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Abstract. Atmospheric aerosols can modulate the orographic precipitation impacting the evolution of clouds
through radiation and microphysical pathways. This study implements the cloud-resolving Weather Research
and Forecasting model coupled with Chemistry (WRF-Chem) to study the response of the central Himalayan
elevation-dependent precipitation to the atmospheric aerosols. The first monsoonal month of 2013 is simulated
to assess the effect of aerosols through radiation and cloud interactions. The results show that the response
of diurnal variation and precipitation intensities (light, moderate, and heavy) to aerosol radiation and cloud
interaction depended on the different elevational ranges of the central Himalayan region. Below 2000 m a.s.l.,
the total effect of aerosols resulted in suppressed mean light precipitation by 19 % while enhancing the moderate
and heavy precipitation by 3 % and 12 %, respectively. In contrast, above 2000 m a.s.l., a significant reduction
of all three categories of precipitation intensity occurred with the 11 % reduction in mean precipitation. These
contrasting altitudinal precipitation responses to the increased anthropogenic aerosols can significantly impact
the hydroclimate of the central Himalayas, increasing the risk for extreme events and influencing the regional
supply of water resources.

1 Introduction

The South Asian summer monsoon system, one of the ma-
jor monsoonal systems on Earth, is located in the region
with the persistent occurrence of substantial loadings of at-
mospheric aerosols (Li et al., 2016). The densely populated
and rapidly growing urban centers of the Indo-Gangetic Plain
(IGP), located over northern India at the foothills of the Hi-
malayas, experience frequent events of severe air pollution
with significant contribution from local anthropogenic ac-
tivities and remotely transported mineral dust aerosols (Dey
and Di Girolamo, 2011; Kumar et al., 2018; Sijikumar et al.,
2016). Atmospheric aerosols, from both natural and anthro-
pogenic sources, can impact the weather and climate on a
local to global scale through interactions with radiation and
cloud, as well as through albedo and hydrologic pathways
due to deposition over the snow (e.g., Sarangi et al., 2019;

Wu et al., 2018; Andreae and Rosenfeld, 2008; Haywood
and Boucher, 2000; Mahowald et al., 2011; Ramanathan and
Carmichael, 2008). However, due to inhomogeneous distri-
bution and complex radiation and cloud interaction, aerosol
also contributes to the larger uncertainties in assessing the
Earth’s changing climate (IPCC, 2013).

The aerosol–radiation interaction (ARI) comprises the di-
rect radiative effects, which include the scattering and ab-
sorption of solar radiation depending on the optical proper-
ties and the semi-direct effect (IPCC, 2013). The semi-direct
effect refers to the heating of the cloud due to the absorbing
aerosols, which reduces the relative humidity and increases
the cloud burn-off process resulting in lower planetary albedo
(Hansen et al., 1997; J. Huang et al., 2006; Ackerman et al.,
2000). The ARI can alter the surface energy budget, atmo-
spheric thermodynamic structure, convective stability, and
tropical–meridional circulation, in turn modulating the fre-
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quency and intensity of the monsoonal rainfall (e.g., Li et al.,
2016; Ramanathan et al., 2005; Lau et al., 2006). At a daily
timescale, the direct radiative effect increases the low-level
stability over the polluted urban plains, resulting in enhanced
moisture transport towards the downwind mountains and ab-
normally increasing precipitation (Choudhury et al., 2020;
Fan et al., 2015).

IPCC (2013) defines aerosol–cloud interaction (ACI) as
the modification of cloud microphysical properties or cloud
evolution through the ability of aerosol to act as cloud con-
densation nuclei (CCN) or ice-nucleating particles (INPs).
Polluted clouds or clouds with a higher concentration of
CCN increase the number of smaller cloud droplets for a
constant liquid water path and enhance the reflection, also
known as the first indirect effect (Twomey, 1977). Smaller
cloud droplets result in increased cloud lifetime and height
and suppress the drizzle precipitation, also known as the sec-
ond indirect or cloud lifetime effect (Pincus and Baker, 1994;
Albrecht, 1989; Rosenfeld, 1999). The continuing and inten-
sified updrafts with the release of latent heat of condensa-
tion and freezing and additional thermal buoyancy invigorate
the convection strength and cloud development (Rosenfeld
et al., 2008; Andreae et al., 2004; Koren et al., 2005). Addi-
tionally, Fan et al. (2017) proposed that the increase in latent
heat release with CCN concentration strengthens the mois-
ture transport to the windward slope and can invigorate the
mixed phase orographic clouds, resulting in higher precipita-
tion over the Sierra Nevada, California.

The locally emitted and transported anthropogenic
aerosols can impact the precipitation, vertical temperature
distribution, and regional hydroclimate of the Himalayan and
the adjacent region. The deep convective activity and south-
westerly monsoonal flow incorporate the remote dust and
anthropogenic aerosols from the IGP and transport them to
the southern slopes of the Himalayas and even to the Ti-
betan Plateau (Kang et al., 2019; Ji et al., 2015; Vernier
et al., 2011). Adhikari and Mejia (2021) indicated that the
heavier aerosol loadings contribute to the increased freezing
isotherm over the central Himalayas during the monsoonal
season. The increasing trend of the freezing level height
(FLH) has been reported around the globe (e.g., Wang et
al., 2014; Bradley et al., 2009; Zhang and Guo, 2011; Prein
and Heymsfield, 2020; Lynn et al., 2020) and can impact the
snowline altitude (Wang et al., 2014; Prein and Heymsfield,
2020). The amplified warming of the mountainous terrain or
the elevation-dependent warming around the globe can also
be associated with the change in snow cover and albedo, ra-
diative and surface fluxes, changes in water vapor and la-
tent heat release, deposition of aerosols on snowpack, and
aerosol concentrations (Pepin et al., 2015; Rangwala et al.,
2010). Depending on the location and topographical altitude,
different factors can dominate elevation-dependent warming;
e.g., the radiative impact of concentrated aerosol loading can
play a significant role in modulating the temperature over the

slopes of the Himalayas and mid-latitude Asia (Pepin et al.,
2015; Rangwala and Miller, 2012; Palazzi et al., 2017).

The atmospheric heating due to the accumulated remote
dust and carbonaceous aerosols from IGP leads to the north-
ward shift of deep convection and heavier monsoonal rainfall
over the foothills of the Himalayas during the early monsoon
period (Lau et al., 2006, 2017). Furthermore, the variability
in the orographic precipitation has also been linked to the
atmospheric aerosols around the globe (Napoli et al., 2019;
Wu et al., 2018; Choudhury et al., 2020; Adhikari and Mejia,
2021, 2022). Barman and Gokhale (2022), using a coarse
(10 km) resolution WRF-Chem simulation, showed aerosol
could modulate the precipitation over the mountainous ter-
rain of northeastern India during the spring season. Also, a
case study by Adhikari and Mejia (2022) showed central Hi-
malayan early monsoon precipitation enhanced due to the re-
motely transported dust aerosols. Cho et al. (2016) suggested
that anthropogenic climate forcing modifies the circulation
structure, triggers the intense rainfall over northern South
Asia, and increases the risk of flood severity. Furthermore,
long-term observational studies by Choudhury et al. (2020)
and Adhikari and Mejia (2021) showed that the aerosol in-
vigorated cloud development and enhanced the precipitation
over the southern slopes of the central Himalayas. The lo-
calized extreme weather events over the complex mountain-
ous terrain pose a higher hazard due to flash floods and land-
slides.

