaries.  Observation precipitation data (0. 1° × 0. 1°) 

were provided by the Chinese National Meteorological Information Center (http://data. cma. cn/).

Fig. 4　The 24 h accumulated precipitation (shading, unit: mm) in domain d03 (Fig. 3b)

 during 00:00 UTC on May 11 to 00:00 UTC on May 12, 2014
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12, experiment CTL underestimates the rainfall, it 

may be the result of simulated precipitation area has 

shifted eastward (Fig. 4). The precipitation is out of 

the key region, therefore, the regional averaged pre‐

cipitation in this period is underestimated.

To investigate the relationship between SSA and 

precipitation, the time averaged precipitation rates 

over the key region for three experiments are calcu‐

lated. LOW experiment has the highest rain rate (3.15 

mm/h), while the rain rate in CTL experiment and 

HIGH experiment is 3.10 and 3.09 mm/h,respectively. 

The averaged rain rate decreases with increasing SSA 

emission.

4.3　Effect of SSA on the distribution of hydrometeors

The influence of aerosols on precipitation cannot 

be clearly understood only by focusing on the surface 

precipitation and rain rate, analysis of hydrometeors 

is necessary. The vertical profiles of mixing ratio of 

different hydrometeors from the three experiments are 

presented in Fig.6. The mixing ratio of cloud droplets 

reaches the peak value of 0.10 g/kg at the height of 

4 km, then decreases slowly with the increase of alti‐

tude, dropping to 0 at 11 km. The mixing ratio of rain 

water first increases with height and reaches the peak 

value of 0.38 g/kg around 4 km, then it slowly de‐

creases with height, intersecting with the curve of 

graupel at 4.5 km and decreasing to 0 at 6 km. The 

values of ice and snow are relatively small, reaching 

the maxima at about 0.03 g/kg and 0.05 g/kg at 12 km 

and 11 km, respectively. The mixing ratio of graupel 

first increases and then decreases with height, reach‐

ing a peak of 0.4 g/kg at an altitude of about 6 km. 

Graupel melts into rain water at the height of 4.5 km. 

Among the five hydrometeors, graupel and rain water 

can fall to the ground to form precipitation.

Observation precipitation data (0.1°×0.1°) were 

provided by the CNMIC (http://data.cma.cn/).

Fig. 5　Temporal variations in spatially averaged hourly

precipitation (mm) over the key region (21. 5°-23. 5°N,

113°-115°E; black dashed rectangle in Fig. 1b) 

during 00:00 UTC, May 11 to 00:00 UTC, May 12, 2014

 All results are averaged over the key region (21. 5°-23. 5°N, 113°-115°E; 

black dashed rectangle in Fig. 1b) during 00:00 UTC, May 11 to 00:00 UTC, May 12, 2014.

Fig. 6　Vertical profiles of mixing ratio of cloud droplets (Qc , red lines), rain (Qr , yellow lines), ice (Qi , purple lines), snow (Qs ,

blue lines), graupel (Qg , green lines) (unit: g/kg) from (a) CTL, (b) LSSA: LOW minus CTL, and (c) HSSA: HIGH minus CTL
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From the vertical profiles of the difference be‐

tween the two sensitivity experiments and CTL

(Fig. 6b, c), mixing ratio of five hydrometeors are 

larger in the LOW experiment than in the CTL, the 

mixing ratio of cloud droplets shows positive values 

at 0-11 km, the mixing ratio of rain water shows posi‐

tive values at 0-6 km, and the difference between the 

LOW experiment and the CTL reaches a maximum 

value of 0.014 g/kg. The mixing ratio of ice and snow 

show positive values in the height range of 9-15 km, 

and the difference between the LOW experiment and 

the CTL reaches a maximum value of 0.008 at 13 km 

and 0.014 g/kg at 12 km, respectively. The mixing ra‐

tio of graupel shows positive value within 3-12 km, 

and the difference between the LOW experiment and 

the CTL reaches a maximum value of 0.022 g/kg at 

9 km. Mixing ratio of rain and graupel are smaller in 

the HIGH experiment than in the CTL, they show 

negative values at 0-6 km and 3-15 km, respectively, 

while the mixing ratio of other hydrometeors show 

small changes. Table 1 gives the mixing ratio of five 

hydrometeors averaged over the key region, results of 

three experiments are also compared. In LOW experi‐

ment, the regional mixing ratio of five hydrometeors 

both larger than that in CTL. In HIGH experiment, 

the regional average amount decreased by 0.07 and 

0.13 kg/m2 relative to CTL, respectively, while the 

changes of other hydrometeors are smaller, which are 

consistent with the features shown in Fig. 6. There‐

fore, the mixing ratio of graupel and rain decrease 

with increasing SSA emission, indicating that SSA pri‐

marily affect the mixing ratio of graupel and rain to 

affect precipitation.

