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 2 

Abstract 12 

Atmospheric aerosols can modulate the orographic precipitation impacting the evolution of clouds through radiation 13 
and microphysical pathways. This study implements the cloud-resolving Weather Research and Forecasting model 14 
coupled with chemistry (WRF-Chem) to study the response of the Central Himalayan elevation-dependent 15 
precipitation to the atmospheric aerosols. The first monsoonal month of 2013 is simulated to assess the effect of 16 
aerosols through radiation and cloud interactions. The results show that the response of diurnal variation and 17 
precipitation intensities (light, moderate, and heavy) to aerosol radiation and cloud interaction depended on the 18 
different elevational ranges of the Central Himalayan region. Below 2000 m ASL, the total effect of aerosols 19 
resulted in suppressed mean light precipitation by 19% while enhancing the moderate and heavy precipitation by 3% 20 
and 12%, respectively. In contrast, above 2000 m ASL, a significant reduction of all three categories of precipitation 21 
intensity occurred with the 11% reduction in mean precipitation. These contrasting altitudinal precipitation 22 
responses to the increased anthropogenic aerosols can significantly impact the hydroclimate of the Central 23 
Himalayas, increasing the risk for extreme events and influencing the regional supply of water resources. 24 

25 
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1. Introduction 26 

The south Asian summer monsoon system, one of the major monsoonal systems on Earth, is located in the 27 
region with the persistent occurrence of substantial loadings of atmospheric aerosols (Li et al., 2016). The densely 28 
populated and rapidly growing urban centers of the Indo-Gangetic Plain (IGP), located over northern India at the 29 
foothills of the Himalayas, experience frequent events of severe air pollution with significant contribution from local 30 
anthropogenic activities and remotely transported mineral dust aerosols (Dey and Di Girolamo, 2011; Kumar et al., 31 
2018; Sijikumar et al., 2016). Atmospheric aerosols, from both natural and anthropogenic sources, can impact the 32 
weather and climate on a local to global scale through interactions with radiation and cloud, as well as through 33 
albedo and hydrologic pathways due to deposition over the snow (e.g., Sarangi et al., 2019; Wu et al., 2018; 34 
Andreae and Rosenfeld, 2008; Haywood and Boucher, 2000; Mahowald et al., 2011; Ramanathan and Carmichael, 35 
2008). However, due to inhomogeneous distribution and complex radiation and cloud interaction, aerosol also 36 
contributes to the larger uncertainties in assessing the Earth’s changing climate (IPCC, 2013).  37 

The Aerosol-Radiation Interaction (ARI) comprises the direct radiative effects, which include the scattering 38 
and absorption of solar radiation depending on the optical properties, and the semi-direct effect (IPCC, 2013). The 39 
semi-direct effect refers to the heating of the cloud due to the absorbing aerosols, which reduces the relative 40 
humidity and increases the cloud burn-off process resulting in lower planetary albedo (Hansen et al., 1997; Huang et 41 
al., 2006a; Ackerman et al., 2000). The ARI can alter the surface energy budget, atmospheric thermodynamic 42 
structure, convective stability, and tropical-meridional circulation, in turn modulating the frequency and intensity of 43 
the monsoonal rainfall (e.g., Li et al., 2016; Ramanathan et al., 2005; Lau et al., 2006). At a daily timescale, due to 44 
the direct radiative effect increases the low-level stability over the polluted urban plains resulting in enhanced 45 
moisture transport towards the downwind mountains and abnormally increasing precipitation (Choudhury et al., 46 
2020; Fan et al., 2015).  47 

IPCC (2013) refers to the Aerosol-Cloud Interaction (ACI) to the modification of cloud microphysical 48 
properties or cloud evolution through the ability of aerosol to act as cloud condensation nuclei (CCN) or Ice-49 
Nucleating particles (INPs). Polluted clouds or clouds with a higher concentration of CCN increase the number of 50 
smaller cloud droplets for a constant liquid water path and enhances the reflection, also known as the first indirect 51 
effect (Twomey, 1977). Smaller cloud droplets result in increased cloud lifetime and height and suppress the drizzle 52 
precipitation, also known as the second indirect or cloud lifetime effect (Pincus and Baker, 1994; Albrecht, 1989; 53 
Rosenfeld, 1999). The continuing and intensified updrafts with the release of latent heat of condensation and 54 
freezing and additional thermal buoyancy invigorate the convection strength and cloud development (Rosenfeld et 55 
al., 2008; Andreae et al., 2004; Koren et al., 2005). Additionally, Fan et al. (2017) proposed that the increase in 56 
latent heat release with CCN concentration strengthens the moisture transport to the windward slope and can 57 
invigorate the mixed phase orographic clouds resulting in higher precipitation over the Sierra Nevada, California.  58 

The locally emitted and transported anthropogenic aerosols can impact the precipitation, vertical 59 
temperature distribution, and regional hydroclimate of the Himalayan and the adjacent region. The deep convective 60 
activity and southwesterly monsoonal flow incorporate the remote dust and anthropogenic aerosols from the IGP 61 
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and transports them to the southern slopes of the Himalayas and even to the Tibetan Plateau (Kang et al., 2019; Ji et 62 
al., 2015; Vernier et al., 2011). Adhikari and Mejia (2021) indicated that the heavier aerosol loadings contribute to 63 
the increased freezing isotherm over the Central Himalayas during the monsoonal season. The increasing trend of 64 
the freezing level height (FLH) has been reported around the globe (e.g., Wang et al., 2014; Bradley et al., 2009; 65 
Zhang and Guo, 2011; Prein and Heymsfield, 2020; Lynn et al., 2020), and can impact the snowline altitude (Wang 66 
et al., 2014; Prein and Heymsfield, 2020). The amplified warming of the mountainous terrain or the elevation-67 
dependent warming around the globe can also be associated with the change in snow cover and albedo, radiative and 68 
surface fluxes, changes in water vapor and latent heat release, deposition of aerosols on snowpack, and aerosol 69 
concentrations (Pepin et al., 2015; Rangwala et al., 2010). Depending on the location and topographical altitude, 70 
different factors can dominate elevation-dependent warming; e.g., the radiative impact of concentrated aerosol 71 
loading can play a significant role in modulating the temperature over the slopes of the Himalayas and mid-latitude 72 
Asia (Pepin et al., 2015; Rangwala and Miller, 2012; Palazzi et al., 2017).  73 

