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Abstract

The role of aerosol on the snow darkening effect is considered one of the main factors contributing to snow melting and gla-
cier retreat over the Himalayas and Tibetan Plateau (HTP). Using the International Centre for Theoretical Physics (ICTP)’s
regional climate model, RegCM4, we examine the changes induced by aerosol deposition over the HTP snow and its
dynamical impacts over northern India during the pre-monsoon season (March to June), which is critical for the inception
and development of the monsoon. Sensitivity experiments with and without aerosol-induced snow darkening effects for the
period 2006-2010 reveal that this effect causes a significant reduction of snow cover fraction by 10 to 15% and an increase in
surface temperatures (>4 °C), which improves the model performance when comparing against observations over the HTP.
This response is dominated by dust deposition, which covers a larger area of the HTP compared to the black carbon. While
incorporating aerosol-induced snow darkening effect, the precipitation decreases (~0.4—2 mm/day) over northern India due to
intrusion of dry winds, which also enhance dust emissions over the Thar Desert. As a result of the decrease in precipitation,
surface temperature increases and generates a low-pressure system over northern India, which further strengthens the dust
transport and its burden. We also find decreases in precipitation extremes and increases in the number of consecutive dry
days and extreme temperature conditions over northern India, implying strong links with changes in pre-monsoon dynamics.
The aerosol-induced snow darkening effect thus facilitates an earlier monsoon onset over southern India, but the northward
propagation of the precipitation band is limited by the enhanced northwesterly winds over the Indo-Gangetic Plain.

1 Introduction

Aerosols can affect climate directly due to their absorption
and scattering of radiation, and indirectly by changing the
cloud microphysical properties (e.g., Twomey 1974; Albre-
cht 1989; Giorgi et al., 2002; Wang 2013; Bond et al., 2013;
Fan et al., 2016). Many studies have been carried out to
assess the aerosol climatic effects from local to global scales
and, depending upon season, different types of aerosols can
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affect temperature, circulations, and precipitation (e.g.,
Ramanathan et al., 2005, Lau et al., 2006, Bollasina et al.,
2011, Kumar et al., 2014, Panicker et al., 2010, Bond et al.,
2013, Li et al., 2016, Guo et al., 2016, Das et al., 2020a,
Ojha et al., 2020). In particular, aerosol-cryosphere interac-
tions (Dagsson-Waldhauserova and Meinander, 2019) and
related climatic impacts is a topic of current scientific inter-
est, although not extensively studied in the literature (e.g.,
Flanner et al., 2009; He et al., 2017; Ming et al., 2013; Lee
et al., 2017; Lau and Kim 2018). Absorbing aerosol deposi-
tion on snow can modulate the regional water balance by
changing the physical properties of snow packs (e.g., snow
albedo, snowmelt etc.), for example, increasing snow melt
close to high dust and anthropogenic aerosol emission
sources (Schmale et al., 2017; Ji et al., 2015).

The Himalayas-Tibetan Plateau (HTP), also widely
known as the ‘third pole’ region, is characterized by large
amounts of fresh snow packs. The HTP is located between
two highly polluted regions, namely East and South Asia,
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and is surrounded by important desert dust sources, e.g., the
Taklamakan, Gobi, Thar, and west Asian deserts. In addi-
tion, dust deposition over the HTP can derive from long-
range transport from Africa and Middle East deserts (Hu
et al., 2020, Zhang et al., 2015, Kang et al., 2016, Sarangi
et al., 2020). Recent studies have shown that the deposi-
tion of light-absorbing aerosols such as mineral dust and
black carbon over snow can enhance the solar absorption
at the surface and thus enhance snowmelt over the HTP,
a phenomenon known as snow darkening effect (Ji et al.,
2015; Lau and Kim 2018). This phenomenon not only has
a large climatic impact at the surface (e.g., albedo, surface
heat fluxes) but can also modify the thermal structure of the
atmosphere and wind circulation patterns (Das et al., 2020b).

