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Abstract. Seven-year measurements of precipitation, light-1 Introduction

ning flashes, and visibility from 2000 to 2006 have been an-

alyzed in the Pearl River Delta (PRD) region, China, with Atmospheric aerosols, formed from natural and anthro-
a focus on the Guangzhou megacity area. Statistical analypogenic sources (Zhang et al., 2004a; IPCC, 2007; Zhang,
sis shows that the occurrence of heavy rainfa% mm per  2010), have been closely linked with modification of cloud
day) and frequency of lightning strikes are reversely corre-systems of diverse scales, ranging from isolated convective
lated to visibility during this period. To elucidate the effects storms (van den Heever and Cotton, 2006; Fan et al., 2007a,
of aerosols on cloud processes, precipitation, and lightningy 2008; Li et al., 2008a), mesoscale convective systems such
activity, a cloud resolving — Weather Research and Forecastas squall lines (Li et al., 2009; Tao et al., 2007) and hurri-
ing (CR-WRF) model with a two-moment bulk microphys- canes (Khain et al., 2008), to large scale circulations such
ical scheme is employed to simulate a mesoscale convegss wintertime Pacific storm track (Zhang et al., 2007; Li
tive system occurring on 28 Match 2009 in the Guangzhouet al., 2008b) and summertime Asian monsoon (Lau et al.,
megacity area. The model predicted evolutions of composite006). The impacts of aerosols on cloud systems include di-
radar reflectivity and accumulated precipitation are in agreerect alteration of the solar radiation budget and indirect mod-
ment with measurements from S-band weather radars anfication of the cloud dynamics and microphysical proper-
automatic gauge stations. The calculated lightning potentiaties (Ramanathan et al., 2001; Tie et al., 2003; Khain et al.,
index (LPI) exhibits temporal and spatial consistence with2005). However, the nonlinear or non-monotonic nature in
lightning flashes recorded by a local lightning detection net-the aerosol-cloud-precipitation interaction poses large chal-
work. Sensitivity experiments have been performed to re-enges on quantification of the aerosol effects on cloud sys-
flect aerosol conditions representative of polluted and cleanems (Li et al., 2008a; Ntelekos et al., 2009). Currently, the
cases. The simulations suggest that precipitation and LPI argiirect and indirect forcing of aerosols on climate is highly
enhanced by about 16 % and 50 %, respectively, under th@ncertain, representing the largest uncertainty in climate pre-
polluted aerosol condition. Our results suggest that elevatedictions (IPCC, 2007).

aerosol loading suppresses light and moderate precipitation g pstantial effort has been made to examine the aerosol-
(less than 25 mm per day), but enhances heavy precipitation.|qq interaction under different atmospheric conditions us-
The responses of hydrometeors and latent heat release to dify nymerical model simulations. Several mechanisms have
ferer_lt _aer_osol Ioad_ings _reveal the physical_mechanism for th‘t’)een proposed to elaborate the role of aerosols on cloud
precipitation and lightning enhancement in the Guangzhoyyeyejopment and precipitation under different dynamic and
megacity area, showing more efficient mixed phase processggermodynamic scenarios. It has been suggested that the
a_nd intensified convection under the polluted aerosol condiergsel effects on cloud properties vary with convective
tion. available potential energy (CAPE) and wind shear (Lee et
al., 2008) and depend on the morphology of clouds (Lee et
al., 2010). Fan et al. (2007b) indicated that relative humidity

