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Abstract

Aerosols, in particular those related to anthropogenic activities, including black carbon,
organic carbon, and sulfate aerosols, have been found to affect the Asian monsoon
through direct and indirect aerosol radiative forcing. In this work, we use the coupled
regional Weather Research and Forecasting model with Chemistry (WRF-Chem) to un-
derstand how aerosol changes from local emission sources could modulate the Asian
monsoon precipitation through aerosol direct and indirect radiative effects. Our mod-
eling results with the consideration of the local emissions show an improvement in
simulated monsoon precipitation, when compared to reanalysis data and satellite ob-
servations. Aerosols generally induce a reduction in pre-monsoon and monsoon pre-
cipitation in East Asia. Over the Indian region, local anthropogenic emissions tend to
reduce precipitation in the source regions while slightly increasing precipitation outside
of the emission source regions. The increase in precipitation corresponds to a de-
crease in the cloud base level or lifting condensation level. Analysis of vertical cloud
properties suggests that the increased cloud droplet number and prolonged cloud life-
time/reduced precipitation efficiency due to the local aerosol emissions are responsible
for the precipitation reduction over East Asia. Aerosols from local emissions also play
a very important role in the simulated surface temperature, radiation, and monsoon
circulations.

1 Introduction

Aerosols directly affect the atmospheric radiation budget because they scatter and ab-
sorb solar radiation. In addition, aerosols, acting as cloud condensation nuclei, can alter
the number and size of cloud particles, modifying the albedo of clouds and potential
precipitation. Aerosols represent a major source of uncertainty in understanding past
climate change and projecting future climate (IPCC, 2007). Recent studies have shown
that aerosols can cause substantial modification of the energy balance at the top of the
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atmosphere and the Earth’s surface, thus changing cloudiness and the hydrologic cy-
cle (Ramanathan et al., 2001; Breon, 2006; Li et al., 2011). Aerosols from pollution
tend to increase the number of small cloud droplets and enhance cloud lifetime as they
are less efficiently converted to raindrops (Albrecht, 1989; Pincus and Baker, 1994;
Haywood and Boucher, 2000), which is often called the second indirect effect. Satellite
observations show that there is a positive and robust relation between aerosol loading
and cloud cover (Kaufman and Koren, 2006). Through the indirect effects, aerosols
have been shown to affect precipitation frequency and rain rates by exerting radiative
forcing and changing cloud properties (e.g., Levi and Cotton, 2009; Li et al., 2012; Tao
et al., 2012).

The Asian monsoon system, which provides important water resources in Asia, ex-
tends over subtropics and mid-latitudes. Observations have suggested that the Asian
summer monsoon circulation and precipitation have declined since the 1970s (Ding
et al.,, 2007). The cause of this decline may be associated with aerosols, thus the
effects of aerosols on the Asian monsoon system have been the major topic of exten-
sive research recently (e.g., Ramanathan et al., 2001; Lau and Kim, 2006; Lau, 2008;
Lelieveld et al., 2001; Randles and Ramaswamy, 2008; Meehl et al., 2008; Kuhimann
and Quaas, 2010; Li et al., 2011; Ganguly et al., 2012). For example, using a global
climate model (GCM), Lau and Kim (2006) pointed out that anthropogenic aerosols
combined with natural dust aerosols accentuate the elevated heating, enhance the
meridional temperature gradient, and contribute to increased rainfall over India dur-
ing the pre-monsoon (defined as March, April, and May, MAM) and summer monsoon
(defined as June, July, and August, JJA) seasons. Meehl et al. (2008) showed that ab-
sorbing aerosols like black carbon have likely contributed to the observed decreasing
precipitation trends over parts of the Indian Asian monsoon region. Wang et al. (2009)
found that absorbing anthropogenic aerosols resulted in a northward shift of modeled
convective precipitation through their influence on the moist static energy in the sub-
cloud layer. Collier and Zhang (2009) found that the inclusion of aerosols in a global
climate model (CAMS) results in drops in surface temperature and increases in pre-
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cipitation over central India during the pre-monsoon season. The presence of aerosols
induces tropospheric shortwave heating over central India, which destabilizes the at-
mosphere for enhanced convection and precipitation. Zhang et al. (2011) used the
same model and found that aerosols tend to reduce precipitation in India and China
through direct radiative effects. Based on global climate model simulations, these stud-
ies have shown that aerosols can exert different influences on precipitation through
direct and absorbing effects; however, they did not explore the indirect aerosol effects
on the Asian monsoon system.