Pre-monsoon (March to June) atmospheric conditions are
important in modulating the arrival of the Indian summer
monsoon (ISM) season. Studies have indicated a strong rela-
tion between the pre-monsoon circulations and the follow-
ing ISM, e.g., the pre-monsoonal diabatic heating prepares
the land region to transit into a regime highly conducive to
atmospheric convection during the monsoon onset (Ashfaq
et al., 2020). Both the changes in latent and sensible heat
flux, with the associated dynamics, contribute to affect such
transition from the pre-monsoon to the ISM, and therefore
any perturbation to the dynamics of the pre-monsoon season
can be important for the ISM onset and development.

During the pre-monsoon season, natural mineral dust con-
stitutes the majority of the total aerosol load over northern
India. The dust cycle over the region begins with the emis-
sion of dust particles from the surrounding arid and semi-
arid regions depending on wind speed and soil moisture
characteristics (Zakey et al., 2006). Most dust storms occur
during the pre-monsoon season in northern India, causing
a substantial degradation in visibility (Dey et al., 2004;
Srivastava et al., 2011; Sharma et al., 2012; Sarkar et al.,
2018; Dumka et al., 2019). The increase in the dust burden
is mostly related to an increase in the westerly winds that
carry dust from the Thar Desert towards the Indo-Gangetic
Plain (IGP). The intensification of these westerly winds has
also been associated with the dust-induced snow darkening
effect over the HTP (Shi et al., 2018).

Using the Community Atmosphere Model (CAM), Qian
et al. (2011) reported a positive warming over the HTP
induced by reduced snow albedo due to aerosol deposi-
tion. Similar warming and acceleration of snowmelt were
reported using the NASA-GEOS-5 model by Yasunari et al.
(2014). Lau and Kim (2006) proposed the ‘Elevated Heat
Pump (HTP)’ mechanism, by which the radiative heating
induced by the atmospheric aerosols during the pre-monsoon
along the Himalayan foothills can affect the Indian monsoon
onset and circulation features over India. However, in these
studies, the experiments were conducted with coarse reso-
lution models, which may not capture well the dynamical
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processes involved and the effect of the steep topographical
features of the region.

More recently, RCMs have been used to carry out experi-
ments including the aerosol snow darkening effects over the
HTP (e.g., Sarangi et al., 2018, Usha et al., 2020; Das et al.,
2020b). From these studies, it is evident that RCMs have
good potential to simulate more realistic changes in snow
cover and melting due to the aerosol deposition, along with
the corresponding atmospheric responses. However, although
several RCM studies have examined the effects of aerosol
transport (e.g., Nair et al., 2012; Das et al., 2013; Kumar
etal., 2014; Ajay et al., 2019) and dust variability (e.g., Aloy-
sius et al., 2011; Kumar et al., 2014) over India, they did not
analyze in detail the snow darkening effect on local dynami-
cal features, particularly during the pre-monsoon season.

In general, previous studies have shown that there exist
large discrepancies between simulated and observed tem-
perature characteristics over high elevation snow-covered
regions such as the HTP. For example, Rana et al. (2020)
showed large cold biases over the HTP, up to 5-7 °C, in a set
of global and regional climate models (GCMs and RCMs,
respectively). Sanjay et al. (2017) also found cold biases of
similar magnitude over the HTP in an ensemble of RCM
simulations from the Co-ordinated Regional Climate Down-
scaling Experiment (CORDEX; Giorgi et al. 2009). Although
many factors can affect this bias, including possible uncer-
tainties in observations, it is possible that the bias can be at
least partially reduced by considering the aerosol-induced
snow darkening effect (Ji et al., 2015; Usha et al., 2021).

Based on these considerations, in this paper, we use an
RCM including aerosol-induced snow darkening effects to
address a number of scientific questions. Does the inclusion
of the aerosol-induced snow darkening effect in the model
improve the temperature simulation over the HTP? Is there
a relation between the snow darkening effect over the HTP
and the aerosol distribution in northern India? If so, what
are the meteorological variables affected and the underlying
changes in the physical processes that modulate the regional
aerosol cycle? What is the dynamical effect of snow darken-
ing on the daily characteristics of precipitation and tempera-
ture over northern India? All these questions are addressed
here, with a focus on the pre-monsoon season, through a
series of sensitivity experiments described in the next sec-
tion. Section 3 then discusses the results of our simulations
and Sect. 4 presents our main conclusions.