The atmospheric heating due to the accumulated remote dust and carbonaceous aerosols from IGP leads to 74 
the northward shift of deep convection and heavier monsoonal rainfall over the foothills of the Himalayas during the 75 
early monsoon period (Lau et al., 2006, 2017). Furthermore, the variability in the orographic precipitation has also 76 
been linked to the atmospheric aerosols around the globe (Napoli et al., 2019; Wu et al., 2018; Choudhury et al., 77 
2020; Adhikari and Mejia, 2021, 2022). Cho et al. (2016) suggested that anthropogenic climate forcing modifies the 78 
circulation structure, triggers the intense rainfall over northern south Asia, and increases the risk of flood severity. 79 
Furthermore, long term observational studies by Choudhury et al. (2020) and Adhikari and Mejia (2021) showed 80 
that the aerosol invigorated cloud development and enhanced the precipitation over the southern slopes of the central 81 
Himalayas. The localized extreme weather events over the complex mountainous terrain pose a higher hazard due to 82 
flash floods and landslides. 83 

 The increased aerosols over the slopes of the Himalayas impacts the microphysical properties of the clouds and 84 
can modulate the precipitation pattern over the different elevational band of the Himalayas (Palazzi et al., 2013; 85 
Dimri et al., 2022). The climatology of the temperature and precipitation trends and elevational dependence over the 86 
Tibetan Plateau (TP) and the Himalayas was recently studied using the climate models (e.g., Palazzi et al., 2017; 87 
Ghimire et al., 2018; Dimri et al., 2022), but without including the effect of aerosols. To the best of our knowledge, 88 
a study examining the elevation dependence of aerosol-cloud interaction and precipitation response to aerosols over 89 
the Central Himalayan region is lacking. A better understanding of aerosol-cloud interaction on elevation-dependent 90 
precipitation and temperature of this mountainous region is crucial to assess the hydrologic and climate risks for 91 
millions of people residing on the adjacent lowlands. This study seeks to examine whether there is an asymmetrical 92 
aerosol-cloud response in the orographic forcing process over the southern slopes of the Himalayas and further 93 
estimate and evaluate the role of increased anthropogenic aerosols in modulating the surface temperature 94 
distribution along the elevational band. To achieve this goal, we implement the Weather Research and Forecasting 95 
(WRF) model coupled with chemistry (WRF-Chem) configured at a cloud-resolving scale, where the organization of 96 
the convection is explicitly resolved, for the first monsoonal month of 2013 after the onset of the monsoon in Nepal. 97 
To understand the processes involved in the aerosol-cloud interaction and precipitation-elevation dependence, WRF-98 
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Chem simulation realizations were performed to isolate the contribution of the ACI and ARI. In section 2, we 99 
describe the details of the model used. In section 3, we present and discuss the model evaluation and simulation 100 
results. The conclusion of this study is summarized in section 4. 101 

2. Methodology 102 

2.1 Model description 103 

In this study, we implement the Weather Research and Forecasting (WRF) model coupled with Chemistry 104 
(WRF-Chem) version 4.1.5 for numerical simulations (Grell et al., 2005). WRF-Chem is an advanced online 105 
coupled regional model which can simulate the emission, transport, and transformation of trace gases and aerosols 106 
with atmospheric feedback processes from radiation and meteorology (Chapman et al., 2009; Fast et al., 2006). 107 
WRF-Chem consists of several chemistry components, e.g., emission inventories, aerosol-chemistry mechanism, 108 
aqueous and gas phase mechanism, dry and wet deposition, and photolysis, and has been widely used to study 109 
aerosol-cloud-radiation-climate interaction around the globe (e.g., Wu et al., 2018; Fan et al., 2015; Sarangi et al., 110 
2015; Archer-Nicholls et al., 2016; Liu et al., 2020). 111 

The Carbon Bond Mechanism (CBM-Z; Zaveri and Peters 1999), a gas-phase chemistry mechanism coupled 112 
with the MOSAIC (Model for Simulating Aerosol Interactions and Chemistry; Zaveri et al. 2008) aerosol module, 113 
was utilized. The CBM-Z includes 67 chemical species and 164 reactions and treats the organic compound in a 114 
lumped structure approach depending on their internal bond types (Gery et al., 1989; Zaveri et al., 2008). MOSAIC 115 
aerosol module simulates all the major aerosol species (including sulfate, nitrate, ammonium, primary organic mass, 116 
black carbon, and liquid water) that are deemed to be significant at urban, regional, and global scales (Zaveri et al., 117 
2008). Of note is that the MOSAIC version implemented in this study does not treat the secondary organic aerosols, 118 
which are expected to modulate the physical and chemical properties of atmospheric aerosols (Kaul et al., 2011; 119 
Hallquist et al., 2009) and can add up the uncertainties in the result. The aerosol size distribution within the 120 
MOSAIC aerosol module is represented by a 4 or 8 sectional bin approach. To reduce the computational burden, the 121 
aerosol size distribution in the MOSAIC was represented using 4-bins, ranging between 39 nm to 10 µm based on 122 
dry particle diameters. The four bin approach reasonably produces similar results in comparison to the eight sized 123 
bins approach (Eidhammer et al., 2014; Zhao et al., 2013). All particles within a bin are considered to be internally 124 
mixed, which have similar chemical composition, while particles from different sized bins are mixed externally 125 
(Zaveri et al., 2008).  126 

Composite aerosol optical properties, such as the extinction and scattering coefficient, single scattering albedo, 127 
and asymmetry factor, are estimated as a function of the size and chemical composition of aerosols using the volume 128 
averaging method with Mie theory (Fast et al., 2006; Chapman et al., 2009). The total integrated aerosol optical 129 
properties across all sized bins are then used in the radiation transfer scheme to compute the net radiative effect of 130 
aerosols (Chapman et al., 2009; Iacono et al., 2008). The primary aspect of aerosols in impacting cloud evolution 131 
and microphysics are the concentration and composition, size distribution, and hygroscopic nature of aerosols 132 
(Khain et al., 2016). In a convective cloud, the effect of aerosols on the microphysics is mainly determined by the 133 
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number of aerosols activated as CCN, which impacts the size and cloud droplet number concentration (Chapman et 134 
al., 2009). Aerosols are activated as CCN when the maximum environmental supersaturation is greater than the 135 
critical supersaturation of an aerosol, which is a function of aerosol size and composition. The maximum 136 
supersaturation of rising air parcels within each size bin is computed as a function of vertical velocity and 137 
composition of internally mixed aerosols (Abdul-Razzak and Ghan, 2002). The interstitial aerosols with higher 138 
critical supersaturation than maximum ambient supersaturation are not activated as CCN (Chapman et al., 2009). 139 
Also, the WRF-Chem can resuspend cloud-borne aerosols to an interstitial state when the cloud particles evaporate 140 
within a grid cell (Chapman et al., 2009). The main advantage of using cloud-resolving scales in this aerosol-cloud 141 
interacting study is that the activation of aerosols is explicitly resolved by the double-moment microphysics scheme 142 
(Archer-Nicholls et al., 2016; Chapman et al., 2009; Yang et al., 2011). 143 