Correspondence tdR. Zhang plays an important role in the regulating aerosol effects. An-
BY (zhang@ariel. met.tamu.edu) other recent study by Fan et al. (2009) revealed a dominant
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role of wind shear on aerosol-cloud interaction. In addition, summertime foster strong vertical motion and development
cold pool produced by evaporative cooling has been demonef intensive convective systems for heavy precipitation and
strated to considerably modulate the influence of aerosols ofightning formation.
the development of convective systems (van den Heever and With fast economic and social development in the south-
Cotton, 2006; Tao et al., 2007). Khain (2009) further sug- ern region of China since the 1970s, elevated anthropogenic
gested that heat and condensate mass budgets need to be eyailutants from coal and biomass burning and industry emis-
uated when considering the effect of aerosols on precipitasions have caused severe episodes of air pollution in the PRD
tion. In addition, it has been suggested that the cloud dropletirea. The occurrence of low visibility (less than 10 km) has
effective radius may increase or decrease with aerosol loadremained highly frequent (150 days per year) since 1980,
ing, depending on cloud dynamic and thermodynamic condi-on the basis of the long-term visibility observation (Deng et
tions and aerosol properties (Yuan et al., 2008). al., 2008). Aerosol optical depth (AOD) retrieved from the
The plausible effect of urban aerosols on lightning en- Moderate-resolution Imaging Spectroradiometer (MODIS)
hancement in thunderstorms was first suggested by Wessatellite shows a typical value of larger than 0.6 in the PRD
cott (1995). Orville et al. (2001) examined cloud-to-ground region, because of the existence of a persistent haze layer,
lightning flashes from the National Lightning Detection Net- which is also referred to as the Asian Brown Cloud (Wu
work (NLDN) in Houston, Texas for a twelve-year period et al., 2005). In addition to primary emissions of natural
and found a higher lightning flash density near the urbanand anthropogenic origins, photochemical oxidation of an-
area. Over major urban areas of South Korea, enhancemettiropogenic and biogenic inorganic and organic compounds
of cloud-to-ground lightning under high aerosols loading wasleads to nucleation and growth of secondary aerosols, con-
documented on the basis of the measured lightning flashesibuting to PM pollution in this region (Suh et al., 2001; Lei
and particulate matter (PM) (Kar et al., 2009). However, and Zhang, 2001; Zhang et al., 2002a, b, 2004b; Wang et al.,
quantitative assessment of the aerosol effect on lightning i2010). Several major field campaigns of air quality studies,
lacking, because of simplistic treatments of aerosol-cloud insuch as the Program of Regional Integrated Experiments of
teraction in most the microphysical schemes in atmospheridir Quality in the Pearl River Delta (PRIDE-PRD) 2004 and
numerical models and the complexity in representing elec2008 (Zhang et al., 2008), have been conducted in this re-
trification and discharge processes in thunderstorms. Sewjion to monitor the pollution situation and characterize the
eral mechanisms and parameterizations of cloud electrificachemical and meteorological conditions responsible for ac-
tion have been proposed and developed on the basis of avaitumulations of gaseous and PM pollutants of primary and
able laboratory results to simulate the structure and locatiorsecondary origins. In addition to their effects on visibility,
of charge distributions and lightning occurrence in thunder-human health, and weather and regional climate, pollution
storms (Williams et al., 1991, 1994; Altaratz et al., 2005; aerosols profoundly impact atmospheric chemistry via multi-
Mansell et al., 2009). phase processes (Molina et al., 1997; Zhang et al., 1996).
According to the long-term ground lightning observa- In this study, we perform an analysis of lightning, precipi-
tion and results from the Lightning Imaging Sensor (LIS) tation, and visibility and numerical modeling to elucidate the
database, the Pearl River Delta (PRD) area {3134.5 E, relationship between air pollution and thunderstorms and to
21.5-23.3 N) with a cluster of large cities including quantify the aerosol indirect effects on cloud development,
Guangzhou, Shenzhen, Hong Kong and Macau, exhibitprecipitation, and lightning over the PRD area. Seven-year
frequent lightning strikes and has a lightning density of measurements of precipitation, lightning flashes, and visi-
31.4flashes km?yr—1, the largest value observed in China bility from 2000 to 2006 are analyzed in this area. To as-
(Ma, 2005). Statistical studies revealed that lightning in sess the effects of aerosols on cloud processes, precipitation,
the PRD area occurs mainly in the spring and summer withlightning activity, a Weather Research and Forecasting model
dominant negative strikes, consisting of 96.7 % of the to-with a two-moment bulk microphysical scheme is employed
tal cloud-ground lightning (Yi et al., 2006). The thermody- to simulate a mesoscale convective system in this area. Sen-
namic and dynamical conditions in this area are favorable forsitivity experiments have been performed to reflect aerosol
cloud electrification and lightning formation, since the region conditions characteristic of both polluted and clean cases to
is located in the subtropical and coastal area with abundanfurther reveal the physical mechanism for the precipitation
solar heating and moisture sources. In addition, urbanizaand lightning enhancement under the polluted aerosol con-
tion in this area forms a cluster of large cities with the ur- dition. Note that the present modeling work only focuses
ban land surface characteristics such as increased roughness the indirect effect of aerosols, by which aerosols serve as
decreased moisture availability, and decreased thermal inel2CN and hence affect precipitation and lightning activitiy of
tia, leading to a prominent urban heat island effect. Fromthe thunderstorm event.
the perspective of the large-scale dynamics, frequent intru-
sions of frontal systems from the northwest during the tran-
sition seasons between summer and winter and tropical cy-
clones (typhoons) developed over the western Pacific in the