The increased aerosols over the slopes of the Himalayas
impacts the microphysical properties of the clouds and can
modulate the precipitation pattern over the different eleva-
tional band of the Himalayas (Palazzi et al., 2013; Dimri
et al., 2022). The climatology of the temperature and pre-
cipitation trends and elevation dependence over the Tibetan
Plateau (TP) and the Himalayas was recently studied using
the climate models (e.g., Palazzi et al., 2017; Ghimire et al.,
2018; Dimri et al., 2022) but without including the effect of
aerosols. To the best of our knowledge, a study examining
the elevation dependence of aerosol–cloud interaction and
precipitation response to aerosols over the central Himalayan
region is lacking. A better understanding of aerosol–cloud in-
teraction on elevation-dependent precipitation and tempera-
ture of this mountainous region is crucial to assess the hydro-
logic and climate risks for millions of people residing on the
adjacent lowlands. This study seeks to examine whether there
is an asymmetrical aerosol–cloud response in the orographic
forcing process over the southern slopes of the Himalayas
and further estimate and evaluate the role of increased an-
thropogenic aerosols in modulating the surface temperature
distribution along the elevational band. To achieve this goal,
we implement the Weather Research and Forecasting (WRF)
model coupled with Chemistry (WRF-Chem) configured at
a cloud-resolving scale (3 km), where the organization of
the convection is explicitly resolved, for the first monsoonal
month of 2013 after the onset of the monsoon in Nepal. To
understand the processes involved in the aerosol–cloud inter-
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action and precipitation elevation dependence, WRF-Chem
simulation realizations were performed to isolate the contri-
bution of the ACI and ARI. In Sect. 2, we describe the de-
tails of the model used. In Sect. 3, we present and discuss the
model evaluation and simulation results. The conclusion of
this study is summarized in Sect. 4.

2 Methodology

2.1 Model description

In this study, we implement the Weather Research and Fore-
casting (WRF) model coupled with Chemistry (WRF-Chem)
version 4.1.5 for numerical simulations (Grell et al., 2005).
WRF-Chem is an advanced online coupled regional model
which can simulate the emission, transport, and transfor-
mation of trace gases and aerosols with atmospheric feed-
back processes from radiation and meteorology (Chapman et
al., 2009; Fast et al., 2006). WRF-Chem consists of several
chemistry components, e.g., emission inventories, aerosol-
chemistry mechanism, aqueous and gas phase mechanism,
dry and wet deposition, and photolysis, and has been widely
used to study aerosol emission and transport (e.g., Dhital et
al., 2022; Parajuli et al., 2019) and aerosol–cloud–radiation–
climate interaction (e.g., Wu et al., 2018; Fan et al., 2015;
Sarangi et al., 2015; Archer-Nicholls et al., 2016; Liu et al.,
2020) around the globe.

The Carbon Bond Mechanism (CBM-Z; Zaveri and Peters,
1999), a gas-phase chemistry mechanism coupled with the
MOSAIC (Model for Simulating Aerosol Interactions and
Chemistry; Zaveri et al., 2008) aerosol module, was utilized.
The CBM-Z includes 67 chemical species and 164 reactions
and treats the organic compound in a lumped structure ap-
proach depending on their internal bond types (Gery et al.,
1989; Zaveri et al., 2008). MOSAIC aerosol module simu-
lates all the major aerosol species (including sulfate, nitrate,
ammonium, primary organic mass, black carbon, and liquid
water) that are deemed to be significant at urban, regional,
and global scales (Zaveri et al., 2008). Of note is that the
MOSAIC version implemented in this study does not treat
the secondary organic aerosols, which are expected to mod-
ulate the physical and chemical properties of atmospheric
aerosols (Kaul et al., 2011; Hallquist et al., 2009) and can add
up the uncertainties in the result. The aerosol size distribution
within the MOSAIC aerosol module is represented by a four-
or eight-sectional-bin approach. To reduce the computational
burden, the aerosol size distribution in the MOSAIC was rep-
resented using four bins, ranging between 39 nm and 10 µm
based on dry particle diameters. The four-bin approach rea-
sonably produces similar results in comparison to the eight-
sized-bin approach (Eidhammer et al., 2014; Zhao et al.,
2013). All particles within a bin are considered to be inter-
nally mixed, which have similar chemical composition, while
particles from different-sized bins are mixed externally (Za-
veri et al., 2008).

Composite aerosol optical properties, such as the extinc-
tion and scattering coefficient, single scattering albedo, and
asymmetry factor, are estimated as a function of the size and
chemical composition of aerosols using the volume averag-
ing method with Mie theory (Fast et al., 2006; Chapman
et al., 2009). The total integrated aerosol optical properties
across all sized bins are then used in the radiation transfer
scheme to compute the net radiative effect of aerosols (Chap-
man et al., 2009; Iacono et al., 2008). The primary aspect of
aerosols in impacting cloud evolution and microphysics are
the concentration and composition, size distribution, and hy-
groscopic nature of aerosols (Khain et al., 2016). In a con-
vective cloud, the effect of aerosols on the microphysics is
mainly determined by the number of aerosols activated as
CCN, which impacts the size and cloud droplet number con-
centration (Chapman et al., 2009). Aerosols are activated as
CCN when the maximum environmental supersaturation is
greater than the critical supersaturation of an aerosol, which
is a function of aerosol size and composition. The maximum
supersaturation of rising air parcels within each size bin is
computed as a function of vertical velocity and composi-
tion of internally mixed aerosols (Abdul-Razzak and Ghan,
2002). The interstitial aerosols with higher critical supersat-
uration than maximum ambient supersaturation are not ac-
tivated as CCN (Chapman et al., 2009). Also, the WRF-
Chem can resuspend cloud-borne aerosols to an interstitial
state when the cloud particles evaporate within a grid cell
(Chapman et al., 2009). The main advantage of using cloud-
resolving scales in this aerosol–cloud interaction study is that
the activation of aerosols is explicitly resolved by the double-
moment microphysics scheme (Archer-Nicholls et al., 2016;
Chapman et al., 2009; Yang et al., 2011).

This study uses the anthropogenic emission invento-
ries from the Emissions Database for Global Atmospheric
Research–Hemispheric Transport of Air Pollution (EDGAR-
HTAP) and EDGARv4.3.2 (Janssens-Maenhout et al., 2015).
EDGAR-HTAP is a global monthly emission inventory for
the year 2010 at a spatial resolution of 0.1◦× 0.1◦. The
EDGAR-HTAP emission inventory includes the black car-
bon, organic matter, particulate matter, ammonia, sulfates,
oxides of nitrogen, and carbon monoxide, from the ma-
jor anthropogenic sources from power generation, industry,
residential, agriculture, ground and aviation transport, and
shipping. The non-methane volatile organic compounds in
this study are provided from EDGARv4.3.2. This study uti-
lizes the biogenic emissions from the Model of Emissions of
Gases and Aerosols from Nature (MEGAN), which quanti-
fies the net emissions from the terrestrial biosphere at a hor-
izontal resolution of 1 km (Guenther et al., 2006, 2012). Fire
INventory from NCAR version 1.5 (FINNv1.5), which pro-
vides the global estimates of open episodic fires from differ-
ent sources in a 1 km spatial and daily temporal resolution
(Wiedinmyer et al., 2011), is used as biomass burning emis-
sions. Though fire events are less relevant during the mon-
soon season (2002–2013) in our area of interest (Matin et al.,
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2017), we used biomass burning information to include all
the primary sources of aerosols.