This study uses the anthropogenic emission inventories from the Emission Database for Global 144 
Atmospheric Research-Hemispheric Transport of Air Pollutants (EDGAR-HTAP) and EDGARv4.3.2 (Janssens-145 
Maenhout et al., 2015). EDGAR-HTAP is a global monthly emission inventory for the year 2010 at a spatial 146 
resolution of 0.1° × 0.1°. EDGAR-HTAP emission inventory includes the black carbon, organic matter, particulate 147 
matter, ammonia, sulfates, oxides of nitrogen, and carbon monoxide, from the major anthropogenic sources from 148 
power generation, industry, residential, agriculture, ground and aviation transport, and shipping. The non-methane 149 
volatile organic compounds in this study are provided from EDGARv4.3.2. This study utilizes the biogenic 150 
emissions from the Model of Emissions of Gases and Aerosols from Nature (MEGAN), which quantifies the net 151 
emissions from the terrestrial biosphere at a horizontal resolution of one square km (Guenther et al., 2006, 2012). 152 
Fire INventory from NCAR version 1.5 (FINNv1.5), which provides the global estimates of open episodic fires from 153 
different sources in a 1 km spatial and daily temporal resolution (Wiedinmyer et al., 2011), is used as biomass 154 
burning emissions. Though fire events are less relevant during the monsoon season (2002-2013) in our area of 155 
interest (Matin et al., 2017), we used biomass burning information to include all the primary sources of aerosols. 156 

The Community Atmosphere Model with Chemistry (CAM-Chem), with 0.9° × 1.25° spatial resolution 157 
with 56 vertical levels and six hourly temporal resolution, is used as initial and boundary conditions for the chemical 158 
species (Buchholz et al., 2019). The meteorological forcing in CAM-Chem is driven by Modern-Era Retrospective 159 
analysis for Research and Applications version 2 (MERRA2) reanalysis product (Emmons et al. 2020). Furthermore, 160 
the Coupled Model Intercomparison Project round 6 (CMIP6) provides the anthropogenic aerosols within CAM-161 
Chem. The ERA5 (Hersbach et al., 2020), a most recent reanalysis product from European Centre for Medium range 162 
Weather Forecasting (ECMWF), with 31 km spatial and hourly temporal resolution, was used to initialize the model 163 
and as boundary conditions for the basic meteorological state parameters. 164 

2.2 Experimental setup  165 

According to the Department of Hydrology and Meteorology (DHM) of Nepal, the onset of the monsoon 166 
occurred on June 14th, 2013, about a day after a normal onset date over eastern Nepal (DHM Nepal, 2022), and 167 
generally, over the entire country within a week. Model simulations were performed for 31 days, from June 14th 00 168 
UTC to July 15th 00 UTC, 2013. The mean precipitation over the Central Himalayan region (hereafter “CenHim”; 169 
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area indicated by the white-colored polygon in Fig. 1b) during the first month of the monsoon (31 days after the 170 
monsoonal onset) from 2000-2021 is 11.84 mm/day with a standard deviation of 2.97 mm/day (see Fig. S1). For the 171 
same period, the CenHim region in 2013 received 14.62 mm/day of precipitation which is within +1 standard 172 
deviation of the climatology mean. 173 

Two one-way nested domains with a horizontal resolution of 9 km and 3 km were set up (see Fig. 1). The 174 
model was divided into 61 vertical layers with the 50 hPa model top. The 9 km parent domain with 179 × 221 grids 175 
covered the central and northern/eastern India, Bangladesh, Bhutan, and TP. The 3 km nested domain with 273 × 176 
321 grid points was designed to include the CenHim, Nepal (with Mount Everest), the areas of most anthropogenic 177 
emission sources over the central IGP, and the immediate Himalayan plateau region of Tibet. The model 178 
configuration with the physical parameterizations used in this study is listed in Table 1. The double moment 179 
Morrison microphysics scheme simulates the number and mass mixing ratio of hydrometeors, including cloud 180 
droplets, rain, ice, snow, and graupel (Morrison et al., 2009). Previous studies have reasonably implemented the 181 
Morrison microphysics, RRTMG for radiation, and YSU for the boundary layer to simulate and study the aerosol-182 
cloud-precipitation interaction on a cloud-resolving scale (e.g., Kant et al., 2021; Wu et al., 2018). The convective 183 
parametrization was turned off for the 3 km domain. This consideration assumes that the model explicitly resolves 184 
convective eddies, hence the term cloud-resolving scale. The convection parameterization is linked to significant 185 
sources of uncertainty in larger-scale models (Prein et al., 2015), and it is recommended to use a cloud-resolving 186 
scale to assess the indirect effect of aerosols in a convective system (Grell et al., 2011; Archer-Nicholls et al., 2016). 187 
Furthermore, such fine resolution is necessary to adequately address the altitudinal gradient in the steep mountains 188 
with characteristic altitudes ranging from 60 to 8000 m ASL in about 200 km horizontal distance. 189 

 Three simulations were performed to assess the sensitivity of the model to aerosol effects. A baseline or 190 
control simulation (hereafter "CTL") includes all the emissions (anthropogenic, biogenic, fire, and aerosols from 191 
chemistry boundary conditions). CTL includes the aerosol-radiation interaction, indirect effect of aerosols, wet 192 
scavenging, and dry deposition of aerosols. To isolate the direct effect of aerosol, the second simulation that 193 
resembles the CTL simulation is performed, but by turning off aerosol-radiation feedback (hereafter "NoARI"). The 194 
comparison between the CTL and NoARI enables the assessment of effect of aerosol-radiation interaction (ARI 195 
effect; Wu et al., 2018). The third experiment resembles the CTL, but it is performed by multiplying the 196 
anthropogenic aerosols from the boundary condition and emission inventory by a factor of 10% (hereafter 197 
"CLEAN"). Reducing polluted aerosol concentration to a more pristine environment has been implemented 198 
previously in studying the impact of aerosols on clouds and precipitation (e.g., Manoj et al., 2021; Fan et al., 2013, 199 
2007). Since the CLEAN scenario is not entirely aerosol-free, the presence of the 10% anthropogenic aerosols and 200 
contribution from the fire and biogenic emissions can influence the assessment of the ACI effect. So, we attempt to 201 
broadly examine the microphysical effect of anthropogenic aerosols by comparing NoARI to CLEAN simulations 202 
(ACI effect). For completeness and as an effort to assess the uncertainty of anthropogenic aerosol loading in the 203 
region, a fourth simulation was performed using CTL but doubling aerosol concentration (D_AERO). Early results 204 
in this study suggested that the CTL simulation predicted a relatively low AOD compared to remote sensing 205 
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retrievals. We use results and discuss the effect of the D_AERO simulations when necessary. Also, unless 206 
mentioned, we examine and present the results using the analysis from the inner domain. 207 