2 Methodology
2.1 RegCM4, physics, and couplings

We use the Abdus Salam International Centre for Theo-
retical Physics (ICTP) Regional Climate Model, version 4
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(RegCM4, Giorgi et al., 2012), which is a community model
used for a wide range of applications (Giorgi et al. 2012;
Giorgi, 2019). In particular, RegCM4 has been extensively
used over South Asia to study the Indian summer and winter
monsoon dynamics and precipitation characteristics (e.g.,
Pattnayak et al., 2016; Tiwari et al., 2016) along with the
cycle and climatic effects of different types of aerosols (e.g.,
Das et al., 2015, 2020a; Ajay et al., 2019; Maharana et al.,
2019).

In brief, RegCM4 is a sigma coordinate model following
the hydrostatic approximation. It has a number of physics
options that users can select for carrying out their experi-
ments. In our case, we adopted a mixed cumulus param-
eterization scheme, i.e., Tiedtke (1989) over ocean and MIT
(Emanuel and Zivkovic-Rothman, 2000) over land, and the
SUBEX scheme (Pal et al., 2000) for resolvable-scale pre-
cipitation. The radiation transfer scheme and boundary layer
parameterization are represented by Kiehl et al. (1996) and
Grenier and Bretherton, (2001), respectively, and land sur-
face processes are described by the community land surface
model CLM4.5 (Oleson et al., 2013). This model configura-
tion is the same as used by Das et al. (2020a), and was shown
to provide a reasonably good representation of the monsoon
climate of South Asia.

For the aerosol cycle, i.e., aerosol emission, transport,
and deposition, RegCM4 is coupled with an online aerosol
module described by Solmon et al. (2006) and Zakey et al.
(2006, 2008), in which both natural and anthropogenic aero-
sol species are accounted for with specified optical prop-
erties (e.g., extinction coefficient, single scattering albedo,
and asymmetry parameter). The module includes mineral
dust and sea salt as natural components and black carbon
(BC), organic carbon (OC), and sulfates as anthropogenic
components. For the carbonaceous aerosol species (BC and
0OC), both hydrophobic and hydrophilic states are consid-
ered. When the BC and OC are emitted from the source,
they are in the hydrophobic state, and they are converted
to the hydrophilic state with an ageing time of ~ 1.15 days
(Solmon et al. 2006).

The anthropogenic aerosol species are provided to the
model using different emission inventories (see details in
the next section). Sea salt particles are generated online
depending on the wind stress over the open ocean surface
(Zakey et al., 2008). The dust cycle is represented by the
Dust Entrainment and Deposition (DEAD) scheme, in which
the dust is first generated over arid and semi-arid areas and
is then transported through advection and convection and
removed through dry and wet deposition processes (Solmon
et al. 2006). Dust generation occurs when the near-surface
winds are above a given threshold velocity and depends on
the properties of the land surface (e.g., soil moisture, vegeta-
tion, soil type). More details about the DEAD scheme can
be found in Zender et al. (2003).

The RegCM4 coupled with CLM4.5 simulates the frac-
tion of the ground covered by snow based on the method of
Swenson and Lawrence (2012). Depending upon the snow
depth, the number of snow layers varies and can reach a
maximum of five. RegCM4 is also coupled with the Snow,
Ice and Aerosol Radiative (SNICAR) module, which is
embedded within CLM4.5. The snow albedo is function of
the radiative transfer within the snow layers, aerosols, and
snow ageing. As the aerosol gets deposited over the snow-
covered region, its interaction with the snow occurs through
the radiative transfer calculations taking into account the
optical properties of the aerosol species and snow grains
(Flanner et al., 2007). Currently, the version of SNICAR
used in our model configuration considers only the external
mixing of aerosol and snow grains. Internal mixing between
the aerosol and snow has been recently included in SNICAR
(He et al., 2018); however, this is yet to be implemented in
RegCM4.