Because of lower confidence in our understanding of the indirect effects of aerosols
(Levi and Cotton, 2009), the indirect effects and possible interactions with the mon-
soon system remain largely unknown. Recently, a few studies (e.g., Chen et al., 2010;
Cowan and Cai, 2011; Bollasina et al., 2011; Ganguly et al., 2011) have started us-
ing global models to examine the indirect effects of aerosols on the monsoon sys-
tem. Using a global climate model with direct and indirect aerosol feedback, Bollasina
et al. (2011) found a weakening of the South Asian summer monsoon and an associ-
ated decrease in precipitation in areas including Northern India and Southern China.
They attributed this to human-influence aerosol emissions through a slowdown of the
tropical meridional circulation. By running the latest version of CAM5 with aerosol di-
rect and indirect effects, Ganguly et al. (2012) found that anthropogenic aerosols from
the local emissions within Asia contribute to the overall reduction in the mean summer
monsoon precipitation in the South Asian monsoon region. Using a high-resolution
(0.83° x 1.25°) global environment model, Guo et al. (2013) studied the effect of re-
gional changes in anthropogenic aerosols on East Asian monsoon precipitation and
found that changes in sulfate and BC aerosols resulted in different responses in sur-
face temperature and precipitation when considering direct and indirect aerosol forc-
ings. These studies considering aerosol indirect effects suggest an overall reduction in
the mean summer monsoon precipitation in the Asian monsoon system, but different
types of aerosols tend to have different impacts.
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Clearly, there is inconsistency in the results from previous studies on the impacts
of aerosols on the Asian monsoon system. The net impacts of aerosols on clouds
and precipitation have not yet been identified. Accurate estimate of aerosol effects on
climate require both aerosol distributions and their interactions with climate. The inter-
actions between aerosols and climate depend on the vertical distribution of aerosols.
The lack of detailed measurement of aerosol vertical distribution over large scales also
limits our understanding of the roles of aerosols in climate. Most above-mentioned
modeling studies about the impacts of aerosols on the Asian monsoon system used
prescribed aerosol emissions from offline calculation without the interactions between
emissions/aerosols and atmospheric dynamics. The impact of climate change on
aerosols is not considered. Also, these studies used GCMs, which have relatively lower
spatial resolutions (~ 2° x 2 °) and have difficulty capturing subtle characteristics in the
areas of complex terrain, the land use/land cover types, and regional high aerosol
concentrations in great details (e.g., Ganguly et al., 2012). The observed maximum
rainfalls during the monsoon season along the west coast of India, the North Bay of
Bengal, and Northeast India are poorly simulated by most GCMs (Christensen et al.,
2007; Kripalani et al., 2007; Ganguly et al., 2012). Kumar et al. (2006) suggested that
the difficulty of GCMs in reproducing monsoon precipitation is likely caused by the
coarse resolutions of the GCMs, which are not able to correctly represent the regional
forcings such as the steep topography of the Himalayas and the Western Ghats.

The advantages of a high-resolution regional model can compensate for the defect of
a global model in this regard. Studies have shown that high-resolution regional climate
models have better simulation capabilities than the global models for the monsoon cli-
mate in Asia (Gao et al., 2008; Zhou and Yu, 2006; Lucas-Picher et al., 2011). In this
study, we use a regional online-coupled land-atmosphere-chemistry model to examine
the direct and indirect effects of aerosols from local emission sources on Asian mon-
soon precipitation. The online atmospheric chemistry and calculation of aerosols allow
the interactions between aerosols and meteorology (Zhang, 2008).
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The main objective of this work is to understand the role of aerosols emitted from Asia
on the Asian monsoon precipitation. The paper is organized as follows. We begin by
describing the regional-scale model and its configuration for the simulations. We then
evaluate the basic meteorology parameters and aerosol properties against available
observations. The impacts of aerosols on precipitation are assessed by examining the
radiative forcing, cloud properties, precipitation, and atmospheric circulation.

2 Methodology
2.1 Model description

An online-coupled land-atmosphere-chemistry model, the Weather Research and
Forecasting model coupled with Chemistry (WRF-Chem) (Grell, et al., 2005; Fast et al.,
2006), version 3.3.2, was used in this study. The chemistry and meteorology compo-
nents of this modeling system employed the same transport, grid, boundary layer, land
surface model, and time step. Thus, the continuity equations for all chemical species
were performed “online” In this study, we used the mass coordinate version of the
model, Advanced Research WRF (ARW).

Gas-phase atmospheric chemistry used in this study is based on the CBM-Z mech-
anism (Zaveri and Peters, 1999), which includes 67 prognostic species and 164 reac-
tions in a lumped structure approach that classifies organic compounds according to
their internal bond types. The fast-J photolysis scheme is used for photolytic reactions
within CBM-Z (Wild et al., 2000; Barnard et al., 2004). A sectional approach is used to
represent aerosol size distributions using the Model for Simulating Aerosol Interactions
and Chemistry (MOSAIC). The aerosol species simulated in MOSAIC include sulfate,
nitrate, ammonium, organic carbon (OC), black carbon (BC), and water. Each particle
size distribution bin is assumed to be internally mixed, i.e., all particles within a bin are
assumed to have the same chemical composition. Both particle mass and number are
simulated for each bin. Because bins are based on dry particle diameters, water uptake
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or loss will not transfer particles between bins; however, particle growth or reduction
due to chemical reactions, uptake/release of trace gases, or coagulation will produce
such transfers. We used four discrete size bins, instead of the 8-bin configuration, with
MOSAIC to save computational expense.