 To examine the aerosol-precipitation elevational dependence, we divided the CenHim into 30 different bins 208 
at an increasing interval of 200 m up to 6000 m and one bin for elevation above 6000 m above sea level (ASL). 209 
Figure 2 shows the elevation distribution of the number of grid points in the CenHim and the corresponding mean 210 
CTL precipitation. The relatively small number of grid points at higher elevations suggests a drop in the statistical 211 
robustness of the analyses. When possible, we perform statistical significance tests using the student’s t-test at the 212 
90% confidence level to control for the statistical signal and noise. The maximum number of grid points (7113) is 213 
present below 200 meters, while only 176 grid points are present above 6000 meters over the CenHim. The diurnal 214 
variation and the elevational dependency of each variable are obtained by computing the average among all the grid 215 
points within each bin of the elevational range.  216 

2.3 Model Evaluation 217 

CTL precipitation fields were evaluated using the sparsely distributed network of 90 rain gauge stations 218 
measuring daily accumulations (measured at 03 UTC) and provided by the Department of Hydrology and 219 
Meteorology, Nepal (see Fig. 1b). The altitudinal station distribution ranges from 60 to 2744 m ASL. The spatial 220 
distribution of simulated precipitation was compared with the half-hourly Integrated Multi-satellite Retrievals for 221 
Global Precipitation Measurement (IMERG) level-3 data at 0.1° × 0.1° horizontal resolution (Huffman et al., 2019).  222 

CTL simulated 550 nm Aerosol Optical Depth (AOD) is evaluated against the AOD retrievals from four 223 
ground-based Aerosol Robotic Network (AERONET version 3 level 2.0; Kathmandu Bode, Pokhara, Kanpur, and 224 
Jaipur; see Fig. 1a), satellite-based Moderate Resolution Imaging Spectroradiometer available at 10 km grid size 225 
[MODIS Terra (MOD04_L2; sensed at 1030 LST) and Aqua (MYD04_L2; sensed at 1330 LST)], and MERRA2 226 
reanalysis product (three hourly; 0.5° × 0.625° spatial resolution). The spatial distribution of simulated AOD is 227 
compared with MODIS (level 3; 1°×1°) and MERRA2 reanalysis product (three hourly; 0.5° × 0.625° spatial 228 
resolution). The combined Dark Target and Deep Blue 550 nm AOD product from Terra and Aqua on-board 229 
MODIS satellites are used for comparison. AERONET AOD data were obtained for 1000 to 1100 LST (±30 minutes 230 
of Terra overpass time) and 1300 to 1400 LST (±30 minutes of Aqua overpass time) to match up the MODIS 231 
overpass times. For time consistency, we used 1045 LST (0500 UTC) and 1345 LST (0800 UTC) as the nearest 232 
simulated AOD times. The AERONET and MODIS retrievals of aerosol properties are limited during the 233 
monsoonal season since they provide the AOD data measured in cloud-free conditions.  234 

Since no upper air soundings are available in CenHim, radiosonde observations from the 235 
http://weather.uwyo.edu/upperair/sounding.html at the Patna station, located south of CenHim, (25.60°N, 85.1°E, 60 236 
m ASL, only available at 00 UTC; see Fig. 1a) was used to evaluate upper-air meteorological parameters 237 
(temperature, zonal and meridional wind components, and mixing ratio). Sounding data was interpolated at 36 238 
pressure levels between 100 and 975 hPa with an increment of 25 hPa. 239 

 240 
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3. Results and Discussion  241 

3.1 Model Evaluation 242 

Figure 3 shows the time series of the simulated AOD compared with the ground and satellited based AOD from 243 
AERONET and MODIS Aqua and Terra. Though limited data points are available for comparison, the CTL 244 
consistently underestimated the AOD, while D_AERO is comparable in magnitude with remotely sensed AOD (Fig. 245 
3). Figure 4 shows the spatial distribution of mean MODIS, MERRA2, and simulated AOD during the simulation 246 
period. Though the CTL underestimated the AOD in magnitude, it captured the spatial distribution of AOD 247 
compared to the MODIS (Fig. 4a) and MERRA2 (Fig. 4b). Due to the higher emission rate, the aerosol is heavily 248 
concentrated over the foothills and the IGP compared to the higher elevation of the mountainous terrain. The 249 
variation in the AOD along with the topographical transect from lower to higher elevation is clearly illustrated in 250 
Fig. 4. Not surprisingly, simulated AOD is lower for the CLEAN simulation over the entire domain, with the 251 
differences being maximum in the lowlands (Fig. 4b). Although higher mountainous terrain is polluted compared to 252 
the CLEAN scenario, the CTL AOD shows that it remains pristine compared to IGP due to the strong stratification 253 
of aerosol emission with elevation and limited transport due to the topographical barrier. The doubling of the 254 
anthropogenic aerosols in D_AERO resulted in increased AOD comparable to the MODIS and MERRA2 products 255 
(Fig. 4d). It should be noted that the MODIS and MERRA2 are at coarser resolution and might have some biases 256 
related to the scale differences. 257 

 Underestimation of AOD by WRF-Chem is a well-known model bias and has also been reported in the east 258 
Asian monsoon region (Wu et al., 2013), Indian monsoon region (Soni et al., 2018; Govardhan et al., 2015), and 259 
Indo Gangetic Plain during monsoon by around 50% (Sarangi et al., 2015). Also, Regional Climate Model 260 
(RegCM4) underestimated AODs by a factor of 2 to 5 over south Asia in the period 2005 to 2007 (Nair et al., 2012). 261 
Mues et al. (2018) showed that the EDGAR HTAP v2.2 implemented with WRF-Chem underestimates the black 262 
carbon concentration over the Kathmandu valley by 80% in May of 2013, and one of the reasons might be the 263 
underrepresentation of mobile emissions. The lower estimation of the aerosol emission over Nepal by the global 264 
emission inventory is mainly due to the coarser resolution, emission factors, and lack of residential energy 265 
consumption consideration (Sadavarte et al., 2019). Other limitations that might contribute to the lower estimation 266 
of aerosol loading might be due to the different year used for emission inventory preparation (for 2010) and 267 
simulation in this study, the lack of representation of secondary organic aerosols, and not accounting for all major 268 
sources of emissions (e.g., emission due to infrastructure construction). Despite these well-known structural errors 269 
that have been attributed to emissions inventory and potentially result in low biases in the impact of aerosols, our 270 
results can provide meaningful insight into the role of aerosols in modulating the elevation dependence precipitation. 271 

272 

https://doi.org/10.5194/acp-2022-652
Preprint. Discussion started: 6 October 2022
c© Author(s) 2022. CC BY 4.0 License.