4.4　Effect of SSA on the latent heating of micro‐

physical processes

The conversion parameter and release of latent 

heat during various cloud microphysical processes are 

important aspects in the development of rainfall. In 

this study, the conversion parameter and latent heat re‐

leased through phase transitions (i. e., condensation, 

evaporation, deposition, sublimation, freezing, and 

melting) in each process were calculated using the fol‐

lowing equations:

[ Px ] = ∑i,j,k px( i,j,k) × ρ ( i,j,k ) × ∆z (k ), (2)

Qproc = L  P
C , (3)

where Px (kg ⋅m-2 ⋅h-1) is the vertical integral of a spe‐

cific microphysical process x, which is explained in 

detail in Table 2; px is the microphysical conversion 

rate on each grid (kg⋅kg-1⋅h-1), ρ is air density (kg/m3), 

and ∆z (k ) is the height difference between adjacent 

layers in the vertical direction (m). Meanwhile, Qproc 

(K/h) represents the heating rate released or absorbed 

through phase transition, P (kg ⋅kg-1 ⋅h-1) is the transi‐

tion rate of a cloud microphysical process, L (J/kg) is 

the latent heat of condensation, freezing, and deposi‐

tion per unit mass, and C (J·kg-1·K-1) is the specific 

heat of moist air at constant pressure.

Table 2 presents the results of the vertical inte‐

gration using Eq. (2) of the 33 microphysical conver‐

sions averaged during 00: 00 UTC May 11 to 00: 00 

UTC May 12, 2014 over the key region for all three 

experiments. Positive values represent an exothermic 

Table 1　Mixing ratio （Qx， kg/m2） of hydrometeors averaged over the key region during 00：00 UTC， May 11 

to 00：00 UTC， May 12， 2014， from LOW， CTL and HIGH experiments， respectively1）

Variable

Qc

Qr

Qi

Qs

Qg

LOW

0.36

1.59

0.05

0.10

1.09

CTL

0.33

1.55

0.04

0.09

1.04

HIGH

0.33

1.42

0.04

0.10

0.97

LSSA

0.03 （7.54%）

0.04 （2.48%）

0.01 （20.17%）

0.01 （12.53%）

0.06 （5.37%）

HSSA

0.00 （0.56%）

-0.13 （-9.28%）

0.00 （8.45%）

0.00 （1.52%）

-0.07 （-7.14%）

1） The subscripts c，r，i，s，g represent cloud droplets，raindrop，ice，snow，graupel in order.  Columns LSSA and HSSA repre‐

sent the results of LOW and HIGH minus CTL，respectively，with the values inside parentheses indicating the fractional differ‐

ence relative to LOW or HIGH.
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process and negative values represent an endothermic 

process. In the simulated rainfall, the rain water col‐

lected by graupel (GACR) process has the greatest 

magnitude. The rates at which water vapor condenses 

into cloud water (COND), graupel melts into rain 

(GMLT), cloud water automatically converts to rain 

(RAUT), rainwater absorbs cloud water (RACW), 

snow absorbs rain (SACR) and graupel absorbs cloud 

water (GACW) are also larger than the other cloud mi‐

crophysical conversion processes. Other microphysi‐

cal conversions not shown are zero. Most of the cloud 

microphysical conversions decrease with increasing 

SSA concentration, except for the GACS process 

(graupel absorbs snow) and SACI process (snow ab‐

sorbs cloud ice). In this case, larger SSA emission 

generates more CCN concentration (Fig. 3c), making 

competition between CCN enhanced under a limited 

water vapor condition, resulting in the cloud droplets 

decreased, which explain the decrease of the RAUT 

process (cloud water automatically converts to rain), 

RACW process (rainwater absorbs cloud water), and 

the reduce of precipitation in the HIGH experiment.