Aerosol-radiation interactions including direct scattering and absorption, as well as
semi-direct effects are implemented in WRF-Chem (Fast et al., 2006). Aerosols affect
radiation by changing aerosol optical properties. Each MOSAIC aerosol chemical con-
stituent is linked with aerosol optical properties through a complex refractive index. The
refractive index was calculated by volume averaging for each size bin following a refrac-
tive index mixing rule described in Bond et al. (2006). The details about the refractive
indices used in WRF-Chem are described in Barnard et al. (2010). Space- and time-
dependent aerosol optical properties including extinction efficiency, single-scattering
albedo, and asymmetry factor at different wavelengths (300, 400, 600, and 1000 nm)
are calculated using Mie theory. Wet particle diameters are used in the calculations.
Then, the calculated aerosol distributions and associated radiative properties are trans-
ferred to the Goddard shortwave radiative transfer model to calculate the direct aerosol
effects on radiative forcing (Chou et al., 1998).

Aerosol-cloud interactions are implemented by calculating the activation and resus-
pension between dry aerosols and cloud droplets (Gustafson et al., 2007; Chapman
et al., 2009), which is similar to the method used in the MIRAGE (Model for Integrated
Research on Atmospheric Global Exchanges) general circulation model (Ghan et al.,
2001). In WRF-Chem, the indirect effects are activated through a prognostic treatment
of cloud droplet number. The aerosol particles are activated to form cloud droplets and,
aqueous-phase chemistry, and tie a two-moment treatment of cloud water (cloud wa-
ter mass and cloud droplet number) to precipitation and an existing radiation scheme.
Here, the Lin et al. (1983) cloud physics parameterization has been modified to repre-
sent both number and mass of cloud water (Chapman et al., 2009). Thus, aerosols af-
fect cloud droplet number and cloud radiative properties (Gustafson et al., 2007; Saide
etal., 2011). Clouds also alter aerosol size and composition via aqueous chemistry, wet
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scavenging, and gas-phase related photolysis rates. Aqueous chemistry follows the
mechanism of Fahey and Pandis (2001) in a bulk approach. There are 50 aqueous-
phase species, 17 aqueous-phase ionic equilibria, 21 gas-phase/aqueous-phase re-
versible reactions, and 109 aqueous-phase chemical reactions. Aerosol particles can
transfer between size bins through aqueous chemistry processes.

Dry deposition for trace gases uses a surface resistance parameterization devel-
oped by Wesely (1989), and for aerosols it is based on Binkowski and Shankar (1995).
Wet deposition for both trace gases and aerosols includes both in-cloud and below-
cloud wet removal processes. Within cloud, the cloud-borne aerosols and the fraction
of trace gases dissolved in cloud water are collected by rain, graupel, and snow, us-
ing the corresponding first order loss rate of cloud water from the Lin microphysics
scheme. Below-cloud scavenging of aerosols by impaction/interception and selected
trace gases by mass transfer have been implemented using the approach of Easter
et al. (2004). All trace gas and aerosol species that are scavenged by precipitation are
assumed to be immediately wet-deposited and removed from the model.

2.2 Model configuration

In this study, WRF-Chem is configured to cover the Asian monsoon region including
South and East Asia (Fig. 1) with 176 x 126 grid points at a 42 km horizontal spatial
resolution. The model was run from 27 February to 31 August 2008 covering the pre-
monsoon and monsoon periods, and the first two days in February were used to spin
up the chemical species following the approach used in Jiang et al. (2008). Chem-
ical boundary conditions were obtained from 6 hourly MOZART-4 global simulations
(Emmons et al., 2010). The modified Lin et al. (1983), which includes a prognostic
treatment of cloud droplet number (Ghan et al., 1997), is used to simulate the aerosol
indirect effect. The Lin microphysics scheme and the Goddard short wave radiation
scheme (Chou et al., 1998; Fast et al., 2006; Chapman et al., 2009) were used to
support aerosol direct, indirect, and semi-direct feedbacks to meteorology. Other se-
lected parameterizations used are summarized in Table 1, including the Grell-Devenyi
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Cumulus Parameterization scheme (Grell and Devenyi, 2002), the Yonsei University
Planetary Boundary Layer (PBL) scheme (Hong and Pan, 1996), the Rapid Radia-
tive Transfer Model Longwave Radiation scheme (Mlawer et al., 1997), and the Noah
Land Surface Model (Chen et al., 1997). The initial meteorological fields and boundary
conditions were derived from NCEP (National Centers for Environmental Prediction)
Final Analysis data with a 1° x 1 ° spatial resolution and six-hour temporal resolution.
The NOAA weekly sea surface temperature data (Reynolds et al., 2002) were used to
update the oceanic conditions in the model.