The Community Atmosphere Model with Chemistry
(CAM-Chem), with 0.9◦× 1.25◦ spatial resolution with 56
vertical levels and six-hourly temporal resolution, is used
as initial and boundary conditions for the chemical species
(Buchholz et al., 2019). The meteorological forcing in CAM-
Chem is driven by the Modern-Era Retrospective analysis
for Research and Applications version 2 (MERRA2) reanal-
ysis product (Emmons et al., 2020). Furthermore, the Cou-
pled Model Intercomparison Project Phase 6 (CMIP6) pro-
vides the anthropogenic aerosols within CAM-Chem. The
ERA5 (Hersbach et al., 2020), a most recent reanalysis prod-
uct from European Centre for Medium-Range Weather Fore-
casting (ECMWF), with 31 km spatial and hourly temporal
resolution, was used to initialize the model and as boundary
conditions for the basic meteorological state parameters.

2.2 Experimental setup

According to the Department of Hydrology and Meteorol-
ogy (DHM) of Nepal, the onset of the monsoon occurred
on 14 June 2013, about a day after a normal onset date
over eastern Nepal (DHM Nepal, 2022), and generally cov-
ers the entire country within a week. Model simulations were
performed for 31 d, from 14 June at 00:00 UTC to 15 July
at 00:00 UTC, 2013. The mean precipitation over the cen-
tral Himalayan region (hereafter “CenHim”; area indicated
by the white-colored polygon in Fig. 1b) during the first
month of the monsoon (31 d after the monsoonal onset) from
2000–2021 is 11.84 mm d−1, with a standard deviation of
2.97 mm d−1 (see Fig. S1 in the Supplement). For the same
period, the CenHim region in 2013 received 14.62 mm d−1

of precipitation, which is within+1 standard deviation of the
climatology mean.

Two one-way nested domains with a horizontal resolution
of 9 and 3 km were set up (see Fig. 1). The model was di-
vided into 61 vertical layers with the 50 hPa model top. The
9 km parent domain with 179× 221 grids covered central and
northern/eastern India, Bangladesh, Bhutan, and the TP. The
3 km nested domain with 273× 321 grid points was designed
to include the CenHim, Nepal (with Mount Everest), the ar-
eas of most anthropogenic emission sources over the cen-
tral IGP, and the immediate Himalayan plateau region of Ti-
bet. The summary of the model configuration with the phys-
ical parameterizations used in this study is listed in Table 1.
The model physics scheme used in the simulation included
Morrison double moment for microphysics, Yonsei Univer-
sity (YSU) for the boundary layer, Rapid Radiative Transfer
Model for General Circulation Models (RRTMG) for radi-
ation, and Unified Noah for the land surface. The double-
moment Morrison microphysics scheme simulates the num-
ber and mass mixing ratio of hydrometeors, including cloud
droplets, rain, ice, snow, and graupel (Morrison et al., 2009).
Previous studies have reasonably implemented the Morrison

microphysics, RRTMG, and YSU to simulate and study the
aerosol–cloud–precipitation interaction on a cloud-resolving
scale (e.g., Kant et al., 2021; Wu et al., 2018). The Grell-
3D cumulus parameterization scheme (Grell and Dévényi,
2002) was used for the outer 9 km domain for the cumu-
lus parameterization, while no parameterization was used for
the inner 3 km domain. This consideration assumes that the
model explicitly resolves convective eddies for the 3 km do-
main, hence the term cloud-resolving scale. The convection
parameterization is linked to significant sources of uncer-
tainty in larger-scale models (Prein et al., 2015), and it is
recommended to use a cloud-resolving scale to assess the in-
direct effect of aerosols in a convective system (Grell et al.,
2011; Archer-Nicholls et al., 2016). Furthermore, such fine
resolution is necessary to adequately address the altitudinal
gradient in the steep mountains with characteristic altitudes
ranging from 60 to 8000 m a.s.l. in about 200 km horizontal
distance.

Three simulations were performed to assess the sensitivity
of the model to aerosol effects. A baseline or control simu-
lation (hereafter “CTL”) includes all the emissions (anthro-
pogenic, biogenic, fire, and aerosols from chemistry bound-
ary conditions). CTL includes the aerosol–radiation interac-
tion, indirect effect of aerosols, wet scavenging, and dry de-
position of aerosols. To isolate the direct effect of aerosol,
the second simulation that resembles the CTL simulation is
performed, but by turning off aerosol–radiation interaction
(hereafter “NoARI”). The comparison between the CTL and
NoARI enables the assessment of effect of aerosol–radiation
interaction (ARI effect; Wu et al., 2018). The third exper-
iment resembles the CTL, but it is performed by multiply-
ing the anthropogenic aerosols from the boundary condi-
tion and emission inventory by a factor of 10 % (hereafter
“CLEAN”). Reducing polluted aerosol concentration to a
more pristine environment has been implemented previously
in studying the impact of aerosols on clouds and precipita-
tion (e.g., Manoj et al., 2021; Fan et al., 2013, 2007). Since
the CLEAN scenario is not entirely aerosol-free, the pres-
ence of the 10 % anthropogenic aerosols and contribution
from the fire and biogenic emissions can influence the as-
sessment of the ACI effect. So, we attempt to broadly ex-
amine the microphysical effect of anthropogenic aerosols by
comparing NoARI to CLEAN simulations (ACI effect). For
completeness and as an effort to assess the uncertainty of an-
thropogenic aerosol loading in the region, a fourth simulation
was performed using CTL but doubling aerosol concentra-
tion (D_AERO). Early results in this study suggested that the
CTL simulation predicted a relatively low AOD compared to
remote sensing retrievals. We use results and discuss the ef-
fect of the D_AERO simulations when necessary. Also, un-
less mentioned, we examine and present the results using the
analysis from the inner domain.

To examine the aerosol–precipitation elevation depen-
dence, we divided the CenHim into 30 different bins at an
increasing interval of 200 m up to 6000 m and one bin for el-
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Figure 1. (a) The topography of the 9 and 3 km nested grid size domains used in the simulation. The red marker represents the station
locations for AERONET (circle) and upper air sounding (triangle). (b) The white-colored polygon represents the central Himalayan region
(CenHim) mentioned in the text. The red marker represents the locations of DHM Nepal rain gauge stations.

Table 1. Model configuration.

Physics option Scheme

Microphysics Morrison double moment (Morrison et al., 2009)
Radiation Rapid Radiative Transfer Model for General Circulation Models (RRTMG; Iacono et al., 2008)
Land surface Unified Noah (Tewari et al., 2004)
Planetary boundary layer Yonsei University (YSU; Hong et al., 2006)
Cumulus Grell-3D for 9 km (Grell and Dévényi, 2002) and turned off for 3 km grid size nested domain
Chemical and aerosol mechanism CBM-Z and MOSAIC four bin
Boundary condition ERA5 (meteorology) and CAM-Chem (Chemistry)

evation above 6000 m above sea level (a.s.l.). Figure 2 shows
the elevation distribution of the number of grid points in the
CenHim and the corresponding mean CTL precipitation. The
relatively small number of grid points at higher elevations
suggests a drop in the statistical robustness of the analyses.
When possible, we perform statistical significance tests us-
ing the Student t test at the 90 % confidence level to control
for the statistical signal and noise. The maximum number of
grid points (7113) is present below 200 m, while only 176
grid points are present above 6000 m over the CenHim. The
diurnal variation and the elevation dependency of each vari-
able are obtained by computing the average among all the
grid points within each bin of the elevational range.