2.2 Domain, boundary conditions,
and anthropogenic aerosol emissions

The simulations are carried out over the South Asian COR-
DEX domain, which includes the HTP and Indian subconti-
nent (Fig. 1) and has been extensively used in previous stud-
ies. The model top is set at 50 hPa and the atmosphere has
23 vertical sigma levels. The horizontal grid point spacing
1s 50 km, the standard CORDEX resolution, which allows us
to carry out different sensitivity experiments with coupled
aerosols. The buffer zone consists of 19 grid points along
the boundary of the domain.

Model Domain & Topography
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Fig.1 Model domain considered for carrying out simulations over
South Asia CORDEX domain. The shaded colors represent topog-
raphy at 50-km resolution. The rectangular yellow box is the region
of analysis encompassing the Himalayas-Tibetan Plateau (HTP) and
northern India
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The sea surface temperature (SST) is taken from the
National Oceanic and Atmospheric Administration (NOAA)
at a resolution of 1°X 1° and the topography, including land
use, is from the United States Geological Survey (USGS)
at 30-s resolution. The model is driven by six hourly lateral
boundary conditions from the EIN15 reanalysis data (Dee
et al., 2011) available at a resolution of 1.5°x 1.5°. The aero-
sol boundary conditions are provided from global simula-
tions carried out using the Community Atmosphere Model
(CAM) under the Representative Concentration Pathway
scenario 2.6 (RCP2.6).

The anthropogenic aerosol emissions of BC and OC are
obtained from the Evaluating the Climate and Air Quality
Impacts of Short-Lived Pollutants (ECLIPSE) project. More
details about the project and its preparation using the Green-
house gas-Air pollution Interactions and Synergies (GAINS)
model can be found in Stohl et al. (2015). The project pro-
vides various emission scenarios, e.g., mitigation, baseline,
climate, flaring emission, etc., globally based on regulations
and each country’s government protocols. We use the BC
and OC emissions following the current legislature ‘baseline
scenario’ available at a resolution of 50 km. The emissions
are mainly from power plants, industrial combustion, agri-
cultural burning fields, residential and commercial, waste
management, shipping emissions, and surface transport.
Time series of emissions for each species, i.e., BC and OC
in our case, are calculated using monthly prescribed weights.

2.3 Experimental designs

We carried out and intercompared two experiments in order
to assess the aerosol-induced snow darkening effects over
the HTP and its feedbacks over northern India during the
pre-monsoon period. In the first experiment, only the direct
radiative effects (DRE) of aerosols are considered, while in
the second, both the DRE and snow darkening (SD) effects
are included (SDDRE =SD + DRE). Note that the model
does not yet include representation of aerosol indirect effects
on cloud microphysics, an implementation that is currently
still underway. We ran the model from 1 January 2005 to
31 December 2010 and the analysis is carried out for the
5-year period 2006 to 2010, thus discarding the initial year
as a model spin up time. Following Lau and Kim (2018), we
only consider light-absorbing aerosols (dust, OC, and BC)
in our simulations, thus disregarding the effect of additional
particulate matter such as sulfates, nitrates, and secondary
organic aerosols. Although OC is included in our experi-
mental setup, its interaction with the snow in the current
SNICAR module in RegCM4 is not considered (Flanner
et al., 2007).

Previously, Das et al. (2020b) used a similar experi-
mental design to isolate the impacts on regional monsoon
dynamics associated with the aerosol direct radiative and
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snow darkening effects. Here, we focus more on the pre-
monsoon season, which is critical for the development of the
monsoon, and on different climate statistics, including the
dust cycle and the occurrence of temperature extremes. It is
important to note that, according to the India Meteorology
Department (IMD), the monsoon normally arrives at around
the last week of June or first week of July over north and
to northwest India (e.g., 23-24 June at New Delhi and 5-6
July at Bikaner). We, therefore, chose March to June as the
pre-monsoon season for our analysis.