Anthropogenic emissions of NO,, SO,, VOCs, PM, 5 and PM,, for Asia were taken
from the Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) inventory
(Zhang et al., 2009). The 2000 database of Reanalysis of Tropospheric Chemical Com-
position (RETRO) (http://retro.enes.org/index.shtml) at 0.5° was used where INTEX-B
inventory data were not available. As anthropogenic emissions data are not available
for the study year, 2008, this could give rise to some uncertainty in the model results.
The seasonal and diurnal variability in anthropogenic emissions, which has been sug-
gested to play an important role in atmospheric chemistry (e.g., Han et al., 2009), was
also not included. This could give rise to uncertainty in the simulated aerosol impacts.
Because of the strong seasonal variation in biomass burning activities, the monthly
fire emissions were estimated for the simulation period using the Fire Inventory from
NCAR (FINN) version 1 (Wiedinmyer et al., 2011). We used the same method in Jiang
et al. (2012) to speciate biomass burning emissions to the CBMZ mechanism. Bio-
genic emissions were calculated online in WRF-Chem using the Model of Emissions
of Gases and Aerosols from Nature (MEGAN) version 2.04 (Guenther et al., 2006) and
updated maps of isoprene emission factor, leaf area index, and plant functional types
from MEGAN 2.1 (Guenther et al., 2012). Other aerosol emissions of dust and sea-salt
were not considered, because the main focus of this study is the role of anthropogenic
related emissions. Figure 1 shows primary aerosol emissions over the modeling do-
main. High concentrations of PM, 5 emissions including BC, OC, and SO, are seen
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in North India and East China. The high BC and OC emissions in the pre-monsoon
season over South East Asia are due to local human-induced biomass burning.

To test the effects of aerosols on the Asian monsoon through aerosol-cloud-
precipitation interactions, we performed two simulations. In the control (CTRL) run,
local point source emissions including anthropogenic and biomass burning emissions
were used to simulate aerosol impacts on the monsoon system. In the sensitivity (EXP)
run, the local point source emissions including anthropogenic and fire emissions were
turned off or removed. The designed experiments allow us to better identify the key
mechanisms and processes involved in the aerosol-cloud-radiation feedbacks. The dif-
ferences between CTRL and EXP are used to reveal the contribution of local emissions
to changes in the monsoon system. One additional experiment included the influence of
dust aerosols. As the major focus of this work is to examine the impacts from aerosols
related to anthropogenic activities, we only briefly compare the results with the im-
pacts due to dust aerosols which could also have important effects on precipitation as
suggested by other studies, particularly in Southeast Asia (e.g., Lau and Kim, 2006).

3 Comparison of baseline simulation with observations
3.1 Aerosol

Several studies (e.g., Fast et al., 2006; Zhao et al., 2011; Jiang et al., 2010, 2012),
through comparisons with available satellite and ground-based aerosol measurements,
have demonstrated the capability of WRF-Chem to simulate aerosols and their optical
properties. Here, we briefly evaluate the model performance in simulating aerosol op-
tical depth (AOD). Figure 2 shows the simulated and satellite (MISR and MODIS) de-
rived AOD in the pre-monsoon and monsoon seasons. MODIS retrieved much higher
values of AOD over the regions like Northeast China and North India in the monsoon
season. Tripathi et al. (2005) compared MODIS-derived AOD with ground-based AOD
measurements and found that MODIS overestimates AOD during the monsoon season
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over the northern part of India. Thus, the high AOD values seen in MODIS during the
monsoon season over North India could be related to the biases associated with the
MODIS aerosol product. In general, the model captures high AOD values over the high
emissions source regions in South and East Asia. The WRF-Chem model tends to un-
derestimate AOD in regions like Northwest Asia owing to the lack of dust emissions
from the deserts in this region and anthropogenic emissions from Europe.

The Aerosol Robotic Network (AERONET, Holben et al., 1998) has several ground-
based sites in the modeling domain measuring aerosol optical properties (Dubovik
et al., 2002). Figure 3 shows the time varying AODs simulated by the model and mea-
sured at eight AERONET sites (shown in Fig. 2a). In general, the model captures the
AERONET measured AOD, though the model fails to capture the observed high peaks
of AOD at some time periods. While inclusion of dust increases the modeled AOD,
dust emissions (using the default method in the code) are not enough to give good
agreement with the observations. The biases between model results and observations
could arise for several reasons. For example, the local anthropogenic emissions used
in this study were not for 2008; instead they were based on means of previous years.
There is no SOA formation in the aerosol scheme used in this study. Further, there is
no diurnal and monthly variability in the anthropogenic emissions. It is likely that BC
emissions are underestimated in general. Emissions, such as trash burning (Christian
et al., 2010), are not included in current simulations.