2.3 Model evaluation

CTL precipitation fields were evaluated using the sparsely
distributed network of 90 rain gauge stations measuring daily
accumulations (measured at 03:00 UTC) and provided by
the Department of Hydrology and Meteorology, Nepal (see
Fig. 1b). The altitudinal station distribution ranges from 60
to 2744 m a.s.l. The spatial distribution of simulated precipi-
tation was compared with the half-hourly Integrated Multi-

Figure 2. (a) The total number of grids per elevation range for
200 m bins up to 6000 m and one bin above 6000 m. (b) Variation of
CTL mean (±1 standard deviation) precipitation over the CenHim
as a function of altitude.

satellite Retrievals for Global Precipitation Measurement
(IMERG) level-3 data at 0.1◦× 0.1◦ horizontal resolution
(Huffman et al., 2019a).

CTL-simulated 550 nm aerosol optical depth (AOD) is
evaluated against the AOD retrievals from three ground-
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based Aerosol Robotic Network (AERONET version 3,
level 2.0; Kathmandu Bode, Pokhara, and Kanpur; see
Fig. 1a) stations, satellite-based Moderate Resolution
Imaging Spectroradiometer available at 10 km grid size
(MODIS Terra (MOD04_L2; sensed at 10:30 LST) and Aqua
(MYD04_L2; sensed at 13:30 LST)), and MERRA2 reanal-
ysis product (three-hourly; 0.5◦× 0.625◦ spatial resolution).
The spatial distribution of simulated AOD is compared with
the MODIS (level 3; 1◦× 1◦) and MERRA2 reanalysis
product (three-hourly; 0.5◦× 0.625◦ spatial resolution). The
combined Dark Target and Deep Blue 550 nm AOD product
from Terra and Aqua aboard MODIS satellites is used for
comparison. AERONET AOD data were obtained for 10:00
to 11:00 LST (±30 min of Terra overpass time) and 13:00
to 14:00 LST (±30 min of Aqua overpass time) to match up
the MODIS overpass times. For time consistency, we used
10:45 LST (05:00 UTC) and 13:45 LST (08:00 UTC) as the
nearest simulated AOD times. The AERONET and MODIS
retrievals of aerosol properties are limited during the mon-
soonal season since they provide the AOD data measured in
cloud-free conditions.

Since no upper air soundings are available in Cen-
Him, radiosonde observations from http://weather.uwyo.edu/
upperair/sounding.html (last access: 14 March 2022) at the
Patna station, located south of CenHim (25.60◦ N, 85.1◦ E,
60 m a.s.l.; only available at 00:00 UTC; see Fig. 1a) were
used to evaluate upper-air meteorological parameters (tem-
perature, zonal and meridional wind components, and mixing
ratio). Sounding data were interpolated at 36 pressure levels
between 100 and 975 hPa with an increment of 25 hPa.

3 Results and discussion

3.1 Model evaluation

Figure 3 shows the time series of the simulated AOD
compared with the ground- and satellite-based AOD from
AERONET and MODIS Aqua and Terra. Though limited
data points are available for comparison, the CTL consis-
tently underestimated the AOD, while D_AERO is com-
parable in magnitude with remotely sensed AOD (Fig. 3).
Figure 4 shows the spatial distribution of mean MODIS,
MERRA2, and simulated AOD during the simulation pe-
riod. Though the CTL underestimated the AOD in magni-
tude, it captured the spatial distribution of AOD compared
to MODIS (Fig. 4a) and MERRA2 (Fig. 4b). Due to the
higher emission rate, the aerosol is heavily concentrated over
the foothills and the IGP compared to the higher elevation
of the mountainous terrain. The variation in the AOD along
with the topographical transect from lower to higher eleva-
tion is clearly illustrated in Fig. 4. Not surprisingly, simulated
AOD is lower for the CLEAN simulation over the entire do-
main, with the differences being maximum in the lowlands
(Fig. 4e). Although higher mountainous terrain is polluted
compared to the CLEAN scenario, the CTL AOD shows that

it remains pristine compared to IGP due to the strong strati-
fication of aerosol emission with elevation and limited trans-
port due to the topographical barrier. The doubling of the an-
thropogenic aerosols in D_AERO resulted in increased AOD
comparable to the MODIS and MERRA2 products (Fig. 4d).
It should be noted that MODIS and MERRA2 are at coarser
resolution and might have some biases related to the scale
differences.

Underestimation of AOD by WRF-Chem is a well-known
model bias and has also been reported in the East Asian mon-
soon region (Wu et al., 2013), Indian monsoon region (Soni
et al., 2018; Govardhan et al., 2015), and Indo-Gangetic Plain
during monsoon by around 50 % (Sarangi et al., 2015). Also,
regional climate model (RegCM4) underestimated AODs by
a factor of 2 to 5 over South Asia in the period 2005 to
2007 (Nair et al., 2012). Mues et al. (2018) showed that the
EDGAR HTAP v2.2 implemented with WRF-Chem underes-
timates the black carbon concentration over the Kathmandu
valley by 80 % in May of 2013, and one of the reasons might
be the underrepresentation of mobile emissions. The lower
estimation of the aerosol emission over Nepal by the global
emission inventory is mainly due to the coarser resolution,
emission factors, and lack of residential energy consumption
consideration (Sadavarte et al., 2019). Other limitations that
might contribute to the lower estimation of aerosol loading
might be due to the different year used for emission inven-
tory preparation (for 2010) and simulation in this study, the
lack of representation of secondary organic aerosols, and not
accounting for all major sources of emissions (e.g., emission
due to infrastructure construction). Despite these well-known
structural errors that have been attributed to emissions in-
ventory and potentially result in low biases in the impact of
aerosols, our results can provide meaningful insight into the
role of aerosols in modulating the elevation dependence pre-
cipitation.

The mean temperature, mixing ratio, and zonal and merid-
ional wind bias profiles from the simulated output sampled
from the upper-air-sounding observations at the Patna loca-
tion are shown in Fig. S2. The model exhibits the vertical
easterly systematic bias between 950 and 300 hPa. Above
900 hPa, a dry bias (significant above 575 hPa) and northerly
biases are present. The cool bias prevails below 775 hPa,
while the warm bias is present in the middle to upper tro-
posphere. Though both the domains revealed a similar bias
pattern, the cloud-resolving domain exhibited smaller biases.