2.4 Observation datasets

Here, we consider temperature, precipitation, aerosol opti-
cal depth (AOD), and snow fraction, comparing the model
results with various observation datasets. Observed mean
and maximum near-surface air temperature are obtained
from the Climate Research Unit (CRU) dataset version 4.03
at a 0.5°x0.5° resolution. The CRU monthly gridded data
are obtained by using an angular-distance weighting tech-
nique starting from extensive networks of weather station
observations (Harris et al., 2020). Precipitation data at a
resolution of 25 km are from the Tropical Rainfall Measur-
ing Mission (TRMM) version 7 dataset, which is obtained by
combining multiple satellite and rain gauge measurements
(Huffman et al., 2010). Observed AOD and snow fraction is
taken from the Moderate Resolution Imaging Spectrometer
(MODIS) sensor onboard the Aqua satellite. Specifically, we
use the MODIS Deep Blue aerosol product at a resolution
of 1°x 1° and snow fraction data available at 5-km resolu-
tion. The MODIS Deep Blue algorithm of Levy et al. (2013)
is used to estimate the AOD over bright surfaces such as
desert and snow-covered regions. Details of the snow frac-
tion retrieval technique and uncertainties involved are avail-
able in Hall and Riggs (2007).

3 Results and discussion

3.1 Model evaluation and aerosol-induced snow
darkening effects

We first evaluate mean and maximum near-surface air tem-
perature during the pre-monsoon season. Figure 2 shows that
the model in both experiments simulates higher temperatures
(>32° C) over the Thar Desert and IGP compared to CRU
(~28° to 32° C). Over the HTP region, the model shows
a cold bias, which however is reduced when aerosol-snow
interactions are considered (SDDRE). These biases should
be viewed within the context of the uncertainties in observa-
tions, which can be high in mountainous regions due to the
sparsity of stations and, more importantly, the lack of high
elevation ones, which would artificially amplify a model
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Fig.2 Spatial distributions of mean near-surface temperature (top
panel) from a CRU, b DRE, ¢ SDDRE, and d difference between
SDDRE and DRE. Similar arrangement in the bottom panel (e-h)

cold bias by overestimating observed regional temperatures.
In addition, the imbalance in the surface energy budget can
also contribute to such temperature biases over the HTP
(Chen and Liu, 2017). Another reason for the cold bias can
be attributed to the excessive amounts of simulated snow
(discussed later), which is reduced in SDDRE compared to
DRE. This effect is more evident during midday when dust
and anthropogenic aerosols are emitted more effectively
and transported towards the HTP. In fact, when looking at
the maximum temperature patterns, the magnitude of the
cold bias over the HTP is significantly reduced (>4 °C) in
SDDRE compared to DRE (Fig. 2f—g). The bias map also
indicates a greater decrease of the mean and maximum tem-
perature bias over the HTP in SDDRE (Figure S1). Also
over northern India, the maximum temperatures are closer
to observations in SDDRE compared to DRE, implying that
some changes in dynamics are at play.

Next, we look into the distribution of AOD (top panel in
Fig. 3). Quantitatively, the AOD gradient from high values
(>0.6) over the Thar Desert towards the lower values (~0.3)
in the IGP is seen in both the DRE and SDDRE cases. Dur-
ing the pre-monsoon, desert dust constitutes the main por-
tion of the total aerosol load and frequent dust storms are
observed during this season (Dey and Di Girolamo 2010).
The model underestimates the AOD over the eastern IGP;
however, these regions are affected by other anthropogenic

R
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for maximum surface temperature during the pre-monsoon (March to
June) season for the period 2006-2010. The green slant lines repre-
sent regions with 95% significance level

aerosol species emissions, e.g., sulfates and nitrates from
power plants, industries, transportation, and biomass burn-
ing, which are not included in our model simulations. It is
interesting to note that in SDDRE, there is an increase in
AOD over the desert regions, i.e., Thar Desert and Tak-
lamakan Desert (>0.1), and to a lesser extent over the IGP
(~0.06-0.09).

The precipitation patterns also improve over northern
India in the SDDRE experiment compared to DRE, being
closer to the TRMM observations. In fact, in SDDRE, pre-
cipitation decreases over northern India and increases over
the HTP, thus exhibiting a dipole response pattern to the
snow darkening effect. The large precipitation amounts in
the steep mountain slopes can be attributed to the topograph-
ical forcings in RegCM4 (Fig. 3f—g). Also for precipitation,
however, there can be substantial uncertainties in observa-
tions, for example, in the retrieval technique adopted for the
TRMM satellites or the effect of a relatively small number
of rain gauges over such complex topographical regions (Liu
2015). The increase in precipitation found in SDDRE over
the HTP can be at least partially due to the increased snow
melting and latent heat fluxes process initiated by the deposi-
tion of aerosols (discussed later).