3.2 Climate

Figure 4 compares model simulated surface air temperature from the CTRL simula-
tion with ERA_Interim reanalysis data (Dee et al., 2011). The model, when considering
both direct and indirect aerosol effects, captures the pattern and magnitude of surface
air temperature in comparison to the ERA_Interim reanalysis data. This indicates that if
the radiative forcing of local aerosols was not considered, the model would tend to over-
estimate temperatures in some regions like South and East Asia. Lucas-Picher et al.
(2011) found that regional climate models without aerosol feedbacks overestimate sur-

21393

Jaded uoissnosiq

Jaded uoissnosiq

L

Jaded uoissnosiq | Jaded uoissnosiq

il

ACPD
13, 21383-21425, 2013

Influence of
anthropogenic
aerosols on the Asian
monsoon

X. Jiang et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/21383/2013/acpd-13-21383-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/21383/2013/acpd-13-21383-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

face air temperature over much of the South Indian monsoon region. It should be noted,
though, the model still overestimates the surface air temperature in Northwest India,
which is strongly influenced by the nearby Himalayas and the Thar Desert (Ji et al.,
2011). The overestimation in temperature is mainly caused by the underestimation of
aerosols, which if improved may reduce the temperature bias here.

The Asian monsoon is accompanied by a seasonal change in the direction of the
prevailing wind. The wind shift often brings about a marked change in precipitation.
Figure 5 shows, for March, May, and July, precipitation from the TRMM (Tropical Rain-
fall Measuring Mission) satellite measurement and 850 hPa wind circulation from the
ERA_Interim reanalysis data. The overall spatial distributions of precipitation in different
months are fairly well simulated by the model with aerosol forcing. Some differences
between satellite retrieved and model simulated precipitation exist in some regions
(e.g., Northwest India). This could be due to biases associated with satellite products
or the model. More details regarding how aerosols affect precipitation are discussed
in Sect. 4.3. The WRF-Chem model does simulate the seasonal changes in wind di-
rection, though the magnitude of wind speed is overestimated in May and July over
the southern part of the modeling domain. Several previous studies (e.g., Roux et al.,
2009; Mass and Ovens, 2010, 2011; Mdlders et al., 2012) also found that WRF or
WRF-Chem generally overestimates wind speed in flat areas.

4 Model Results
4.1 Radiative forcing of anthropogenic aerosols

Figure 6 shows simulated differences in downward shortwave radiation reaching the
surface, outgoing longwave radiation (OLR), and surface air temperature (or 2m air
temperature) in the pre-monsoon and monsoon seasons between the CTRL and
EXP simulations. In this particular year (2008), aerosols from anthropogenic and fire
sources reduce the downward solar radiation reaching the surface by up to 80Wm™2.
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The downward solar radiation reaching the surface plays an important role in affect-
ing the near-surface air temperature. Significant cooling (1-3K) near the surface is
widespread, and is seen over the areas where strong aerosol emissions and reduced
downward solar radiation occur. However, the cooling is not necessarily restricted to the
emission source regions (e.g. the Tibetan Plateau during the monsoon season). Fast
and non-uniform responses resulting from aerosol forcing could also affect temperature
changes in clouds regionally (Jiang et al., 2012).

The spatial distributions of changes in radiation and surface temperature due to lo-
cal aerosols are different for the pre-monsoon and monsoon seasons. During the pre-
monsoon season, reductions in radiation and temperature are more pronounced over
the emission source regions like Southeast China and Southeast Asia. During the mon-
soon season, the reduction in downward solar radiation over India is enhanced, and so
is surface air temperature. We also see cooling outside of the emission source regions.
These differences in changes in radiation and temperature are somewhat attributed to
different aerosol loadings in the different seasons as a result of the circulation shifts as-
sociated with the monsoon system. Because of the aerosol indirect effect, changes in
cloud properties further complicate the changes in surface air temperature. The smaller
decrease in surface air temperature in the monsoon season in regions like Southeast
Asia is related to an increase in monsoon precipitation and associated reduction in
aerosol concentrations as compared to the pre-monsoon season. Ganguly et al. (2012)
also found that aerosols from Asia lead to significant and widespread surface cooling
and the cooling areas are over areas with high AOD and clouds. They also showed
that there was a strong correlation between changes in aerosols and downward so-
lar radiation reaching the surface, and the relationship between aerosol change and
temperature was more non-linear. The feedback processes involved complicate the
relationships.

OLR (Fig. 6b and e), which is strongly related to precipitation (Ding and Chan, 2005),
is also affected by the local anthropogenic aerosol emissions and increases over East
Asia for both the pre-monsoon and monsoon seasons. In the monsoon season, the
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increase in OLR is larger compared to the pre-monsoon season, suggesting the in-
creased response in precipitation due to aerosol changes. Over the Indian region, in
the regions outside of the high emission source regions, OLR is decreased due to the
presence of aerosols emitted within the domain, suggesting an increase in precipita-
tion. The change in precipitation and its relationships with OLR will be further discussed
in Sect. 4.3.