Figure 5a–d show the error statistics of daily precipita-
tion at different gauge stations and simulated precipitation
at the nearest grid point over Nepal. The biases in the simu-
lated precipitation varied with elevation, where low-land ar-
eas (< 500 m a.s.l.) depicted the larger bias, while the altitude
between 500 and 1500 m exhibited the smallest bias. The
mean bias estimation (MBE) across the rain gauge stations
was lower by 0.29 mm d−1 with a mean root mean square er-
ror (RMSE) of 27.52 mm d−1. The daily mean accumulated
precipitation from the model correlated well (correlation co-
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Figure 3. The simulated AERONET and MODIS Aqua (a, c, e) and Terra (b, d, f) AOD at three AERONET stations (Kanpur, Pokhara, and
Kathmandu; see Fig. 1a for location).

efficient of 0.5) with the gauge station data. The maximum
mean correlation was observed for the elevation between 500
and 1500 m, the range of altitude that also depicted the mini-
mum RMSE and MAE. Though there is some overestimation
or underestimation of the precipitation and higher RMSE,
there is a good agreement on the onset and accumulated
precipitation between the simulation and rain gauge stations
(Fig. 5e–h). Also, as suggested earlier, the lower concentra-
tion of aerosols can add up to the biases in the simulated
precipitation. The manual recording of the gauge station data
and the undercatch or losses due to wind speed/direction can
add up to the uncertainties in the precipitation data collec-
tion (Talchabhadel et al., 2017) and these model evaluation

assessments. Also, since most rain gauge stations are over the
valley floor, the precipitation simulated over the mountaintop
cannot be compared with the observational network.

Figure 6 shows the mean hourly precipitation estimates
from IMERG, CTL, and the bias of CTL relative to the
IMERG estimation. Compared to IMERG, the model under-
estimated the precipitation amount over the IGP, while the
wet bias of the model is pronounced over the mountains of
the CenHim. In general, though some biases in precipitation
exist, the model showed the overall feature of the precipita-
tion distribution with lower rainfall over the lowlands, max-
imum mountainous precipitation associated with orographic
forcing, and reduced leeward precipitation over northwest-
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Figure 4. (a) Spatial distribution of mean MODIS (Aqua and Terra averaged), (b) MERRA2, (c) CTL, (d) D_AERO, and (e) the mean
differences of AOD between CTL and CLEAN simulations. The black contour represents the terrain elevation of 2000 m a.s.l. The missing
data in the MODIS product is due to cloud contamination during the retrieval process of aerosol properties.

ern Nepal and the TP. The point precipitation pattern over
the peaks of the mountain might be due to the strong oro-
graphic lifting associated with the convective cells. The over-
estimation of the precipitation by the WRF-Chem has also
been reported in other studies over the Himalayan region
(e.g., Barman and Gokhale, 2022; Sicard et al., 2021; Ad-
hikari and Mejia, 2022) and can be associated with the un-
certainties from the physical parameterizations (e.g., Baró et
al., 2015; Zhang et al., 2021). However, note that the finer-
resolution simulation better resolves the orographic forcing
and can represent the precipitation over the complex terrain.
Also, IMERG is at a coarser resolution than the model, and
some biases might be related to the scale differences. The
underprediction of accumulated precipitation by IMERG is

evident over the rain gauge stations throughout the CenHim
(Fig. 5e–h) and is consistent with Sharma et al. (2020a). The
pronounced differences over the higher terrains of CenHim
can also be associated with the underprediction of extreme
precipitation events (> 25 mm d−1) by IMERG (Sharma et
al., 2020b), which might be related to the weak detection
of the shallow orographic forced precipitation event (Cao et
al., 2018; Arulraj and Barros, 2019; Shige and Kummerow,
2016).

3.2 Aerosol effect on precipitation

Figure 7a–c show the effect of aerosol on the spatial dis-
tribution of the mean hourly precipitation. Due to the total
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Figure 5. Box plots show the median, interquartile range, and extreme distribution for each of the error statistics – (a) MBE, (b) MAE,
(c) RMSE, and (d) Pearson correlation – between the simulated and the rain gauge stations over Nepal, at an altitude that ranges below 500 m
(41 stations), between 500 and 1500 m (28 stations), and between 1500 and 3000 m (21 stations). The red color marker at the center of the
box represents the mean value. Time series of averaged accumulated precipitation at DHM rain gauge stations, CTL, and IMERG; (e) all
rain gauge stations; stations located (f) below 500 m a.s.l., (g) between 500 and 1500 m, and (h) between 1500 and 3000 m terrain elevation.

effect of aerosols, precipitation increases over the elevation
below 2000 m a.s.l. except for the region just south of Nepal,
with a pronounced enhancement by the ACI effect. At the
same time, the reduced precipitation occurred over the high-
elevation region of the entire CenHim due to the total effect
of aerosol. Figure 8a shows the diurnal variation of precipita-

tion as a function of terrain elevation. Minimum precipitation
occurred throughout the elevations during the late morning
(09:00 to 12:00 local time, LT). The mid-altitude range, es-
pecially between 1000 and 2000 m a.s.l., of CenHim experi-
ences double peaks with stronger daytime and weaker night-
time precipitation (Fig. 8a). The averaging of the entire Cen-
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Figure 6. Hourly mean precipitation from (a) CTL (3 km) with 925 hPa wind vectors and (b) IMERG (0.1◦; ∼ 10 km) with 925 hPa wind
from ERA5 (∼ 25 km). (c) Mean hourly bias of CTL relative to IMERG. The white-colored polygon represents the CenHim. The 3 km CTL
precipitation is re-gridded to 10 km resolution to match up with the IMERG spatial resolution using the bilinear interpolation method.

Him might influence the diurnal features of intraregional pre-
cipitation; however, the diurnal pattern is consistent with the
satellite-based findings of Fujinami et al. (2021). The surface
heating and the orographic forcing enhance the convergence
of daytime upslope moisture flow resulting in higher day-
time precipitation over the southern slopes (Fujinami et al.,
2021). In contrast, the adjacent foothills (below 600 m a.s.l.)
are characterized by single midnight to early morning peak
due to the convergence of stronger nocturnal jets with the
downslope winds (Fujinami et al., 2021; Terao et al., 2006).
Precipitation over the higher elevation above 5000 m a.s.l.
and in the TP (not shown) is characterized by the afternoon
peak and is consistent with Liu et al. (2022).

The diurnal variation of precipitation due to the aerosol
effect as a function of elevation is presented in Fig. 8b–
d and shows an inconsistent response to the anthropogenic
aerosols along the elevational gradient. Significant enhance-
ment of precipitation occurred due to aerosols over the lower
elevation (below 2000 m a.s.l.) from the early morning to
noon. In contrast, the aerosol suppressed afternoon (14:00 to
18:00 LT) precipitation over the lower elevation. The signifi-
cant suppression of precipitation is observed over the higher
terrain above 3000 m a.s.l. during most of the day. Both the

ARI effect and ACI effect of aerosols tend to reduce the pre-
cipitation over the higher elevation above 3000 m a.s.l. The
afternoon suppression of precipitation over the lowlands (be-
low 2000 m a.s.l.) is dominated by the ARI effect (Fig. 8c).
It is noteworthy that, though the ACI effect of aerosols sup-
pressed the nighttime (after 18:00 LST) precipitation below
1000 m a.s.l., it extended the enhancement of precipitation to
the higher elevation up to 3600 m a.s.l. (Fig. 8d). This can
be attributed to the microphysical effect of aerosols delaying
the conversion of smaller cloud droplets to raindrops and en-
hancing the cloud lifetime, resulting in larger advection time
for orographic clouds, increasing the downwind precipitation
(Givati and Rosenfeld, 2004; Choudhury et al., 2019).