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2 Data sources and model description aerosols will increase their size as RH increases (Zhang et
al., 2008a). Nevertheless, RH measurements have been ex-
Lightning flashes are taken from a local lightning monitor- amined from 2000 to 2006 and the daily averaged RH (in ex-
ing system, which has been established since 2000. Thislusion of rainy and foggy days) typically ranged from 65 %
represents a province-wide lighting detection (LD) network to 70 %, indicating that the interannual variation of visibil-
consisting of 16 lightning sensors to provide the coverage ofity in the data cannot be explained by the variation of RH.
lightning flashes for the entire Guangdong Province, with aHence, the visibility results used in this study directly corre-
focus on the Guangzhou megacity area. The LD network detate with the aerosol loading condition in the atmosphere.
tects positive and negative cloud-to-ground lightning with a  As a fundamental component in the high-resolution cloud-
positioning error of less than 1 km and measures the electricresolving model, two-moment bulk microphysical parame-
ity current associated with each flash. The precipitation dataerizations have been widely utilized (Morrison et al., 2005;
are taken from 2000 rain gauges in a weather monitoring netyan den Heever et al., 2006; Lee et al., 2008), consider-
work of automatic weather (WP3103) stations, which mon-ing their better representation of the hydrometeors spectrum,
itor meteorological elements in real-time, including wind, the advantage in investigation of the aerosol-cloud interac-
pressure, rainfall, humidity, and etc. In addition, compositetion compared with the single-moment bulk scheme, and
radar reflectivity data from five S-band 10 cm Doppler radarsmore efficient computational performance than the spectral
(Chinese CINRAD/SA) are used to validate the model simu-bin scheme. Li et al. (2008) implemented a two-moment bulk
lation. microphysics scheme into a three-dimensional cloud resolv-
Although intensive measurements of aerosol propertiesng Weather Research and Forecasting (CR-WRF) Model
(number concentration, size, and distribution, etc.) haveversion 2.2.1, which is employed in the present work to in-
been conducted in two major air quality field campaigns, vestigate the effects of aerosols on cloud and precipitation
i.e. PRIDE-PRD 2004 and 2008, long-term aerosol mea-processes. A detailed description of the CR-WRF has been
surements have not continuously made in the region. Inprovided elsewhere (Li et al., 2008), and only the details
stead, we consider observations of satellite aerosol opticgbertinent to this present work are discussed here. Briefly,
depth (AOD) and visibility in the region as a proxy for pollu- the number concentration and mass mixing ratio of five hy-
tion conditions. High-resolution (1-km) AOD at the 550 nm drometeors, including cloud, rain, ice, snow, and graupel,
channel over the PRD area has been derived from MODISare explicitly predicted in the scheme with the assumption
by the Hong Kong University of Science and Technology of gamma size distribution (Mitchell et al., 1990). Thirty-
(http:/fenvf.ust.hk the derivative method has been previ- four microphysical processes are considered in the scheme,
ously described by Li et al. (2005). The high-resolution AOD including seven autoconversion parameterization options for
data has been validated by sunphotometer in the studies byre warm rain processes and three types of heterogeneous
Li (2005) and Tan (2009). Uncertainty in the MODIS AOD ice nucleation. In contrast to treating the number concentra-
product has been reported to be about 20 %. tion of cloud droplets or cloud condensation nuclei (CCN) to
Atmospheric visibility is affected by many factors, such be constant in many other two-moment bulk microphysical
as absorbing gaseous pollutants and concentrations, distribischemes, three new prognostic variables, i.e. number con-
tions and chemical composition of aerosols. In a homoge-centration, surface area, and mass mixing ratio of aerosols,
neous atmosphere, the observed visibiliB) s correlated are implemented in this scheme. The process of aerosol acti-
with the extinction coefficientq) through the Koschmieder vation into cloud droplet is modeled using the classithtar
formula: R =3.91 8~ (Senfield and Pandis, 2006). Sev- theory and the cloud number concentration is directly pre-
eral previous studies have suggested that the PM amount @icted from aerosol concentration and ambient relative hu-
well correlated to visibility with a correlation coefficient of midity. Under the assumption of a log-normal size distri-
above 0.8 over the PRD area (Wu et al., 2005; Deng et al.pution of aerosols, the model approach with forty-eight bins
2008). Over the PRD area, visibility measurements are baseid used to depict the aerosol spectrum in the scheme. The
on daily observations in 4 cities, including Guangzhou, Shen-performances of this microphysical scheme under different
zhen, Zengcheng, and Huiyang. The daily visibility value conditions have been evaluated and an inter-comparison with
is averaged from four measurements per day. We have exsther available microphysical schemes in the WRF V2.2.1
cluded the days with precipitation in producing the statisticshas been reported previously (Li et al., 2008a, 2009). To
of the daily mean visibility. The number of low visibility our knowledge, there are rather few updates applied to the
days caused by light fog (relative humidity (RHP0 %), dynamic core of the WRF frame in version 2.2.1. Other
which is also excluded from the present work, is less thanupdates, such as planetary boundary layer and land surface
3 days per month over the PRD area since 2000, as previschemes, have limited impacts on the sensitivity study of
ously reported by Wu et al. (2007). It should be pointed outaerosol-cloud interaction. To verify such an effect, we have
that the use of visibility as a proxy for the aerosol content hasmplemented our microphysical scheme into WRF V3.1.1
certain uncertainties. In particular, the aerosol optical prop-and performed a simulation for the thunderstorm event con-
erties may also be dependent on the RH, since hygroscopisidered in this work. The results show that the cloud water
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Fig. 2. (a)Correlation between daily visibility and the heavy rain-