 10 

The mean temperature, mixing ratio, and zonal and meridional wind bias profiles from the simulated output 273 
sampled from the upper air sounding observations at the Patna location are shown in Fig. S2. The model exhibits the 274 
vertical easterly systematic bias between 950 and 300 hPa. Above 900hPa, a dry bias (significant above 575 hPa) 275 
and northerly biases are present. The cool bias prevails below 775 hPa, while the warm bias is present in the mid-to-276 
upper troposphere. Though both the domains revealed a similar biases pattern, the cloud-resolving domain exhibited 277 
smaller biases.  278 

Figure 5 shows the error statistics of daily precipitation at different gauge stations and simulated precipitation at 279 
the nearest grid point over Nepal. The biases in the simulated precipitation varied with elevation, where low-land 280 
areas (< 500 m ASL) depicted the larger bias, while the altitude between 500 and 1500 m exhibited the smallest 281 
bias. The mean bias estimation (MBE) across the rain gauge stations was lower by 0.29 mm/day with a mean root 282 
mean square error (RMSE) of 27.52 mm/day. The daily mean accumulated precipitation from the model correlated 283 
well (correlation coefficient of 0.5) with the gauge station data. The maximum mean correlation was observed for 284 
the elevation between 500 and 1500 meters, the range of altitude that also depicted the minimum RMSE and MAE. 285 
Though some over or underestimation of the precipitation and higher RMSE, there is a good agreement between the 286 
onset and accumulated precipitation between the simulation and rain gauge stations (Fig. 5e-h). Also, as suggested 287 
earlier, the lower concentration of aerosols can add up to the biases in the simulated precipitation. The manual 288 
recording of the gauge station data and the under catch or losses due to wind speed/direction can add up to the 289 
uncertainties in the precipitation data collection (Talchabhadel et al., 2017) and these model evaluation assessments. 290 
Also, since most rain gauge stations are over the valley floor, the precipitation simulated over the mountain top 291 
cannot be compared with the observational network.  292 

Figure 6 shows the mean hourly precipitation estimates from IMERG, CTL, and the bias of CTL relative to the 293 
IMERG estimation. Compared to IMERG, the model underestimated the precipitation amount over the IGP, while 294 
the wet bias of the model is pronounced over the mountains of the CenHim. In general, though some biases in 295 
precipitation exist, the model captured the overall feature of the precipitation distribution. The model reasonably 296 
captured the elevational gradient of precipitation with lower precipitation over the lowlands, maximum mid-297 
mountainous precipitation associated with orographic forcing, and reduced leeward precipitation over northwestern 298 
Nepal and the TP. The point precipitation pattern over the peaks of the mountain might be due to the strong 299 
orographic lifting associated with the convective cells. The overestimation of the precipitation by the WRF-Chem 300 
has also been reported in other studies over the Himalayan region (e.g., Barman and Gokhale, 2022; Sicard et al., 301 
2021; Adhikari and Mejia, 2022) and can be associated with the uncertainties from the physical parameterizations 302 
(e.g., Baró et al., 2015; Zhang et al., 2021). However, note that the finer resolution simulation better resolves the 303 
orographic forcing and can represent the precipitation over the complex terrain. Also, IMERG is at a coarser 304 
resolution than the model, and some biases might be related to the scale differences. The underprediction of 305 
accumulated precipitation by IMERG is evident over the rain gauge stations throughout the CenHim (Fig. 5e-h) and 306 
is consistent with the (Sharma et al., 2020a). The pronounced differences over the higher terrains of CenHim can 307 
also be associated with the underprediction of extreme precipitation events (> 25mm/day) by IMERG (Sharma et al., 308 
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2020b), which might be related to the weak detection of shallow orographic forced precipitation event (Cao et al., 309 
2018; Arulraj and Barros, 2019; Shige and Kummerow, 2016).  310 

3.2 Aerosol Effect on Precipitation 311 

Figure 7 (a-c) shows the effect of aerosol on the spatial distribution of the mean hourly precipitation. Due to the total 312 
effect of aerosols, precipitation increases over the elevation below 2000 m ASL except for the region just south of 313 
Nepal, with a pronounced enhancement by the ACI effect. At the same time, the reduced precipitation occurred over 314 
the high elevational region of the entire CenHim due to the total effect of aerosol. Figure 8a shows the diurnal 315 
variation of precipitation as a function of terrain elevation. Minimum precipitation occurred throughout the 316 
elevations during the late morning (0900 to 1200 local time). The mid-altitude range, especially between 1000 and 317 
2000 m ASL, of CenHim experiences double peaks with stronger daytime and weaker nighttime precipitation (Fig. 318 
8a). The averaging of the entire CenHim might influence the diurnal features of intraregional precipitation; however, 319 
the diurnal pattern is consistent with the satellite-based findings of Fujinami et al. (2021). The surface heating and 320 
the orographic forcing enhance the convergence of daytime upslope moisture flow resulting in higher daytime 321 
precipitation over the southern slopes (Fujinami et al., 2021). In contrast, the adjacent foothills (below 600 m ASL) 322 
are characterized by single midnight to early morning peak due to the convergence of stronger nocturnal jets with 323 
the downslope winds (Fujinami et al., 2021; Terao et al., 2006). Precipitation over the higher elevation above 5000 324 
m ASL and in the TP (not shown) is characterized by the afternoon peak and is consistent with Liu et al. (2022).  325 

The diurnal variation of precipitation due to the aerosols effect as a function of elevation is presented 326 
in Fig. 8 (b-d) and shows an inconsistent response to the anthropogenic aerosols along the elevational gradient. 327 
Significant enhancement of precipitation occurred due to aerosols over the lower elevation (below 2000 m ASL) 328 
from the early morning to noon. In contrast, the aerosol suppressed afternoon (1400 to1800 local time) precipitation 329 
over the lower elevation. The significant suppression of precipitation is observed over the higher terrain above 3000 330 
m ASL during most of the day. Both the ARI and ACI effect of aerosols tend to reduce the precipitation over the 331 
higher elevation above 3000 m ASL. The afternoon suppression of precipitation over the lowlands (below 2000 m 332 
ASL) is dominated by the ARI effect (Fig. 8c). It is noteworthy that, though the ACI effect of aerosols suppressed 333 
the nighttime (after 1800 LST) precipitation below 1000 m ASL, it extended the enhancement of precipitation to the 334 
higher elevation up to 3600 m ASL (Fig. 8d). This can be attributed to the microphysical effect of aerosols delaying 335 
the conversion of smaller cloud droplets to raindrops and enhancing the cloud lifetime, resulting in larger advection 336 
time for orographic clouds, increasing the downwind precipitation (Givati and Rosenfeld, 2004; Choudhury et al., 337 
2019).  338 