4.2 Local anthropogenic aerosol impacts on clouds

Not only do aerosols affect cloud characteristics via direct radiative effects, but they
also affect clouds by altering the number of cloud condensation nuclei that cloud drops
form on (Twomey, 1977; IPCC, 2007). To better understand the changes in precipitation
caused by changing aerosol loading, detailed analysis of cloud properties over differ-
ent regions is presented. Figure 7 shows vertical cross-section plots of the changes
in cloud drop number concentrations, cloud water mixing ratio, rainwater mixing ratio,
and upward motion over the highlighted regions in India and East Asia (IN and EA)
(shown in Fig. 6a). In the pre-monsoon season, over IN, aerosols from local sources
are restricted to the near surface layers, resulting in a small increase in cloud droplet
number and cloud water mixing ratio at lower levels. This could be in part attributed
to the weak large-scale circulation in the pre-monsoon season (Fig. 5) and the weak
upward motion (reflected by negative W in Fig. 7). The small changes in cloud droplet
number concentrations and cloud water mixing ratio along with the decreased upward
motion do not lead to changes in rainwater mixing ratio in the India region, suggesting
small changes in precipitation. In contrast, over EA, aerosols are lifted to upper layers
(up to ~ 600 hPa) to increase cloud drop numbers and cloud water mixing ratios. Be-
cause of the second indirect effect of aerosol (Albrecht, 1989), that is larger amount of
aerosols lead to smaller cloud droplets and reduce the precipitation efficiency of clouds
(Chapman et al., 2009; Haywood and Boucher, 2000), aerosols in this region reduce
the rainwater mixing ratio and thus result in less precipitation. The weak upward motion
over the EA region also inhibits the formation of precipitation.
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During the monsoon season, aerosols from local sources increase cloud droplet
number concentrations and cloud water mixing ratio over both regions (IN and EA).
Over IN, the changes in rain mixing ratio due to aerosols are mixed, with some re-
gions experiencing more rainfall while other regions having less rainfall. The changes
in rainwater mixing ratio are strongly related to upward motion. The decrease in up-
ward motion due to local aerosol emissions is associated with decreased rainwater
mixing ratios or precipitation. The strong increases in cloud droplet number concen-
trations and cloud water mixing ratio, coupled with reduced amounts of rain mixing
ration suggests that local anthropogenic aerosols are reducing the precipitation effi-
ciency (Lohmann and Feichter, 2005). However, regions that have modest increases
in cloud droplet number concentrations and cloud water mixing ratio (18—20° N over
IN; 36-38° N over EA) result in more rainfall. This is likely connected to the circulation
because upward wind increases in these locations. In EA, the reduction in precipita-
tion and the increase in water vapor (not shown) reduce the precipitation and increase
cloud lifetime by reducing precipitation efficiency of cloud through increased small-size
cloud drop number concentrations, cloud water mixing ratio (Fig. 7), and water vapor
(Lohmann and Feichter, 2005).

4.3 Local anthropogenic aerosol impacts on precipitation

Figure 8 shows, for the pre-monsoon and monsoon seasons, the spatial distributions of
precipitation from satellite estimation (Precipitation Estimation from Remotely Sensed
Information using Artificial Neural Networks, PERSIANN) and measurements (Tropical
Rainfall Measuring Mission, TRMM, Huffman, et al., 2007) observations, and the WRF-
Chem simulations. The selection of PERSIANN and TRMM is based on their relatively
high spatial resolution and good coverage in the monsoon region. Overall, the spatial
distributions of observed precipitation from PERSIANN and TRMM are very similar
over much of the modeling domain, but differ in regional details (e.g., high precipitation
near the Tibet Plateau at 30°N, 95°E and Northwest IN occurs only in the TRMM
observation, which might be related with high bias caused by cloud contamination in
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the TRMM data). The PERSIANN data set is believed to be better than the TRMM data
set here due to the fact that the PERSIANN data set has a higher spatial resolution
and it uses information derived from different satellite measurements including TRMM.

Over IN, the modeled precipitation responses to aerosol changes are different in dif-
ferent seasons. The simulations with (CTRL) and without (EXP) aerosols from local
sources show a similar performance during the pre-monsoon season. During the mon-
soon season, the aerosols mainly decrease precipitation over the source regions, while
slightly increase precipitation outside of the local emission source regions. Over EA,
the CTRL experiment produces less precipitation in both pre-monsoon and monsoon
seasons, and the simulated precipitation pattern is much closer to the TRMM observa-
tion. The response of precipitation to local aerosol emissions through direct and indirect
aerosol forcing is consistent with several recent findings (e.g., Chapman et al., 2009;
Ganguly et al., 2012). Using a global climate model (CAM5) with direct and indirect
effects of aerosols, Ganguly et al. (2012) also found a reduction in mean summer mon-
soon precipitation over much of the South Asian monsoon region as a result of aerosol
forcing from local anthropogenic and biomass burning emissions.

The influence of dust aerosols from dust sources in the west of India and Northern
China on precipitation is shown in Fig. 9. Overall, the impacts due to dust aerosols are
much smaller as compared to the effects from anthropogenic aerosols. There is a small
increase in precipitation in the Indian region, and the changes in East Asia are different
in different seasons. While previous studies (e.g., Lau and Kim, 2006) have shown that
dust aerosols when combined with other natural aerosols tended to increase precip-
itation in pre-monsoon and monsoon seasons in India, our simulations do not show
significant impacts from dust aerosols. It is possible that the WRF-Chem dust aerosol
scheme, which has not been well tested over the Asian region, underestimates dust
emissions. Saide et al. (2012) also stated that the default online wind-blown dust model
has large biases in simulating dust emissions and AOD and poor model representation
of dust compositions, which are important for the aerosol indirect effects. In future stud-
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ies, when the better dust scheme is available, it is important to include and compare
the dust aerosol impacts.