Brr fall rate over PRD from 2000 to 2006. Both daily visibility and

10 12 14 116 18 heavy rainfall rate are averaged over the four-month period (from
CG Flash Density (flash km?yr-") March to June). The heavy rainfall rate is calculated from each

rain gauge station with a daily rainfall greater than 25mm. The

Fig. 1. (a) Annual mean AOD from the MODIS satellite in 2005 line represents a linear regression through all dggaCorrelation
over southern Chingb) Annual mean CG flash density distribution Petween daily averaged visibility and accumulated lightning flash
in 2005 from the local lightning detection network in the Guang- density (flashes km?) during the four months from 2000 to 2006.
dong Province. The line represents a linear regression through all data.

path and precipitation exhibit consistency with the results40 flasheskm!yr=1. A comparison between the lightning
predicted by version 2.2.1. flashes and AOD show a similarity in the geographic distri-
butions of the two quantities over the PRD area, with the
largest values coinciding with the Guangzhou megacity area.
3 Results and discussions The correlation of heavy precipitation and lightning with
visibility averaged over four months (March to June) from
3.1 Analysis of observations of precipitation, lightning 2000 to 2006 are displayed in a scatter plot (Fig. 2). In the
flashes, and visibility present study, we focus on heavy precipitation, which is de-
fined as a daily rainfall amount of greater than 25mm. To
Measurements of precipitation, lightning flashes, and visibil-exclude the seasonal factors contributing to the variations in
ity from 2000 to 2006 are analyzed to investigate the relation-precipitation and lightning, such as more frequent intrusions
ship between rainfall, lightning frequency, and aerosols overof tropical cyclones and larger intensity of solar heating in-
the PRD area. The high-resolution annual mean AOD fromduced convection in the summer, we focus on the period from
MODIS provides an overview of the aerosol distribution over March to June during the seven years. Figure 2a illustrates
the Guangdong Province. Figure 1a depicts the annual meathat daily heavy rainfall is inversely correlated with visibil-
AOD in 2005, showing that the Guangzhou megacity areaity; the linear Pearson correlation coefficienti6.739. Sim-
has a higher aerosol loading with the AOD value of largerilarly, Fig. 2b exhibits a negative correlation between light-
than 0.6, compared with the vicinity of the PRD region, con- ning flashes density and visibility, with a correlation coeffi-
sistent with the previous studies (Wu et al., 2005). cient of —0.506. Hence, the analysis of the seven-year mea-
Figure 1b displays the annual cloud-ground (CG) flashsurements of precipitation, lightning flashes, and visibility
density distribution in 2005 over the Guangdong Province.from 2000 to 2006 in the PRD region indicates that the large
The lightning flashes exhibit a high flash density in the lightning density and heavy rainfall amount in the PRD area
Guangzhou megacity area, with the highest flash density o&re closely linked with atmospheric aerosol loading and local
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Fig. 3. Infrared images of clouds from the MTSAT satellite, showing the development of a frontal system in term of the brightness temperature
variance of the cloud top.
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At 05:00UTC on 28 March, an embryonic convective cell Fig. 4. Atmospheric sounding in Guangzhou (11383 23.17 N)
appeared to the west of the Guangdong province. The conat 00:00 UTC on 28 March 2009. The black solid line corresponds
vective system intensified and progressed eastwards, and &t the temperature, and the black dash line represents the dew point
09:00 UTC a mesoscale convective system swept through theemperature.

PRD urban area. The extended planetary boundary layer due

to the surface roughness and heat island effect in the urban

region and high aerosol loading likely enforced the vertical The CR-WRF model is configured by a two-way interac-
motion of the system, responsible for the occurrence of thetive nested domain with two meteorology input files from
low brightness temperature:65°C). From the atmospheric 18:00 UTC 27 March to 18:00 UTC 28 March, 2009. The
sounding profile over Guangzhou city (2312, 113.3 E), outer domain has the size of 900 k600 km with a 3km
the CAPE was estimated to be 1055 Jkagat 00:00UTC,  horizontal resolution and is centered at (23\6 114 E).
exhibiting an unstable thermodynamic condition for thunder-The nested domain provides a finer resolution of 1km
storm initialization along the frontal boundary (Fig. 4). and covers a 300 km 300 km area, centering at (2218,
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113.3 E), as illustrated in Fig. 6. The°k 1° NCEP Final
Global Analyses data is used to establish the initial condi-
tions and boundary conditions. To accurately represent city-
scale surface physical processes over the urban groups in the
PRD area, the Noah land surface model (LSM) coupled with
the single-layer urban canopy model (Kusaka et al., 2001)
is utilized in the CR-WRF simulation. The high-resolution
land-use data from the Guangdong local Geographic Infor-
mation System (GIS) database is adopted in the domain ini-
tialization, considering the large impact of the urban land-use
on the convection development (van den Heever and Cotton,
2006). The Yonsei University (YSU) scheme is used to pa-
rameterize the boundary layer processes (Hong et al., 2006)
No cumulus cloud parameterization is involved in the simu-
lation.

Toinvestigate the aerosol effect on thunderstorm and lightig 5 pomains considered in the model simulations. The outer
ning, we conduct sensitive experiments with two aerosol sceyomain (1) has the size of 900 ks 600 km with a 3 km horizon-
narios: a polluted case (P-case) and clean case (C-case), @) resolution and is centered at (231, 114 E). The inner do-
the basis of atmospheric measurements conducted in this renain (2) provides a finer resolution of 1 km and covers a 300&km
gion (Zhang et al., 2008). Both cases contain two aerosoB00km area, with the center at (2218, 113.5 E). The red sym-
types, i.e. ammonium sulfate and sea salt. The identical dybols represent the radar stations, and the blue symbols represent the
namics and thermodynamics settings in the sensitivity studlightning detection stations.
ies preclude the impacts on the simulations from other fac-
tors, such as large-scale dynamics, solar heating, and hu-
midity sources. According to thedtler equation used for T
aerosol activation in the model, the difference in the chem- I - polluted |
ical composition of aerosols is equivalent to a correspond-
ing change in the CCN effective radius (Khain et al., 2005).
The polluted continental aerosols are assumed to mainly con-
tain ammonium sulfate and the clean aerosols are assumed to
be mainly sea salt (Senfield and Pandis, 2006). Hence, am-
monium sulfate and sea salt represent dominantly the fine
mode and coarse mode in the aerosol spectrum, respectively.
Background ammonium sulfate over the continent in the P-
case is initiated as an exponentially decreasing profile with
the maximal number concentration of 2200¢hand a mass
mixing ratio of 5.9 ugkg? at the surface, while the initial I
aerosol profile of ammonium sulfate in the C-case is smaller, Ol st raiai el
with the maximum value of 220 cni, as shown in Fig. 6. 1 0 100 1000
The number concentration and mass mixing ratio of ammo- Concentration of (NH,), SO, ( #/cm)
nium sulfate aerosol over the surface in the polluted case
are constrained by field measurements from Liu (2008) andig. 6. \_/ertical profiles of the number concentrations of am_m_o_ni_um
Liu (2007), respectively, in the field campaign PRIDE-PRD sylfate in the polluted (P-) and clean (C-) cases for model initializa-
2004. The exponential decreasing profile of aerosol verti-"o""
cal distribution is supported by aircraft measurement dur-