The bottom panel in Fig. 3 shows the observed (MODIS)
and simulated snow cover fraction in both experiments.
There is a significant reduction of snow fraction over the
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HTP in SDDRE, by 10 to 15%, which is a likely primary
contributor to the reduced cold bias there (Figs. 31). The
reduction of snow is mainly associated with mineral dust
due to larger rates of deposition over the region compared to
BC (Fig. 4a-b). Dust deposition is also found over the north-
ern territories of the HTP, where there is little contribution
from BC. The area-averaged dust deposition is higher in the
western Himalayas (~0.86 g m~2), followed by the central
(~048 ¢ m~2) and eastern Himalayas (~0.24 g m~2). Similar
patterns are found in the case of BC, with greater deposi-
tion in the western (~0.73 mg m~2) and central Himalayas
(~0.58 mg m~2, see Fig. 5a). Dust originates from the nearby
sources of the Taklamakan Desert and Gobi Desert (Kang
et al., 2016), with the prevailing westerly winds and topo-
graphical forcings leading to uplifting of dust and transport
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precipitation and MODIS for snow fraction during the pre-monsoon
(March to June) for the period 2006-2010. The green slant lines rep-
resent regions with 95% significance level

over these regions (Xu et al., 2018). A recent study by
Sarangi et al. (2020) demonstrated that large concentrations
of transported dust contribute to a decrease in snow albedo
over the high mountain region of HTP.

In addition, the forcing induced by dust is strong and cov-
ers larger areas over the HTP compared to BC (Fig. 4c—d).
The values (> 10-25 W m™?) for dust forcing on snow are
larger over the northern HTP, while the BC forcing ranges
between~1 and 10 W m~2, mostly limited to the southern
HTP (Fig. 4d). A contribution to the melting of snow over
the southern and southeastern parts of the HTP may also
derive from BC deposition, since here the anthropogenic
BC emitted from the IGP is transported by winds and is
pushed up the hilly regions to be eventually deposited on
the snow surface. Quantitatively, the area-averaged dust
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forcing is higher than 10 Wm™2 over the western Himalayas
compared to~8 W m~2 in the central and~4 W m~ in the
eastern Himalayas (Fig. 5b). The BC-induced forcing (~5
Wm‘z) is similar in the western and central Himalayas, even

ring in the northern and southern regions. This leads to
increases in the absorption of incoming shortwave fluxes
of more than 40 Wm™2 (Fig. 6b). The associated increase
in surface temperature (Fig. 2) enhances the snow melt over
the HTP and in particular over its western portion, where a
high snow fraction is simulated (Fig. 6¢), thereby further
enhancing the warming through the snow albedo feedback
mechanism. The increase in the snow melt also contributes
to a decrease in the total surface albedo by exposing the
sub-surface layer (Lau and Kim 2018). As the snow melts, it
contributes to an increase in latent heat flux (Fig. 6d), which
acts as a moisture source for precipitation to occur over the
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Fig.6 Spatial distribution

(b) SDDRE—DRE net. surf. SW rad.

of mean anomalies due to
aerosol-induced snow darken-
ing effects in a total surface
albedo, b surface shortwave
radiation, ¢ surface snow melt,
and d surface upward latent heat
during the pre-monsoon (March
to June) seasons of the period
2006-2010. The green slant
lines represent regions with 95%
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HTP. Apart from the increase in latent heat flux, the con-
comitant increase in sensible heat flux (Figure S2) over the
HTP suggests the exposure of sub-surface darker layers (Das
et al., 2020b).