Variability in the amount of hourly precipitation increases from lower to higher altitudes (Fig. 2b), possibly 339 
due to the orographic feature associated with the abrupt change in the topographical gradient. To further investigate 340 
the response of elevational-dependent precipitation to the aerosols, we classified the mean precipitation intensity 341 
into heavy (> 1.04 mm/hr), moderate (between 0.42 and 1.04 mm/hr), and light (< 0.42 mm/hr) precipitation regime. 342 
A similar classification procedure has also been implemented by Sharma et al. (2020) for daily accumulated 343 
precipitation over Nepal Himalayas and for hourly precipitation over eastern China by Shao et al. (2022). Figures 344 
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9 and 10 show the differences and relative change (%) in elevation dependence of the precipitation regime in 345 
precipitation due to different effects of aerosols and reveal a contrasting elevational response. Though the ACI effect 346 
slightly enhances the light precipitation below 1000 m ASL, the ARI effect dominates and monotonically suppresses 347 
the mean light precipitation by 17% over the CenHim. Whereas the ACI effect enhances the precipitation below 348 
3000 m ASL and shows a most prominent impact on moderate to heavy precipitation regimes. Contrasting to the 349 
lower elevation, above 3000 m ASL, the ACI effect of aerosols suppressed all regimes of the precipitation intensity. 350 
The elevation between 1000 and 3000 m ASL acts as the region below and above which the different intensity of 351 
precipitation responds in the opposite direction to the effect of aerosols. The maximum increment (43%) in heavy 352 
precipitation due to the aerosol effect occurred over the elevation bin between 200-400 m ASL (Fig. 10). Similarly, 353 
the total precipitation was enhanced by 18% over the 200-400 m bin, while 5400-5600 m elevation experienced the 354 
maximum reduction (21%). Below 2000 m ASL, due to the total effect of aerosols, the mean light precipitation is 355 
suppressed by 19%, while moderate and heavy precipitation is enhanced by 3% and 12%, respectively. In contrast, 356 
above 2000 m ASL, a significant suppression of all three categories of precipitation intensity is noticed with the 357 
11% reduction in mean precipitation. 358 

Other modeling studies over the mid-latitude mountains of the Great Alpine Region (Napoli et al., 2022) 359 
and Sierra Nevada (Wu et al., 2018) also reported the suppression of precipitation in a polluted environment over the 360 
higher elevation, consistent with our findings. However, contrasting to enhanced precipitation in our result, these 361 
studies simulated the suppressed precipitation even in the lower elevations. This discrepancy might be associated 362 
with the differences in the aerosol concentration from the heavily polluted upwind region of IGP, enhanced moisture 363 
supply along with the monsoonal flow, and the steeper terrain of the Himalayas enhancing the orographic forcing 364 
and convection compared to the Great Alpine and the Sierra Nevada. 365 

In comparison to the CLEAN scenario, the elevational-dependent precipitation showed a similar response 366 
in the diurnal cycle and spatial pattern to the increase in aerosols from CTL to D_AERO, besides the smaller 367 
changes in the magnitude (not shown). The doubling in aerosols resulted in increased monthly mean heavy 368 
precipitation below 2000 m ASL by 16% (4% higher compared to CTL run) and suppressed precipitation above the 369 
2000 m ASL by 8% (similar to CTL run) compared to the CLEAN simulation. No significant differences were noted 370 
in the change in light precipitation due to the doubling of aerosols. It might be related to the non-linear responses of 371 
aerosol concentration to the convective intensity, microphysical, and dynamical effect (Fan et al., 2013; Chang et al., 372 
2015). Due to the stronger convection in the heavy precipitation regime, the potentiality of the aerosol getting 373 
activated to cloud droplets increases in the presence of a higher aerosol concentration374 

3.3 Aerosol Effect on Clouds 375 

Figure 11a shows the CTL simulated diurnal-elevation of cloud fraction over the CenHim and resembles 376 
the diurnal precipitation pattern. The higher elevation above 4000 meters has lower cloud coverage throughout the 377 
day due to the limited atmospheric moisture reaching the higher elevation. The ACI effect increases the cloud 378 
fraction (over most of the elevation throughout the day due to the enhanced activation of aerosol as cloud droplets 379 
(Fig. 11d). However, the ARI effect reduces the cloud coverage early in the morning below 2000 m ASL and the 380 
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suppression propagate higher in elevation during the afternoon and evening (Fig. 11c), which might be associated 381 
with the weaker surface heating limiting the wind flows towards the slope of the mountain and afternoon orographic 382 
cloud development. Although there is a noisier and a less consistent diurnal-elevation relationship, the total aerosol 383 
effect is mostly that of enhancement of cloud cover. This result is consistent with long-term satellite retrieval of 384 
cloudiness during high aerosol concentration days (Adhikari and Mejia, 2021).  385 

 To further investigate the impact of anthropogenic aerosols on clouds and precipitation, the effect of 386 
aerosols on vertical velocity, LWP, and IWP is performed by dividing the terrain elevation below and above 2000 m 387 
ASL (Fig. 12), where the mean precipitation responded differently to the aerosols. Increased cloud coverage over the 388 
CenHim due to the aerosol effect is associated with the ACI effect resulting in enhanced cloud liquid water path 389 
(LWP) for all precipitation regimes (Fig. 12c-d). While ARI significantly contributes to the increase in ice water 390 
path (IWP; by 10%) below 2000 m ASL (Fig. 12e) along with the settle but upward 5% increase in mean vertical 391 
velocity (Fig. 12a). The ARI modulated increase in IWP below 2000 m ASL, where the amount of aerosol loading is 392 
higher, can be attributed to the warming of the atmosphere resulting in the evaporation of droplets and contributing 393 
to an increased upward moisture flux to the higher altitudes resulting in the formation of the ice. Other modeling 394 
studies have also reported an increment in the cloud ice water content due to the radiative heating effect of biomass 395 
burning (Liu et al., 2020) and dust aerosols (Dipu et al., 2013). While reduced IWP above 2000 m ASL due to ARI 396 
might be dominated by the surface cooling effect suppressing the cloud development. The minimal ACI effect in 397 
IWP is due to the lack of a model treating the activation of aerosol to ice nuclei.  398 