ing PRIDE-PRD 2004 (Wang et al., 2008). The most re-jg injtiated with a maximum number concentration of about
cent analysis from high-resolution aerosol mass spectrome; 10 cnt3 and a mass mixing ratio of 0.36 pgkgin both P-

ter (AMS) measurements (He et al., 2011) provides a similarang C-cases. A sea salt emission scheme considering wind
mass concentration of ammonium sulfate to the value emye|qcity and relative humility over the sea surface is included

ployed in this study. The mass and number concentrationy, the model (Li et al., 2008a). Activation process represents
of ammonium sulfate over the sea are assumed to be half ghe only sink for aerosols considered in our current micro-

the values over the continent. To mimic urban aerosol pol-physical scheme.
lution, a production rate of ammonium sulfate is assumed

to be 0.5pug kgl h~! over the PRD metropolitan area (Fan

et al., 2005; Zhang et al., 2008b). The background sea salt

20 L | LA | L |

15k -Clean ]

Height (km)
5
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Fig. 7. Comparison of radar reflectivity between observation and CR-WRF simulation for the P{aa&bservation at 09:00 UTGb)
Simulation at 09:00 UTC(c) Observation at 11:00 UTQd) Simulation at 11:00 UTC.

3.3 Radar reflectivity and precipitation

10

To derive the radar reflectivity, both the simulated mass and E 8f ]
number concentration of raindrops, snow and graupel are £ s:— ]
considered to calculate the six-moment of hydrometeors, ﬁ ;

which is defined as the reflectivity factor. Comparison of 5 4r 7
radar reflectivity is made between model simulations and ob- ¢ [ ]
servations from five S-band (10 cm) Doppler radars (the loca- & 2 : ]
tions of the radars are marked in Fig. 5). Figure 7 displays the oL -, :

measured and modeled distributions of the maximum radar  04:00 08:00 12:00 16:00
reflectivity at two time periods. Comparison between the ob- Time (UTC)

servation and simulation exhibits a general agreement in the

distributions and developments of the maximum radar reflecFig. 8. Temporal evolution of the domain-averaged rainfall rate.

tivity, showing a northeast-southwest orientated convectivelhe red dashed line represents the gauge measurement, the blue

boundary along the frontal system. Most of the measuredfolid line corresponds to the P-case, and the green solid line corre-

radar reflectivity along the frontal boundary is reproducedSPONds to the C-case.

by the simulation. In particular, the simulation is consistent

with the observation on the location of the reflectivity value

of greater than 30 dBz, corresponding to the location of ac-and from simulations for the C-case and P-case. The simu-

tive convection development of the thunderstorm with heavylated precipitation in the P- and C-cases occurs about one-

precipitation in the north of the PRD area between latitudeshour earlier than the gauge measurement, but the precipita-

23N and 23.5N. tion rate reaches the peak value at 09:00 UTC in both sim-
Precipitation measurements from 2000 gauge stations imlations and the measurement. The maximal rainfall rate in

the Guangdong province are compared with the WRF sim-the P-case is consistent with the gauge measurement, with

ulation. Figure 8 displays hourly rainfall rate horizontally a value of 7.6 mmh! at 09:00 UTC, while the peak rainfall

averaged over the PRD area from the gauge measurementate of 6.5mmh? is noticeably smaller in the C-case. It
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Fig. 9. Comparison of accumulated precipitation from 09:00 to 15:00 UTC between observation and simulajiGaaige measurements.
(b) P-case(c) C-case.

is interesting to note that, although the onset of precipitation -
between the P-case and C-case is similar, the P-case produces 5ot
a larger maximal rainfall rate (by 14.5 %) than the C-case. £

10F
The enhancement in the surface rainfall is further evalu- :
ated through comparison of the spatial distribution of pre-
cipitation. Figure 9 depicts the accumulated precipitation
from UTC 09:00 toUTC 15:00 over the PRD area. Both E
the P-case and C-case reproduce the precipitation belt to the = 10f
north part of the PRD area, while the coverage of the sim- E
ulated precipitation belts extend slightly to the south com-
pared with the gauge measurement. A comparison between
the P-case (Fig. 9b) and C-case (Fig. 9c) reveals that precip- _ , , , , i}
itation increases in most parts of the region under the high sof b} 3
aerosol loading. Note that the enhancement in precipitation & : ]
is non-uniform over the entire domain. For instance, inthe C- & "°F
case the region with accumulated precipitation greater than f§ 30§
Q
:

30f

20f

Area Percentage (%)

Light Moderate Heavy Extreme

aF 3

100 mm inside the main rain belt is slightly larger than that
in the P-case. The non-uniform responses of precipitation to
aerosol loading in different locations may be attributable to
local inhomogeneous thermodynamic conditions (Ntelekos E
et al., 2009; Khain, 2009). In terms of the total accumulated oE
rainfall integrated through the duration of the thunderstorm, Ligt ~ Moderate  Heawy  Exireme

the P-case and C-case produce 30.5mm and 26.4 mm total

precipitation, respectively, over the out domain. Both valuesFig. 10. Probability distribution functions of the four different rain-
are comparable with the corresponding gauge measuremefll categories, i.e. light4¢10 mm d-1), moderate (1025 mntd),

of 27.9mm, but the P-case yields a value of 16 % greater thafeavy (25-50mmd!) and extreme heavy>E0mmd1) rain,

that in the C-case. Hence, the model simulations reveal thatimulated for the P- and C-cases,) Percentage of grid areas un-
elevated aerosol concentrations increase precipitation ass@€r @ certain precipitation category over the entire model domain.

ciated with the mesoscale convective system over the PR ) Percentage of the precipitation amount under a certain category
area over the total precipitation amount. Dark blue corresponds to the

P-case, and red corresponds to the C-case.

We examine the detailed precipitation response to aerosols
by considering several distinct precipitation categories. The
precipitation is categorized into four levels by the daily amount under a certain category over the total precipitation
precipitation amount, i.e. light<{10mmad"1), moderate amount (b). It is evident that light rain is distributed over
(10-25 mmd1), heavy (25-50 mmdl) and extreme heavy lesser geographic grid areas and the percentage of light rain
(>50mmd-1) rain. Figure 10 shows the percentage of the in the total precipitation amount also decreases in the P-case,
grid areas under a certain precipitation category over the enrevealing a reduction in light precipitation because of ele-
tire model domain (a) and the percentage of the precipitatiorvated aerosol loading. This result is accordance to a previous
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study by Qian et al. (2009), which suggested that heavy pol- 54 4ptr——m™—7—F—F———F———F——+———
lution in China suppresses light rain on the basis of observa- I a) |
tion and numerical modeling. Our results show that the heavy i
rain and extremely heavy rain are both enhanced in the total § 1.0x10°F
precipitation amount and in the geographic distribution for i
the P-case. Hence, the model simulations indicate that while
elevated aerosol loading suppresses light and moderate pre'—g"
cipitation, but enhances heavy precipitation.

htning Fl;

5.0x10° -

3.4 Lightning flashes and lightning potential index 00:00 03:00 06:00T ( UOTBCI;O 12:00 15:00
ime
Lightning occurrence and frequency are often considered
as an important indicator of convective intensity, since
charge separation and electrification of thunderstorms re- 08f
quire the co-existence and interaction of both supercooled
liquid and ice crystals (Williams et al.,, 1991; Williams
and Zhang, 1996). Mesoscale convective systems produce
ground flashes by an average rate of 42 flashes himhich
consists of about one-fourth of the annual lightning strikes o2r
globally (Goodman and MacGorman, 1986; Bond et al., oob
2001, 2002). Considering the complicated microphysical 00:00 03:00 06:00 09:00 12:00
processes involved in the electrical field buildup and light- Time {UTC)
ning discharge, it is difficult to exactly represent the lightning _ o
occurrence in atmospheric models. In the present work, wdig. 11. Temporal evolutllon of observed total CG lightning flashes
evaluate the lightning activity associated with the mesoscalé‘?‘) and calculated domain-averaged (B). In (2) red denotes pos-

) . . . o itive flashes and dark blue denotes negative flashef)|med de-
convective system on the basis of a lightning potential mdexnotes the C-case and dark blue denotes the P-case.
(LPI), which has been developed by Yair et al. (2009). The
LPI parameterizes the potential of charge generation and sep-
aration in convective thunderstorm on the basis of the nonand measured flashes are positive at 04:00 UTC, increase
inductive graupel-ice mechanism, since there is a growingsignificantly after 07:00UTC, and reach the peak around
consensus that the occurrence of electrical charge transf&9:00 UTC. In contrast, the predicted LPI for the C-case is
when graupel particles in the region of intense updraft collidenoticeably delayed, compared to the P-case and measured
with small ice crystal represents the dominant electrificationlightning flashes. Over the entire thunderstorm duration LPI
mechanism in thunderstorms (Rakov and Uman, 2003). Unin the P-case is about 53 % higher than that in the C-case.
der the assumption that the effective charge separation zone Figure 12 displays measured one-hour lightning flashes
is between freezing level and20°C isotherms, determi- from 08:00 UTC to 09:00 UTC, along with the calculated
nation of LPI mainly involves the simulated vertical wind LPI] at 08:00 UTC in the two cases. The observation shows
component, temperature field, and the mass mixing ratiogshe highest frequency of lightning occurs to the west of
of hydrometeors explicitly predicted from the microphysical Guangzhou City at 08:00 UTC and progressed slightly south-
scheme, i.e. LPE1/V [ few?dxdydz, wheree is decided  eastward at 09:00 UTC. The P-case reproduces this measured
by the partition of water content between liquid phase andcharacteristics, showing that the area of the LPI values larger
ice phase. This method has been proved to be more accuratgan 1.0 locates to the west of Guangzhou and migrates to the
than other thermodynamic indices for lightning, such as theGuangzhou metropolitan and PRD area at 09:00 UTC. Such
K-index and lifted index (Yair et al., 2009). a feature, however, is absent from the calculated LPI for the