Variability in the amount of hourly precipitation in-
creases from lower to higher altitudes (Fig. 2b), possibly
due to the orographic feature associated with the abrupt
change in the topographical gradient. To further investi-
gate the response of elevation-dependent precipitation to
the aerosols, we classified the mean precipitation inten-
sity into heavy (> 1.04 mm h−1), moderate (between 0.42
and 1.04 mm h−1), and light (< 0.42 mm h−1) precipitation
regime. A similar classification procedure has also been im-
plemented by Sharma et al. (2020b) for daily accumulated
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Figure 7. Spatial distribution of the differences in hourly mean precipitation due to the (a) total aerosol effect (CTL–CLEAN), (b) ARI
effect (CTL–NoARI), and (c) ACI effect (NoARI–CLEAN). The blue-colored polygon represents the CenHim, whereas the pink-colored
contour indicates the 2000 m a.s.l. terrain elevation.

precipitation over the Nepal Himalayas and for hourly pre-
cipitation over eastern China by Shao et al. (2022). Figures 9
and 10 show the differences and relative change (%) in el-
evation dependence of the precipitation regime in precipita-
tion due to different effects of aerosols and reveal a contrast-
ing elevational response. Though the ACI effect slightly en-
hances the light precipitation below 1000 m a.s.l., the ARI
effect dominates and monotonically suppresses the mean
light precipitation by 17 % over the CenHim, whereas the
ACI effect enhances the precipitation below 3000 m a.s.l.
and shows a most prominent impact on moderate to heavy
precipitation regimes. In contrast to the lower elevation,
above 3000 m a.s.l., the ACI effect of aerosols suppressed all
regimes of the precipitation intensity. The elevation between
1000 and 3000 m a.s.l. acts as the region below and above
which the different intensity of precipitation responds in the
opposite direction to the effect of aerosols. The maximum in-
crement (43 %) in heavy precipitation due to the aerosol ef-
fect occurred over the elevation bin between 200–400 m a.s.l.
(Fig. 10). Similarly, the total precipitation was enhanced
by 18 % over the 200–400 m bin, while 5400–5600 m ele-
vation experienced the maximum reduction (21 %). Below

2000 m a.s.l., due to the total effect of aerosols, the mean
light precipitation is suppressed by 19 %, while moderate
and heavy precipitation is enhanced by 3 % and 12 %, re-
spectively. In contrast, above 2000 m a.s.l., a significant sup-
pression of all three categories of precipitation intensity is
noticed with the 11 % reduction in mean precipitation.

Likewise, in our results, Wu et al. (2018) showed that
ACI suppressed the mountaintop (> 2500 m a.s.l.) precipi-
tation by 11 % over the Sierra Nevada. Similarly, Napoli et
al. (2022) also showed that the indirect effect of aerosol re-
sulted in suppressed summer precipitation in a polluted en-
vironment by 20 % above 2000 m a.s.l. of Great Alpine Re-
gion. In contrast to the enhanced precipitation in our result,
these studies simulated the suppressed precipitation even in
the lower elevations of these mid-latitude mountainous re-
gion. This discrepancy might be associated with the differ-
ences in the aerosol concentration from the heavily polluted
upwind region of IGP, enhanced moisture supply along with
the monsoonal flow, and the steeper terrain of the Himalayas
enhancing the orographic forcing and convection compared
to the Great Alpine and the Sierra Nevada.
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Figure 8. Elevation-dependent precipitation for (a) CTL, (b) aerosol effect (CTL–CLEAN), (c) ARI effect (CTL–NoARI), and (d) ACI
effect (NoARI–CLEAN) and their diurnal variability. Only the differences that are significant at the 90 % confidence level based on the
Student t test are plotted.

In comparison to the CLEAN scenario, the elevation-
dependent precipitation showed a similar response in the di-
urnal cycle and spatial pattern to the increase in aerosols
from CTL to D_AERO, besides the smaller changes in
the magnitude (not shown). The doubling in aerosols re-
sulted in increased monthly mean heavy precipitation below
2000 m a.s.l. by 16 % (4 % higher compared to CTL run) and
suppressed precipitation above the 2000 m a.s.l. by 8 % (sim-
ilar to CTL run) compared to the CLEAN simulation. No sig-
nificant differences were noted in the change in light precip-
itation due to the doubling of aerosols. It might be related to
the non-linear responses of aerosol concentration to the con-
vective intensity, microphysical, and dynamical effect (Fan
et al., 2013; Chang et al., 2015). Due to the stronger convec-
tion in the heavy precipitation regime, the potentiality of the
aerosol getting activated to cloud droplets increases in the
presence of a higher aerosol concentration.

3.3 Aerosol effect on clouds

Figure 11a shows the CTL-simulated diurnal elevation of
cloud fraction over the CenHim and resembles the diurnal
precipitation pattern. The higher elevation above 4000 m has
lower cloud coverage throughout the day due to the limited
atmospheric moisture reaching the higher elevation. The ACI

effect increases the cloud fraction over most of the elevation
throughout the day due to the enhanced activation of aerosol
as cloud droplets (Fig. 11d). However, the ARI effect reduces
the cloud coverage early in the morning below 2000 m a.s.l.,
and the suppression propagates higher in elevation during the
afternoon and evening (Fig. 11c), which might be associated
with the weaker surface heating limiting the wind flows to-
wards the slope of the mountain and afternoon orographic
cloud development. Although there is a noisier and a less
consistent diurnal-elevation relationship, the total aerosol ef-
fect is mostly that of enhancement of cloud cover. This result
is consistent with long-term satellite retrieval of cloudiness
during high aerosol concentration days (Adhikari and Mejia,
2021).

To further investigate the impact of anthropogenic aerosols
on clouds and precipitation, the effect of aerosols on verti-
cal velocity, LWP (liquid water path), and IWP (ice water
path) is performed by dividing the terrain elevation below
and above 2000 m a.s.l. (Fig. 12), where the mean precipi-
tation responded differently to the aerosols. Increased cloud
coverage over the CenHim due to the aerosol effect is asso-
ciated with the ACI effect, resulting in enhanced cloud liquid
water path (LWP) for all precipitation regimes (Fig. 12c–d),
while ARI significantly contributes to the increase in ice wa-
ter path (IWP; by 10 %) below 2000 m a.s.l. (Fig. 12e) along
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Figure 9. Elevational variability in different regime – (a) all,
(b) light, (c) moderate, and (d) heavy – precipitation differences
due to aerosols. The blue dots and error bars represent the mean
and ±1 standard deviation. The pink dot indicates that the differ-
ences between the two simulations are not significant at the 90 %
confidence interval based on the Student t test.

with the slight but upward of 5 % increase in mean verti-
cal velocity (Fig. 12a). The ARI-modulated increase in IWP
below 2000 m a.s.l., where the amount of aerosol loading is
higher, can be attributed to the warming of the atmosphere,

resulting in the evaporation of droplets and contributing to
an increased upward moisture flux to the higher altitudes, re-
sulting in the formation of the ice. Other modeling studies
have also reported an increment in the cloud ice water con-
tent due to the radiative heating effect of biomass burning
(Liu et al., 2020) and dust aerosols (Dipu et al., 2013). In
contrast, reduced IWP above 2000 m a.s.l. due to ARI might
be dominated by the surface cooling effect suppressing the
cloud development. The minimal ACI effect in IWP is due
to the lack of a model treating the activation of aerosol to ice
nuclei.