The aerosol modulated vertical velocity below 2000 m ASL (Fig. 12a) suggests the convective strength is 399 
suppressed/enhanced for the light/heavy precipitation regime. Additionally, due to the total aerosols effect, the 400 
number of strong updraft events (mean vertical velocity higher than 0.5 ms-1) increased by 10% below 2000 m ASL 401 
(except for the lowest elevational bin below 200 m ASL) and reduced by 11% above 2000 m ASL (not shown). 402 
Along with the stronger convection, the enhanced IWP and LWP indicate the invigoration of the cloud resulting in 403 
increased heavier precipitation below 2000 m ASL. In contrast, the suppressed convection and more aerosol 404 
activated as a higher number of smaller cloud droplets resulted in a nonprecipitating cloud suppressing the light 405 
precipitation over the entire CenHim.  406 

The suppression of light and enhanced heavy precipitation due to modulated convective strength by 407 
anthropogenic aerosol is consistent with a simulated study over eastern China by Shao et al. (2022). The increased 408 
precipitation over the foothills with an invigorated convection is consistent with our other study based on satellite 409 
retrieval, showing an enhancement of precipitation due to the atmospheric aerosols over the southern slopes of the 410 
Central Himalayas (Adhikari and Mejia, 2021). Also, another satellite-based study by Choudhury et al. (2020) 411 
suggests the higher aerosol loading with the increased moist static energy significantly contributed to the extreme 412 
precipitation events over the Himalayan foothills. However, our results indicate the opposite response of 413 
precipitation at different elevational bands to the increased aerosols. During the spring season, Barman and Gokhale 414 
(2022) showed that the aerosol played a role in an increased influx of moisture over the lower terrain enhancing the 415 
rainfall while limiting the moisture and suppressing the precipitation over the higher terrain of northeastern India. 416 
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3.4 Aerosol effect on Temperature and Radiation 417 

Figure 13a shows the diurnal variation of decreasing temperature with increasing variability from low to 418 
high elevations. The diurnal-elevation surface cooling effect due to anthropogenic aerosols during the daytime is 419 
stronger throughout the elevational ranges (Fig. 13b-d). The daytime surface temperature cooling of -1.3 °C is likely 420 
due to the total effect of aerosols over the terrain elevation above 4000 m ASL, with the ACI effect contributing to 421 
most of the cooling (-1.1 °C). The daytime variation of change in surface temperature is consistent with all sky 422 
downwelling shortwave radiation flux at the surface (hereafter SW; Fig. 14). Over the Great Alpine Region of 423 
Europe, Napoli et al. (2022) reported simulated results showing similar high-elevation daytime surface cooling 424 
related to enhanced aerosol loadings. Another striking feature in Fig. 14 is the smaller but significant nighttime 425 
surface temperature warming (+0.03 °C) above 2000 m ASL, likely related to enhanced cloudiness (Fig. 11) 426 
favoring trapping of the longwave radiation (Fig. S3). Our results indicate that the ACI effect of aerosols can 427 
significantly contribute to nighttime warming over the higher elevation and contribute to warming by 0.08°C. 428 

A prominent increase in minimum temperature in the recent decades over the higher elevation of the 429 
Himalayan region has also been reported in previous studies (e.g., Dimri et al., 2022; Liu et al., 2009). The enhanced 430 
nighttime minimum temperature has also been attributed to the enhanced cloud cover over the higher topographical 431 
elevation (Rangwala and Miller, 2012; Liu et al., 2009) and increased cloud liquid water path due to the aerosol 432 
indirect effect over East Asia (Huang et al., 2006b). Notably, the lack of aerosol snow interaction and deposition of 433 
light-absorbing aerosols on the snow surfaces in our simulation can add uncertainties to simulated temperature 434 
differences. The deposition of absorbing aerosol on snow has a crucial impact on the snow darkening effect, the 435 
surface temperature, and the radiative forcing of the snowcapped Himalayan region (Qian et al., 2015; Sarangi et al., 436 
2019). Wu et al. (2018) showed that the inclusion of aerosol snow interaction in the model simulation resulted in a 437 
significant increase in the surface temperature of the snowcapped mountain of Sierra Nevada. 438 

Figure 14 (a-c) shows aerosol total, ARI, and ACI effects on the diurnal-elevational variation of all sky 439 
SW, highlighting the stronger reduction of SW due to the aerosol effect at high elevations. The terrain elevation 440 
above 4000 m ASL noted the reduction of SW by -82.8 W m-2, and most contribution is from the ACI effect of 441 
aerosols (Fig. 14c). The negative shortwave radiative perturbation at the surface due to the ACI effect is stronger 442 
and can be attributed to the higher cloud liquid water path (LWP) and enhanced cloud albedo due to more aerosols 443 
activated as condensation nuclei (Twomey, 1977). The stronger reduction of mid-day all sky SW over the higher 444 
elevation compared to the lower elevation is due to the ACI effect, which results in the formation of persistent 445 
polluted orographic clouds along with the upslope wind due to the ACI effect. A distinct difference in the impact of 446 
an elevational gradient in the SW for the clear sky (excluding cloud; Fig. 14 d-f) and all sky (including cloud) 447 
conditions are also noted. The reduction of the clear sky SW due to the aerosols at the terrain elevation below 1200 448 
meters is stronger (-21 WM-2), where the aerosol loadings are higher and is dominated by the ARI effect of aerosols. 449 
The higher elevation above 4000 m ASL experienced the smaller negative perturbation of clear sky SW radiation (> 450 
-5 Wm-2). This change in clear sky SW in a relatively polluted environment at a higher elevation is consistent with a 451 
study by Marcq et al. (2010) reporting a similar change near the base camp (5079 m ASL) of Mount Everest.  452 

(a) (b) 
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The numerical simulation implemented in this study has several limitations. Due to the limited 453 
computational resources, few sensitivity simulations were performed to assess the precipitation response to the 454 
different effects of aerosols. Lack of complete effects of aerosols in the model, such as INP activation and formation 455 
of secondary organic aerosols, can induce and add up the biases in our result. In this simulation, the contribution 456 
from the impact of aerosol-surface-snow interaction is not included, which can also play a part in modulating the 457 
mountain top surface temperature and orographic precipitation (Wu et al., 2018). The SNICAR (Snow, Ice, and 458 
Aerosol Radiation) model (Flanner et al., 2007), capable of simulating the snow surface albedo and aerosol radiative 459 
effect in snow, can be coupled with the WRF-Chem to study the aerosol-snow-interaction (Zhao et al., 2014). Also, 460 
it is noted that there are biases in assessing the ACI effect associated with the presence of 10% aerosols and 461 
contribution from the fire and biogenic emissions in the CLEAN scenario. Furthermore, the 3 km grid sizes might be 462 
relatively coarser to resolve the orographic forcing and mountain-valley circulation of the steep and complex 463 
topography of the Himalayas. Due to the inhomogeneity in the aerosol distribution over the complex topography, 464 
improved emission inventory with diurnal distribution will help advance the current understanding of the diurnal 465 
impact of aerosols on temperature distribution and the convective/precipitation process. There is a need for 466 
continuous data collection from a denser distribution of observational networks (e.g., AERONET and weather 467 
stations) with more meteorological variables along the elevational transect of the Himalayan topography, especially 468 
over the high elevation region. It not only quantifies the long-term trend and pattern of the sensitive regions but also 469 
helps evaluate and constrain numerical modeling studies in complex terrain.  470 