The temporal evolution of measured flashes from the lo-C-case. It is also evident in Fig. 12 that there are discrep-
cal lightning detection network (the locations of the light- ancies in the geographic distributions between the measured
ning sensors are marked in Fig. 5) is shown in Fig. 11a, in-lightning activities and predicted LPI values to the northwest
cluding both positive and negative flashes. Figure 11a indi-of PRD, which may be jointly explained by the limitation in
cates that positive flashes dominate over the negative flashehe lightning detection system (which detects the cloud-to-
and the occurrence of lightning flashes reaches the peak around flashes only), uncertainties in the model calculations,
09:00UTC. The time dependence LPI averaged over PRDand the imperfect nature of the lightning potential parameter-
calculated under the P- and C-cases is shown in Fig. 11hzation.

Compared to the C-case, the evolution of LPI in the P-case
exhibits a better consistency with the measured lightning
flashes over PRD. The value of calculated LPI for the P-case

s
g
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sl b b b
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Fig. 12. (a)Observed CG lightning distribution at 08:00 UT@®) Simulated LPI in the P-case at 08:00 UT€) Simulated LPI in the C-case
at 08:00 UTC(d) Observed CG lightning distribution at 09:00 UT@) Simulated LPI in the P-case at 09:00 UT@.Simulated LPI in the
C-case at 09:00 UTC.

3.5 Microphysical properties Table 1. Domain-averaged Properties of Hydrometeors.

We analyze the modeled microphysical properties under the Number Effective

different aerosol conditions to gain insights into the effects of Concentration (1dm—3) Radius (um)
aerosols on cloud development, precipitation, and lightning
activity. Table 1 summarizes the domain-averaged micro-
physical properties for the different hydrometeors. For the Cloud droplets 1354 7663 7.8 6.0

C-case P-case C-case P-case

P-case, the number concentration of cloud droplets is much Rain dmpT 2.28 117 3724 5743
larger, but the effective radius of cloud droplets is smaller '¢€ Crystals olg 03'5’ 2292:5': 229227;'
than those for the C-case. These differences in the propert|esGraupel 20 12 4454 6606

of cloud droplets are a direct reflection of the aerosol condi-
tion, since elevated aerosol loading leads to more numerous

cloud droplets, but a smaller effective radius in the P-case. In

addition, the number concentration of rain drops is slightly

larger in the C-case, but the P-case corresponds to a mudtindered warm rain process, but an enhanced mixed process
larger size for rain drops. Since a smaller effective radius ofoecause of elevated aerosol loading.

cloud droplets suppresses the collection/coalescence processThe temporal variations of the vertical profiles of the four
to form raindrops, this likely explains the lower concentra- hydrometeors (i.e. cloud water, rain water, ice, and graupel)
tion of rain drops in the P-case. The larger size of rain dropds displayed in Fig. 13. For each quantity, the mass mixing
in the P-case is indicative of the contributions from melting ratio of hydrometeors is integrated horizontally at a given al-
graupel. It is also clear from Table 1 that the concentrationditude. Figure 13a and b show shat that the amount of liquid
of ice crystals and snow are higher in the P-case, suggesting@oud droplets is increasingly produced, when convection is
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initialized at 04:00 UTC in both P- and C-cases. This occurs
since supersaturation occurs due to adiabatic cooling in the
ascending air mass. The P-case yields considerably more lig-z o5
uid cloud water in the lower troposphere than the C-case; be-g
tween 06:00 and 14:00 UTC the amount of liquid cloud water & .
in the P-case sustains higher than that in the C-case. For theZ
P-case, more aerosols are activated into cloud droplets ancg .
more water vapor condenses onto cloud droplets in the P-~
case partially explaining the enhanced cloud water amount. . . . . .
Furthermore, a smaller effective radius of cloud droplets and 0000 03:00 06:00 05:00 12:00 15:00 18:00
suppressed collection/coalescence processes leadto aless € Time (UTC)

ficient sedimentation for smaller cloud droplets and a pro-

longed condensation process in the atmosphere. Clearly, thieig. 14. Averaged column maximum vertical velocity. The solid
more abundant cloud water in the P-case resulting in a largelines represent the updraft and the dashed lines represent the down-
release of latent heat from droplet condensation, invigoratdraft. The dark blue lines represent the P-case and the red lines
ing the convective development, to be discussed later. Th&epresent the C-case.

enhanced cloud water above the freezing level (around 4 km)

in the P-case is explained because of enhanced convection _ _ . .
dynamics. Figure 14 shows the time series of the column

and smaller cloud droplets, which are easier to be lifted up. i draft and d draft. Th . d
More supercooled water and enhanced convection promot aximum updraft and downdratt. € maximum upwar
d downward velocities are calculated at each column and

the mixed-phase processes. Consequently, ice and grau af!
P P . Y graup It is evident from Fig. 14

mass mixing ratios in the P-case are significantly increase(?‘Veraged over the'entlre domain. :
compared to those in the C-case, as shown in Fig. 13e_11hat the variations in the updraft and downdraft are always in