The aerosol-modulated vertical velocity below
2000 m a.s.l. (Fig. 12a) suggests the convective strength
is suppressed/enhanced for the light/heavy precipitation
regime. Additionally, due to the total aerosol effect, the
number of strong updraft events (mean vertical velocity
higher than 0.5 m s−1) increased by 10 % below 2000 m a.s.l.
(except for the lowest elevational bin below 200 m a.s.l.) and
reduced by 11 % above 2000 m a.s.l. (not shown). Along
with the stronger convection, the enhanced IWP and LWP
indicate the invigoration of the cloud, resulting in increased
heavier precipitation below 2000 m a.s.l. In contrast, the
suppressed convection and more aerosol activated as a
higher number of smaller cloud droplets resulted in a non-
precipitating cloud suppressing the light precipitation over
the entire CenHim. Figure S3 shows a clear difference in
the vertically integrated cloud droplet number concentration
between the simulations, with an increasing order from the
CLEAN (lowest), CTL, and D_AERO (highest) simulations,
in a similar order of aerosol concentration. Similarly,
more aerosols are activated as cloud droplets over the
lower-elevation belt (< 2000 m a.s.l.) compared to relatively
cleaner higher mountainous regions (> 2000 m a.s.l.).

The suppression of light and enhanced heavy precipita-
tion due to modulated convective strength by anthropogenic
aerosol is consistent with a simulated study over eastern
China by Shao et al. (2022). The increased precipitation
over the foothills with an invigorated convection is consis-
tent with our other study based on satellite retrieval over
the southern slopes of the central Himalayas (Adhikari and
Mejia, 2021). Regardless of the meteorological forcing, Ad-
hikari and Mejia (2021) showed a positive association of the
aerosol loadings with the colder and deeper clouds, result-
ing in enhanced precipitation. Also, another satellite-based
study by Choudhury et al. (2020) suggests the higher aerosol
loading with the increased moist static energy significantly
contributed to the extreme precipitation events over the Hi-
malayan foothills. Similar to our findings, a case study by
Adhikari and Mejia (2022) also showed that long-range-
transported natural mineral dust aerosols modulated the mi-
crophysical properties of clouds and enhanced the precipita-
tion by 9.6 % over the mid-mountainous (500–3000 m a.s.l.)
region of the Nepal Himalayas. However, our results indicate
the contrasting response of precipitation at different eleva-
tional bands to the increased aerosols. Similarly, during the
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Figure 10. Relative change (%) in precipitation due to different effects of aerosols for all the elevational bins.

Figure 11. Elevation-dependent cloud fraction for (a) CTL, (b) aerosol effect (CTL–CLEAN), (c) ARI effect (CTL–NoARI), and (d) ACI
effect (NoARI–CLEAN) and their diurnal variability. Only the differences that are significant at the 90 % confidence level based on the
Student t test are plotted.
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Figure 12. Mean perturbation of (a, b) vertical velocity, (c, d) LWP,
and (e, f) IWP over the CenHim region for the terrain elevation
below (a, c, e) and above (b, d, f) surface elevation of 2000 m a.s.l.,
for total, light, moderate, and heavy precipitation regime.

spring season, Barman and Gokhale (2022) showed that the
atmospheric heating due to absorbing aerosol played a role
in an increased influx of moisture with enhanced instability
over the lower terrain, enhancing the rainfall while limiting
the moisture over the higher terrain of northeastern India.

3.4 Aerosol effect on temperature and radiation

Figure 13a shows the diurnal variation of decreasing temper-
ature with increasing variability from low to high elevations.
The diurnal-elevation surface cooling effect due to anthro-
pogenic aerosols during the daytime is stronger throughout
the elevational ranges (Fig. 13b–d). The daytime surface tem-
perature cooling of−1.3 ◦C is likely due to the total effect of
aerosols over the terrain elevation above 4000 m a.s.l., with
the ACI effect contributing to most of the cooling (−1.1 ◦C).
The daytime variation of change in surface temperature is
consistent with the all-sky downwelling shortwave radia-
tion flux at the surface (hereafter SW; Fig. 14). Consistent
with our results, over the Great Alpine Region of Europe,
Napoli et al. (2022) reported high-elevation strong daytime
surface cooling related to the enhancement of polluted oro-
graphic clouds with upslope winds blocking solar radiation.
Another striking feature in Fig. 13 is the smaller but sig-
nificant nighttime surface temperature warming (+0.03 ◦C)

above 2000 m a.s.l., likely related to enhanced cloudiness
(Fig. 11) favoring the trapping of the longwave radiation
(Fig. S4). Our results indicate that the ACI effect of aerosols
can significantly contribute to nighttime warming over the
higher elevation and contribute to warming by 0.08 ◦C.

A prominent increase in minimum temperature in the re-
cent decades over the higher elevation of the Himalayan re-
gion has also been reported in previous studies (e.g., Dimri
et al., 2022; Liu et al., 2009). The enhanced nighttime min-
imum temperature has also been attributed to the enhanced
cloud cover over the higher topographical elevation (Rang-
wala and Miller, 2012; Liu et al., 2009) and increased cloud
liquid water path due to the aerosol indirect effect over East
Asia (Y. Huang et al., 2006). Notably, the lack of aerosol–
snow interaction and deposition of light-absorbing aerosols
on the snow surfaces in our simulation can add uncertain-
ties to simulated temperature differences. The deposition of
absorbing aerosol on snow has a crucial impact on the snow-
darkening effect, the surface temperature, and the radiative
forcing of the snowcapped Himalayan region (Qian et al.,
2015; Sarangi et al., 2019). Wu et al. (2018) showed that the
inclusion of aerosol–snow interaction in the model simula-
tion resulted in a significant increase in the surface tempera-
ture of the snowcapped mountain of the Sierra Nevada.

Figure 14a, c and e show aerosol total, ARI, and ACI
effects on the diurnal-elevational variation of all-sky SW,
highlighting the stronger reduction of SW due to the
aerosol effect at high elevations. The terrain elevation above
4000 m a.s.l. noted the reduction of SW by −82.8 W m−2,
and the largest contribution is from the ACI effect of aerosols
(Fig. 14e). The negative shortwave radiative perturbation at
the surface due to the ACI effect is stronger and can be at-
tributed to the higher cloud liquid water path (LWP) and en-
hanced cloud albedo due to more aerosols activated as con-
densation nuclei (Twomey, 1977). The stronger reduction of
midday all-sky SW over the higher elevation compared to
the lower elevation is due to the ACI effect, which results in
the formation of persistent polluted orographic clouds along
with the upslope wind due to the ACI effect. A distinct dif-
ference in the impact of an elevational gradient in the SW
for the clear-sky (excluding cloud; Fig. 14b, d and f) and all-
sky (including cloud) conditions is also noted. The reduc-
tion of the clear-sky SW due to the aerosols at the terrain
elevation below 1200 m is stronger (−21 W m−2) where the
aerosol loadings are higher and is dominated by the ARI ef-
fect of aerosols. The higher elevation above 4000 m a.s.l. ex-
perienced the smaller negative perturbation of clear-sky SW
radiation (>−5 W m−2). This change in clear-sky SW in a
relatively polluted environment at a higher elevation is con-
sistent with a study by Marcq et al. (2010) reporting a similar
change near the base camp (5079 m a.s.l.) of Mount Everest.
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Figure 13. Elevation-dependent temperature for (a) CTL, (b) aerosol effect (CTL–CLEAN), (c) ARI effect (CTL–NoARI), and (d) ACI
effect (NoARI–CLEAN) and their diurnal variability. Only the differences that are significant at the 90 % confidence level based on the
Student t test are plotted.