4 Conclusions 471 

The presence of steep mountainous terrain and orographic distribution drives the very complex and non-472 
linear precipitation system over the Central Himalayan region. Despite the importance of the hydrological processes 473 
of the Himalayas, research studying the impact of aerosols in modulating the elevation-dependent precipitation over 474 
the Central Himalayas using cloud-resolving numerical simulation has not been performed until now. 475 

The first monsoonal month of 2013 (June 14 to July 15) is simulated using a high-resolution cloud-476 
resolving WRF-Chem numerical modeling to understand the impact of aerosols on the elevation-dependent 477 
precipitation over the very complex terrain of the Central Himalayan region. In addition to explicitly resolving the 478 
cloud evolution, the detailed topographical representation by the cloud-resolving scale model better simulates the 479 
emission and transport processes of aerosols. So, the cloud-resolving simulation is important to provide better 480 
insight and quantify the impact of aerosol on elevation-dependent precipitation over complex terrain. In addition to 481 
CTL (baseline) simulation, two different numerical experiments were performed, similar to the CTL run but turning 482 
off the aerosol radiation feedback and reducing the anthropogenic aerosols to 10% of CTL. The comparison between 483 
the simulation experiments allowed us to assess and discuss the relative impact of aerosol radiation and cloud 484 
interaction on the diurnal variation and different regimes of elevation-dependent precipitation and temperature.  485 

Figure 15 illustrates the summaries of our main conclusions. We showed that the total effect of 486 
anthropogenic aerosols cooled the daytime surface monotonically from lower to higher elevations. The higher 487 
elevation showed a strong diurnal variation in surface temperature, with a strong cooling above 4000 m ASL during 488 
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the daytime (by -1.3°C) and above 2000m ASL, nighttime warming (+0.03 °C). The increased LWP and cloud 489 
coverage during daytime with higher aerosol concentration is attributed to the reduced SW and daytime temperature, 490 
while nighttime warming is due to the trapping of longwave radiation. 491 

 Our modeling experiment showed an altitudinal differential response by precipitation (intensity and diurnal 492 
variation) to the anthropogenic aerosols. The mid elevation range, generally between 1000 and 3000 m ASL, act as a 493 
transition layer where the diurnal variation and various intensity of precipitation respond differently to the ARI, 494 
ACI, and total effect of aerosols. The total effect of aerosols tends to enhance the precipitation below 2000 m ASL, 495 
while a significant reduction of precipitation occurs above 2000 m ASL with a dominating contribution from the 496 
ACI effect. The total effect of aerosols reduced the mean light precipitation by 17%. However, along with the 497 
stronger convection below 2000 m ASL the ACI effect dominated and resulted in the enhancement of the heavy 498 
precipitation by 12%, contrasting to the reduction by 8% over the higher elevations. The result of our study can have 499 
a broader impact and suggests that enhanced heavy precipitation over the elevation below 2000 m ASL can increase 500 
the risk for extreme events (floods and landslides), while the suppressed high elevation precipitation can be critical 501 
for the regional supply of water resources (Immerzeel et al., 2010). Despite some biases and existing uncertainties in 502 
the model, our results underline the noticeable impact of aerosols on elevational-dependent precipitation. Though we 503 
simulated only the first month of the monsoon, our results indicate that the anthropogenic aerosol plays a significant 504 
role in enhancing (suppressing) the low elevation (high elevation) precipitation. The underlying aerosol-505 
precipitation-elevation relationships may vary during different states of the monsoon as the abundance of aerosols 506 
tends to decrease during the mature to demise stage of the monsoon. Hence, longer term simulations with a complete 507 
parametrization scheme to include the ice phase aerosol-cloud interaction and aerosol-snow interaction pathways 508 
and better emission inventory with characterization are warranted to deepen our understanding of such elevational 509 
dependence. This could be the future scope and extension of this study. 510 

511 
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Table 1 Model configuration. 888 

Physics option Scheme 

Microphysics Morrsion-2 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-4bin 

Boundary Condition  ERA5 (meteorology) and CAM-Chem (Chemistry) 
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 891 

 

 
Figure 1 (a) The topography of the 9 km 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. 
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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.  
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Figure 3 The simulated AERONET and MODIS Aqua (first column) and Terra (second column) AOD at three 
AERONET stations (Kanpur, Pokhara, and Kathmandu; see Fig. 1a for location). 
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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 
ASL. The missing data in the MODIS product is due to 
cloud contamination during the retrieval process of 
aerosol properties. 
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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 ASL, (g) between 500 and 1500 m, and (h) between 1500 and 
3000 m terrain elevation.  
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Figure 6 Hourly mean precipitation from (a) CTL (3 
km) with 925 hPa wind vectors and (b) IMERG (0.1 
deg; ~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. 
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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 ASL terrain 
elevation.  
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Figure 8 Diurnal-elevation (a) CTL precipitation, (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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909 

Figure 9 Elevational variability in different regimes [(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 differences between the two simulations are not significant at the 90% confidence interval based on the 
student t-test. 
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Figure 10 Relative change (%) in precipitation due to different effects of aerosols for all the elevational bins. 
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Figure 11 Diurnal-elevation of cloud fraction (a) CTL, and due to (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 Monthly mean perturbation of (a, b) vertical velocity, (c, d) LWP, and (e, f) IWP over the CenHim 
region for the terrain elevation below (first column) and above (second column) surface elevation of 2000 m 
ASL, for total, light, moderate, and heavy precipitation regime. 
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Figure 13 Diurnal-elevation of temperature (a) CTL simulated, and due to (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 14 Diurnal-elevation all-sky (first column) and clear-sky (second column) downwelling shortwave 
radiation at the surface due to (a, c) aerosol effect (CTL-CLEAN), (b, 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. 
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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 grey area represents the characteristic elevation of the southern slopes across the Central 
Himalayan region. 
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