Figure 13e shows that the region with ice crystals extendsphase and both velocities rggch the peak _at 09:00UTC. The
vertically to a higher altitude, indicating an elevated cloud updraft a”?' o ve_Iocmes are larger in the P-ca_se. The
top height. The maximum ice content is located above thefross section of thg vertical V?IOC'ty at 1.0:00 utc .(F'g' 15)
—40°C level, implying that homogeneous freezing of super- reveals more details on the differences in cpnvegtlon devel-
.opment between the two cases. The region with the up-

cooled droplets represents a dominant mechanism for ice ini= S
tiation. draft velocities greater than 10 ms(between 112 8E and

It is interesting to note that there is relatively little differ- .113'0 E)is S|gn|f|.cantly more prominent in the P-case than
in the C-case. Figure 15 also reveals that the patterns and

ence in the rainwater amount between the C-case (Fig. 13(# . . . . .
: S .. locations of the maximal updraft velocity exhibit noticeable
and P-case (Fig. 13d). Such a behavior is rather SUTPNSING i terences between the two cases, indicating that an alter-

since it is anticipated that there will be less rainwater due_ . :
: . gon of the structure and development of the convection sys-
to suppressed collection/coalescence processes in the P-case.
em by aerosols.

However, the less efficient conversion from cloud droplets to . . o
P The release of latent heat and its vertical distribution are

rain drops may be compensated by melting of graupel gen-

erated from the enhanced ice-phase process. As discussggicritical impprtancg in the feedback of microphysics on the
above, the contribution of melting graupel to rainwater is cloud dynamics (Seifert and Beheng, 2005). Figure 16 shows

supported by the predicted larger size of rain drops (Table 1}he vertical profile of latent heat release. In the developing

in the P-case. In addition, a larger size of hydrometeors im-and mature stages of the mesoscale convective system, the
plies a better chance to survive evaporation during sedimen!—atehnt heat relebase betwefen 2and ?f.km IS no(t;cealb ly str(;)nger
tation below the cloud bottom, explaining the intense rain—:jnt N R-case, ecausedg amorgl;a f'C'em and pro or;]ge cc;n-
fall period between 09:00 and 11:00 UTC at the ground level. ensation process, as discussed betore. However, the cooling
(O km in the figure). Also, there is an insignificant difference induced by evaporation and melting of hydrometeors below

in the rainfall onset, despite of the suppressed warm rain pro-2 km Is not appreciably different between the tW.O cases, mo!l-
cess in the P-case cating that the cold pool produced by evaporative cooling is
' less affected by aerosol leading. This vertical distribution of
latent heat release contributes to destabilization of the atmo-

sphere and further enhancement of the convective strength.

LI e

TR B | R B b

A B
|

3.6 Convective strength

Strong updraft £ 10 ms'1), which is characteristic of thun-
derstorms in the developing and mature stages, represents a
dominant factor in the formation of heavy precipitation and
lightning (Rakov and Uman, 2005; Williams et al., 1991).
We evaluate the vertical convection strength under different
aerosol conditions to investigate the aerosols effect on cloud
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4 Conclusions on 28 Match 2009 in the Guangzhou megacity area. Compar-
ison between observations and model simulations exhibits a
In this work, we present an analysis of long-term mea-general agreement in the distributions and developments of
surements of precipitation, visibility, and lightning in the the maximum radar reflectivity. Most of the measured radar
Pearl River Delta (PRD) region, China, with a focus on thereflectivity along the frontal boundary is reproduced by the
Guangzhou megacity area. Measurements of precipitationsimulation, in particular, the location of the most active con-
lightning flashes, and visibility from 2000 to 2006 in this re- vection development of the thunderstorm. The modeled max-
gion are analyzed to assess the impacts of aerosols on cloudhal rainfall rate and spatial distribution of precipitation are
and precipitation processes. The statistical analysis showalso in agreement with measurements from rain gauges over
that both heavy rainfall and lightning flashes over PRD arethis region.
inversely correlated with visibility, with the correlation co-  Model sensitivity experiments reveal that elevated aerosol
efficients of —0.739 and—0.506, respectively. The results concentrations increase precipitation associated with the
suggest that a large lightning flash density and a heavy rainmesoscale convective system over the PRD area. The sim-
fall amount in the PRD area may be correlated with atmo-ulations suggest that the total precipitation is enhanced by
spheric aerosol loading and local anthropogenic pollutionabout 16 % under the polluted aerosol condition. The results
contributes to the occurrences of extreme weather events, iralso reveal that elevated aerosol loading suppresses light and
cluding lightning and heavy rainfall. moderate precipitation (less than 25mm per day), but en-
To further elucidate the effects of aerosols on cloud pro-hances heavy precipitation (greater than 25 mm per day).
cesses, precipitation, and lightning activity, the CR-WRF
model with a two-moment bulk microphysical scheme is em-
ployed to simulate a mesoscale convective system occurring
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An analysis of the microphysical properties of hydrome-
teors indicates that elevated aerosol loading yields more nu-
merous cloud droplets, but a smaller effective radius, lead-
ing to a suppressed collection/coalescence process, but @eferences
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