Aerosols can influence precipitation via dynamic 

and thermal processes. We analyzed the meridional 

vertical velocity of the three experiments. As shown 

in Fig.7, the ascending motion from 113° to 114°E is 

weak,while the ascending motion from 114° to 115°E 

is relative strong.The ascending air from 114° to 115°E 

decreases with increasing SSA emission, which sup‐

presses convection, decrease the mixing ratios of grau‐

pel and rain (Fig.6). The vertical velocity is related to 

latent heat released during rainfall. Vertical profiles of 

latent heating rate in different phase-changing pro‐

cesses, total latent heating rate and the difference of 

that between two sensitivity experiments and CTL are 

presented in Fig.8. In three experiments, the total la‐

Table 2　Vertical integration conversion rate of cloud microphysical processes （unit： kg⋅m-2⋅h-1） averaged during 00:00 UTC， 

May 11 to 00：00 UTC， May 12， 2014 over the key region （21. 5°-23. 5°N， 113°-115°E； black dashed rectangle in Fig. 1b）

Microphysical conversions

GACR

COND

RAUT

RACW

SACR

GACW

IACR

GACS

IDEP

SFI

GDEP

RACS

SDEP

SACI

SACW

IHOM

SSUB

ISUB

GMLTEVP

GSUB

CEVP

GMLT

Description

Graupel absorbs rain

Water vapor condenses into cloud water

Cloud water automatically converts to rain

Rainwater absorbs cloud water

Snow absorbs rain

Graupel absorbs cloud water

Cloud ice absorbs rain

Graupel absorbs snow

Cloud ice deposition

Snow freezes cloud ice

Graupel deposition

Rain absorbs snow

Snow deposition

Snow absorbs cloud ice

Snow absorbs cloud water

Cloud water homogeneously freezes into cloud ice

Snow sublimation

Cloud ice sublimation

Evaporation of melted graupel

Graupel sublimation

Cloud water evaporates into vapor

Graupel melts into rain

LOW

36. 4

10. 0

3. 3

2. 8

2. 7

2. 3

1. 7

1. 3

1. 1

1. 0

0. 7

0. 1

0. 1

0. 1

0. 1

0. 1

‒ 0. 1

‒ 0. 1

‒ 0. 1

‒ 0. 2

‒ 0. 8

‒ 6. 0

CTL

30. 9

9. 6

3. 1

2. 7

2. 4

2. 1

1. 5

1. 2

1. 0

0. 9

0. 7

0. 1

0. 1

0. 0

0. 1

0. 1

0. 0

‒ 0. 1

‒ 0. 1

‒ 0. 2

‒ 0. 8

‒ 5. 3

HIGH

28. 7

8. 4

2. 6

2. 4

2. 1

1. 9

1. 3

1. 3

1. 0

0. 9

0. 6

0. 1

0. 1

0. 1

0. 1

0. 0

0. 0

0. 0

‒ 0. 1

‒ 0. 2

‒ 0. 7

‒ 5. 2

Trend

↓
↓
↓
↓
↓
↓
↓

↓/↑
—

↓
↓
—

—

↓/↑
—

↓
↓
↓
—

—

↓
↓

132



第 2 期 LUO Qing, et al: Effect of sea salt aerosols on a warm-sector heavy rainfall event over coastal Southern China

tent heating rates increase from the ground, reaching 

peak values around 4 km, then decrease slowly with 

height. At the height of 6 km, the total latent heating 

rates start to decrease rapidly with height (Fig. 8g). 

Further analysis of the latent heat contributions indi‐

cates that peak values at 4 km depend mainly on the 

degree of latent heat from condensation, condensation 

heating rate dominates the total microphysics heating 

rate below 6 km. The accelerated rate of decrease in 

total latent heating rate with altitude at 6 km is mainly 

due to evaporation (Fig.8b) and sublimation (Fig.8d) 

processes. Comparing the three experiments, it can 

be seen that the total latent heating rate decreases 

with SSA emission (Fig.8h),the maximum difference 

reaches 1.5 K/h (LOW minus CTL),-1.8 K/h (HIGH 

minus CTL) at 4 km, respectively. Hence, an increase 

Fig. 7　Vertical profiles of vertical velocity (shading; unit: m/s) from the three experiments (a) LOW, (b) CTL, and (c) HIGH over 

the key region (21. 5°-23. 5°N, 113°-115°E; black dashed rectangle in Fig. 1b) during 00:00 UTC May 11 to 00:00 UTC May 12, 2014

Fig. 8　Vertical profiles of the spatiotemporally averaged latent heating rate (K/h) due to different phase-changing processes:

(a) condensation, (b) evaporation, (c) deposition, (d) sublimation, (e) freezing, (f) melting, and (g) total from the CTL (red

 solid lines), LOW (green dashed lines), and HIGH (blue dashed lines) experiments, and (h) the difference between

 two sensitivity experiments and CTL over the key region (21. 5°-23. 5°N, 113°-115°E; 

black dashed rectangle in Fig. 1b) during 00:00 UTC, May 11 to 00:00 UTC, May 12, 2014
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of SSAs is beneficial to the suppression of the release 

of latent heat in a WSHR event.