The latitude-time plot of precipitation (Fig. 10a and b), which shows the difference of
zonally averaged precipitation, clearly shows that local aerosols tend to increase mon-
soon season precipitation over the regions outside of the emission source locations in
IN. Near the emission source region (~24° N), precipitation decreases in response to
the increase in aerosols. Similarly. Wang et al. (2009) found that absorbing aerosols
created a stronger convective precipitation in the Northern Indian region and a sig-
nificant reduction in southern India, suggesting different responses in precipitation to
aerosol changes. Over much of EA, local aerosols reduce precipitation throughout the
pre-monsoon and monsoon seasons. This is consistent with the spatial patterns of pre-
cipitation changes. Daily averages of OLR over the two regions are used as a proxy
for large-scale convective activity (Ding and Chan, 2005). Figure 10c and d shows that
the changes in the precipitation evolution strongly correlate with the evolution of OLR
changes in the two regions, with higher OLR corresponding to lower precipitation. This
suggests that when precipitation decreases due to local aerosols, large-scale convec-
tive activities are reduced.

As aforementioned, PERSIANN data use information from several satellite measure-
ments and are at higher spatial and temporal resolutions, a comparison of the modeled
and PERSIANN measured daily accumulative precipitation over IN and EA is shown
in Fig. 11. In general, the temporal development of precipitation is reproduced fairly
well in the two experiments at the two regions. The simulation with the local emis-
sions included is in better agreement with the observed trend. Over IN, EXP and CTRL
have similar accumulated precipitation in the pre-monsoon season, while they differ
significantly from each other starting in July. The result from CTRL is much closer to
the observation in the monsoon season. The improvement due to aerosol forcing is
also significant over EA. The CTRL simulation produces less precipitation and agrees
well with the observation. The EXP run without the influence of local emissions over-
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estimates precipitation in this region. This highlights the role of aerosols in reducing
precipitation over EA in both pre-monsoon and monsoon seasons.

Precipitation is strongly influenced by clouds, which is tightly linked to the lifting con-
densation level (LCL) (Betts, 2007; Jiang et al., 2009) and convective available potential
energy (CAPE). LCL, which is the level at which a raising air-parcel becomes saturated,
can be used as an indicator of the estimated mean height of cloud base and can help
us to evaluate atmospheric stability. Figure 11c shows that, over EA, aerosols not only
reduce precipitation but also increase LCL or cloud base height. The increase in LCL
is accompanied by the reduction in the amount of clouds that form precipitation. Over
IN, aerosols decrease LCL over much of the area except the emission source regions,
resulting in an increase in region-averaged precipitation. The sounding plots (Fig. 12)
in August 2008 at two representative locations (sites A and B shown in Fig. 6a) in IN
and EA also suggest that aerosols reduce precipitation by reducing CAPE from 1100
to 498 (J) at Site B over the EA region and increase precipitation slightly by increasing
CAPE from 758 to 927 (J) at Site A over the IN region. The changes in CAPE at the
two regions suggest that due to the aerosol effects, convective activities in the monsoon
region are altered with reduced activities found over EA and slight increased activities
seen outside of the emission source regions in IN.

4.4 Local anthropogenic impacts on atmospheric circulation

Figure 13 shows the changes in the mean spatial distribution of sea level pressure
(SLP) and wind vector at 850 hPa due to aerosol emissions in the pre-monsoon and
monsoon seasons. In the pre-monsoon season, increases in SLP occur over South-
east and East Asia where the surface cooling caused by aerosols is observed. The
cooling (Fig. 6) and the associated increase in SLP lead to an anomalous anticyclonic
circulation at 850 hPa over East Asia. The change in circulation reduces the moisture
that is being transported by the southwest flow (Fig. 5), resulting in reduced precipita-
tion in this region (Fig. 8). During the monsoon season, the increase in SLP expands
to a larger area including the North and Northwest India, and the magnitude of the in-
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crease also increases. Due to this increase in SLP, circulation shifts to flow more from
the land to the nearby oceans with local aerosols, leading to less moist air and less
precipitation in South, Southeast, North, and Northwest India. This suggests that heat-
ing/cooling caused by aerosols from local sources tends to increase the near surface
pressure, dry the air, and reduce precipitation.

5 Discussion and conclusions

This study examines the impacts of direct and indirect effects of aerosols on the Asian
monsoon precipitation in 2008 using the WRF-Chem model. The model performance
is evaluated against satellite measurements and reanalysis data. Generally, the model
simulates the spatial pattern of AOD fairly well. The underestimation in regions like
Northwest India is related to the lack of emission sources. When considering aerosol-
cloud-precipitation feedbacks, the WRF-Chem model is capable of reproducing near
surface temperature, precipitation, and monsoon circulations compared to the satellite
and reanalysis data.