4 Conclusions

The presence of steep mountainous terrain and orographic
distribution drives the very complex and non-linear precipi-
tation system over the central Himalayan region. Despite the
importance of the hydrological processes of the Himalayas,
research studying the impact of aerosols in modulating the
elevation-dependent precipitation over the central Himalayas
using cloud-resolving numerical simulation has not been per-
formed until now.

The first monsoonal month of 2013 (14 June to 15 July)
is simulated using a high-resolution cloud-resolving WRF-
Chem numerical model to understand the impact of aerosols
on the elevation-dependent precipitation over the very com-
plex terrain of the central Himalayan region. In addition to
explicitly resolving the cloud evolution, the detailed topo-
graphical representation by the cloud-resolving scale model
better simulates the emission and transport processes of
aerosols. So, the cloud-resolving simulation is important to
provide better insight and quantify the impact of aerosol on
elevation-dependent precipitation over complex terrain. In
addition to the CTL (baseline) simulation, two different nu-
merical experiments were performed, similar to the CTL run
but turning off the aerosol radiation feedback and reducing
the anthropogenic aerosols to 10 % of CTL. The compari-

son between the simulation experiments allowed us to assess
and discuss the relative impact of aerosol radiation and cloud
interaction on the diurnal variation and different regimes of
elevation-dependent precipitation and temperature.

Figure 15 illustrates the summaries of our main con-
clusions. We showed that the total effect of anthropogenic
aerosols cooled the daytime surface monotonically from
lower to higher elevations. The higher elevation showed a
strong diurnal variation in surface temperature, with a strong
cooling above 4000 m a.s.l. during the daytime (by −1.3 ◦C)
and nighttime warming (+0.03 ◦C) above 2000 m a.s.l. The
increased LWP and cloud coverage during daytime with
higher aerosol concentration is attributed to the reduced SW
and daytime temperature, while nighttime warming is due to
the trapping of longwave radiation.

Our modeling experiment showed an altitudinal differen-
tial response by precipitation (intensity and diurnal variation)
to the anthropogenic aerosols. The mid-elevation range, gen-
erally between 1000 and 3000 m a.s.l., acts as a transition
layer where the diurnal variation and various intensities of
precipitation respond differently to the ARI, ACI, and to-
tal effect of aerosols. The total effect of aerosols tends to
enhance the precipitation below 2000 m a.s.l., while a sig-
nificant reduction of precipitation occurs above 2000 m a.s.l.
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Figure 14. Elevation-dependent all-sky (a, c, e) and clear-sky (b, d, f) downwelling shortwave radiation at the surface due to the (a, b) aerosol
effect (CTL–CLEAN), (c, d) ARI effect (CTL–NoARI), and (e, f) ACI effect (NoARI–CLEAN) and their diurnal variability. Only the
differences that are significant at the 90 % confidence level based on the Student t test are plotted.

with a dominating contribution from the ACI effect. The to-
tal effect of aerosols reduced the mean light precipitation
by 17 %. However, along with the stronger convection be-
low 2000 m a.s.l. the ACI effect dominated and resulted in
the enhancement of the heavy precipitation by 12 %, in con-
trast to the reduction by 8 % over the higher elevations. The
result of our study can have a broader impact and suggests
that enhanced heavy precipitation over the elevation below
2000 m a.s.l. can increase the risk for extreme events (floods
and landslides), while the suppressed high-elevation precip-
itation can be critical for the regional supply of water re-
sources (Immerzeel et al., 2010).

The numerical simulation implemented in this study has
several limitations. Due to the limited computational re-
sources, few sensitivity simulations were performed to assess
the precipitation response to the different effects of aerosols.
Lack of complete effects of aerosols in the model, such as
INP activation and formation of secondary organic aerosols,
can induce and add up the biases in our result. In this simu-
lation, the contribution from the impact of aerosol–surface–
snow interaction is not included, which can also play a part
in modulating the mountaintop surface temperature and oro-
graphic precipitation (Wu et al., 2018). The SNICAR (Snow,
Ice, and Aerosol Radiation) model (Flanner et al., 2007), ca-
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Figure 15. Schematic representing the relative impact of the different effects of aerosols on elevation-dependent precipitation. Green and
red arrows represent the increasing and decreasing magnitude of different parameters, respectively. The shaded gray area represents the
characteristic elevation of the southern slopes across the central Himalayan region.

pable of simulating the snow surface albedo and aerosol ra-
diative effect in snow, can be coupled with the WRF-Chem to
study the aerosol–snow interaction (Zhao et al., 2014). Also,
it is noted that there are biases in assessing the ACI effect as-
sociated with the presence of 10 % aerosols and contribution
from the fire and biogenic emissions in the CLEAN scenario.
Furthermore, the 3 km grid sizes might be relatively coarser
to resolve the orographic forcing and mountain–valley circu-
lation of the steep and complex topography of the Himalayas.
Due to the inhomogeneity in the aerosol distribution over the
complex topography, an improved emission inventory with
diurnal distribution will help advance the current understand-
ing of the diurnal impact of aerosols on temperature distri-
bution and the convective/precipitation process. There is a
need for continuous data collection from a denser distribu-
tion of observational networks (e.g., AERONET and weather
stations) with more meteorological variables along the eleva-
tional transect of the Himalayan topography, especially over
the high-elevation region. It not only quantifies the long-term
trend and pattern of the sensitive regions but also helps eval-
uate and constrain numerical modeling studies in complex
terrain.

Despite some biases and existing uncertainties in the
model, our results underline the noticeable impact of aerosols
on elevation-dependent precipitation. Though we simulated
only the first month of the monsoon, our results indicate that
the anthropogenic aerosol plays a significant role in enhanc-
ing (suppressing) the low-elevation (high-elevation) precip-
itation. The underlying aerosol–precipitation–elevation rela-
tionships may vary during different states of the monsoon
as the abundance of aerosols tends to decrease during the
mature to demise stage of the monsoon. Hence, longer-term

simulations with a complete parametrization scheme to in-
clude the ice phase aerosol–cloud interaction and aerosol–
snow interaction pathways and a better emission inventory
with characterization are warranted to deepen our under-
standing of such elevation dependence. This could be the fu-
ture scope and extension of this study.

Code and data availability. The MODIS data
are available through the following link:
https://doi.org/10.5067/MODIS/MOD08_D3.006 (Platnick,
2015). The IMERG data are available through the follow-
ing link: https://doi.org/10.5067/GPM/IMERG/3B-HH/06
(Huffman et al., 2019b). The DHM rain gauge station pre-
cipitation data can be requested through the following link:
https://www.dhm.gov.np/request-data (last access: 20 February
2022; Department of Hydrology and Meteorological Nepal,
2022). The upperair-sounding data are available through the
following link: http://weather.uwyo.edu/upperair/sounding.html
(last access: 14 March 2022; Department of Atmospheric Science,
2022). The AERONET data are available through the follow-
ing link: https://aeronet.gsfc.nasa.gov/cgi-bin/webtool_aod_v3
(last access: 11 November 2022; Aerosol Robotic Network,
2022). The WRF-Chem model code is distributed by NCAR:
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