5　Summary

This study used the WRF-Chem model version 

4.1.2 with 3 nested domains to simulate a warm-

sector heavy rainfall(WSHR) event that occurred over 

coastal Southern China. We investigated the impact of 

SSA on WSHR by conducting three experiments with 

different intensity of SSA emission, i. e., that of the 

LOW and HIGH experiments was 0.1 and 10 times 

that of the CTL experiment, respectively. The follow‐

ing conclusions were derived from analysis of the re‐

sults of these three experiments.

1) SSA, PM10 and CCN are primarily distributed 

below 9 km. The concentrations of SSA, PM10 and 

CCN are all first increases with height, reaching the 

maximum values at 3 km, then decreases with height. 

HIGH experiment has the largest concentrations of 

SSA, PM10 and CCN.

2) SSA can affect rainfall area, the LOW experi‐

ment shows dispersed rainfall, whereas the rainfall in 

the HIGH experiment is more concentrated. The 24 h 

accumulated precipitation and averaged rain rate de‐

creased with increasing SSA concentration.

3) Most of the cloud microphysical conversions 

decrease with increasing SSA concentration. High 

SSA concentrations provide higher numbers of CCN, 

leading to competition between CCN for the limited 

supply of water vapor, resulting in a decrease in cloud 

droplet size, which explain the decrease of the RAUT 

process (cloud water automatically converts to rain), 

RACW process (rain water absorbs cloud water), and 

the reduce of precipitation in the HIGH experiment.

4) Variations in latent heating rate have a direct 

influence on the thermodynamics of the WSHR. In 

the LOW experiment, a high latent heating rate leads 

to more latent heat released, resulting in an increase 

of the vertical velocity. In the HIGH experiment, less 

latent heat is released, weakening the updrafts, con‐

vection and decreasing precipitation.

This study used the Lin cloud scheme, which is 

an explicit bulk cloud model. The averaging of cloud 

particle size distribution over the spectrum in a bulk 

scheme decreases the response of hydrometeors in the 

bulk scheme to aerosols or CCN shape. Thus, a bulk 

scheme might produce a much higher cloud water 

mixing ratio. Moreover, very large SSAs can collect 

cloud water directly, but this process was not consid‐

ered owing to limitations of the WRF-Chem model. 

These disadvantages regarding the bulk scheme could 

have affected the results regarding aerosol-cloud inter‐

action in rainfall. An increase or decrease in the inten‐

sity of SSA emissions increase the amount of few 

cloud microphysical conversions, which is hard to ex‐

plain to some extent due to many factors affecting the 

microphysical processes and hydrometeors, such as 

horizontal advection and vertical convection. The 

mechanism behind this is complex and nonlinear, 

which needs to further investigate. Because numerical 

simulations were performed for only one rainfall 

event in this study, these results will not necessarily 

be representative of all circumstances. Therefore, fur‐

ther simulations are necessary to broaden our under‐

standing of WSHR.
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海盐核对华南沿海一次暖区暴雨的影响

罗青 1，2， 陈子健 1，2， 林文实 1，2， 蒋宝林 3， 曹琪敏 1， 李芳洲 1

1. 中山大学大气科学学院 / 广东省气候变化与自然灾害研究重点实验室，广东 珠海 519082
2. 南方海洋科学与工程广东省实验室（珠海），广东 珠海 519082
3. 惠州学院地理与旅游学院，广东 惠州 516007

摘要：采用中尺度数值天气模式WRF-Chem 4.1.2，模拟了 2014年在华南沿海地区发生的一次暖区强降水事件。

通过进行 3个不同海盐核排放强度（CTL，LOW，HIGH）试验，从降水落区、水成物分布、微物理过程以及潜热

释放方面，探讨了海盐气溶胶浓度对暖区暴雨的影响。研究结果表明，海盐核浓度对降水落区有一定的影响，

低海盐核排放下的降水区域更分散，而高海盐核排放下的降水区域更集中。低（高）海盐核排放情况下，降水中

的云凝结核浓度减少（增加）、雨水和霰的混合比增加（减少）、云微物理过程尤其是云水自动转化成雨水及云水

被雨水收集过程增强（减弱）、潜热释放增加（减小）以及上升运动增强（减弱），导致累计降水增多（减小）及降雨

率增大（减小）。

关键词：海盐核；暖区暴雨；微物理效应；WRF-Chem模式
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