Through the comparison between the runs with and without local aerosol emissions
sources, the impacts of aerosols on radiation, temperature, clouds, precipitation, and
atmospheric circulation are discussed. Aerosols from local emission sources reduce
the downward solar radiation reaching the surface by up to 80 Wm™2 and surface tem-
perature by 1-3 K in the pre-monsoon and monsoon seasons. The widespread cooling
is strongly correlated with the reduced downward solar radiation, but is not necessarily
restricted to the emission source regions. The feedback between aerosols and clouds
affects the nonuniform responses in the surface temperature. Changes in aerosols also
affect OLR, a strong indicator for large-scale convection and precipitation.

The clouds and precipitation responses to local aerosol radiative forcing differ in EA
and IN and different seasons. Over IN, clouds and precipitation are not strongly af-
fected by aerosols in the pre-monsoon season, while there is an increase in clouds
and precipitation during the monsoon season except for over the emission source re-
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gions. Aerosols decrease precipitation near the emission source regions in IN. Due to
aerosol forcing, precipitation decreases over much of EA in both the pre-monsoon and
monsoon seasons. The decrease in precipitation is highly correlated with the increases
in small cloud droplets, cloud base height (or LCL), and SLP. This can be explained that
aerosols from local emission sources can increase small cloud droplets, which tend to
have a longer life time, reducing the amount of clouds that could fall as precipitation
(Chapman et al., 2009). The cloud base height is also increased due to the reduced
CAPE caused by the increase in aerosol concentrations and small cloud droplets.

Overall, this study highlights the importance of aerosol forcing in the Asian mon-
soon precipitation. Without the consideration of aerosol-cloud-precipitation feedback
in regional climate models, the monsoon precipitation will be overestimated in India
or underestimated in East Asia. Lucas-Picher et al. (2011) evaluated four regional cli-
mate models that did not consider aerosol feedbacks and found that the performance
of the models in simulating the Indian Monsoon precipitation was poor. Some models
have a warm bias over much of their study domains, and they attributed this to missing
or poor representation of regional processes and feedbacks, with aerosol feedbacks
being one of them.

While the results presented in this study demonstrated the importance of aerosol-
cloud-precipitation feedback in simulating Asian monsoon precipitation, the results are
subject to several uncertainties. Besides the uncertainties associated with the param-
eterization schemes used in this study, the anthropogenic emissions used in this study
did not have diurnal, daily, and monthly variations, and they did not exactly represent
he specific study period. Amnuaylojaroen et al. (2013) found there were differences in
anthropogenic emissions provided by different emission inventories and those differ-
ences could lead to different chemical productions in the model. Thus, it is expected
that when using different emission inventories, the results may be slightly different.
More work needs to be done to assess the influence of anthropogenic emission inven-
tories on this topic. The indirect aerosol effects are not fully considered, because the
effects on convective clouds and precipitation are not implemented in the current WRF-
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Chem model. In order to take into account the aerosol effects on convective clouds, the
model needs to be run at grid spacing of <5km (Morrison and Grabowski, 2011; Fan
et al., 2012), which is not feasible for large-scale, long-term climate simulations due
to the limitation of computational cost. Simulations of multiple years or ensemble sim-
ulation approaches are needed to further address the roles of aerosols in the Asian
monsoon system.
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Table 1. Selected WRF-Chem configuration options used in both (CTRL and EXP) simulations.

Process

Gas-phase chemistry

Aerosol chemistry

Photolysis

Cloud microphysics

Cumulus scheme

Land surface model

Boundary layer scheme
Surface layer scheme
Longwave radiation
Shortwave radiation

Aerosol radiative feedbacks
Biogenic emissions
Anthropogenic emissions

Fire emissions

Chemical boundary conditions
Initial and boundary meteorological conditions

WRF-Chem Option

CBM-Z

MOSAIC

Fast-J

Lin et al.

Grell-Devenyi ensemble

Noah LSM

YSU

Monin—Obukov

RRTM

Goddard

Direct, semi-direct, 1st and 2nd indirect effects
MEGANv2.0.4

2000 RETRO and 2006 INTEX-B emissions
FINNv1

MOZART

NCEP FNL (1° x 1°)
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Fig. 10. Evolution of precipitation (latitude-time cross-sections of mean precipitation along 75—
85°E (a) and 110-120° E (b); (c) and (d) are outgoing longwave radiation along 70-80° E and

110-120°E.
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Fig. 11. Accumulative precipitation over the simulation period from PERSIANN, CTRL, and
EXP over IN (a) and EA (b). (¢) shows differences in lifting condensation level (LCL) between
CTRL and EXP over the two regions.
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Fig. 12. Sounding plots in August 2008 at Site A (23°N, 95°E) (a and b) in IN and Site B
(80°N, 120°E) (c and d) in EA (shown in Fig. 6a). Blue and black lines represent T, (dew point
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Fig. 13. Simulated changes in sea level pressure (SLP) and wind vectors at 850 hPa in the
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