As a result of the heat source over the HTP, there is an
increase in the magnitude of surface winds coming from
central and west Asia towards northern India, and aligning
with the foothills (Fig. 7a). It is also seen that the southerly
winds merge with the westerly flow over the IGP. Shi et al.
(2018) found increases in northwest dry winds over India
while investigating the effects of dust-induced snow darken-
ing effects over the HTP. The increase in the wind intensity
grows consistently in the vertical, up to 850 hPa, due to
lower surface friction (Fig. 7c¢).

The changes in the vertical distribution of zonal wind
(contours) and air temperature indicate strengthening of
the zonal wind over the IGP along the Himalayan foothills
(20-30° N) up to the middle of troposphere (~400 hPa;
Fig. 8a). An interesting aspect of the snow darkening
effect is the role of topography in advecting air mass from
the plains to the HTP. For example, as the zonal winds
strengthen, some air mass is lifted up along the topographic
barrier imposed by the Himalayan foothills, which results
in enhanced updrafts and precipitation there. This example
highlights the importance of using high-resolution models
over the region.

Apart from the changes in surface temperature, changes
of temperature in the troposphere are also noted, which
can modulate the circulation patterns in the upper atmos-
phere. Positive values (sinking motion) of vertical wind over
northern India suggest suppression of convective activity
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(Fig. 7d—f). This is mainly due to subsidence of dry air influx
through the strengthened westerly winds. On the other hand,
strong updrafts occur over the HTP due to surface heating
(Fig. 8a), as also evident when looking at the changes in
meridional circulations (Fig. 8b). The sinking circulation
over the IGP (20-25° N) suggests an inhibition of convec-
tive updrafts over the region, which causes the precipitation
decrease in SDDRE seen earlier. In addition, a decrease in
specific humidity is related to the presence of dry air making
the region drier and warmer. Conversely, negative vertical
wind values (upward motion) are seen over the northern and
southeastern part of the HTP, and the increase in specific
humidity suggests the availability of moisture to form clouds
and precipitate there.

As discussed earlier, the surface wind increases over the
northwest regions of India, generating more dust from the
Thar Desert to the IGP. In fact, we find a large increase
in dust burden (>200 mg m~2) over the Thar Desert, Tak-
lamakan Desert, and IGP region in SDDRE compared to
DRE (Fig. 9a), which can also be linked to lower precipita-
tion there (Fig. 3g). This result is consistent with Xie et al.
(2018). The increase in BC aerosol burden in SDDRE is
limited mostly to the central and eastern Himalayas, but
it is smaller in magnitude (~3 order) compared to dust
(Fig. 9b). As a result of the snow darkening, precipitation
decreases and there is an increase in sensible heat flux (>9
to 15 Wm™2), which supports the formation of surface low-
pressure anomalies over northern India (Figure S2) and the
presence of dry and warm air over the region.

Clearly, the differences between the SDDRE and DRE
simulations suggest a connection between the aerosol
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Fig.9 Spatial distribution of mean anomalies in the aerosol species
burden due to aerosol-induced snow darkening effects in a dust bur-
den (mg m™2) and b BC burden (mg m~2) during the pre-monsoon

deposition over the HTP and the dust cycle over northern
India. Figure 10 shows the changes in dust emission and
deposition caused by the snow darkening. The increase in
dust emissions (>300 mg m~2 day~!) over the desert and
semi-desert regions leads to increased dust burden in the
SDDRE compared to the DRE case (Fig. 10a). The com-
parison of dry and wet deposition of dust shows that the
former dominates over northern India, consistently with the
decrease in precipitation there. Conversely, more wet depo-
sition occurs over the HTP due to increased precipitation
(Fig. 10b—c).

3.2.2 Response of meteoclimatic extremes
We also investigated whether the snow darkening might

affect daily precipitation and temperature indices such as the
number of days when precipitation is greater than 1 mm/day,

emiss.)

[ele]elolele)

(b) SDDRE—DRE (BC burden) mg/m2
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g
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(March to June) for the period 2006-2010. The green slant lines rep-
resent regions with 95% significance level

10 mm/day (R10), and 20 mm/day (R20), the 95th percentile
of precipitation (R95), the number of consecutive dry days
(CDD), and the number of days when maximum temperature
is above 40° C. Figure 11a shows that the mean number of
days when the magnitude of precipitation events is greater
than 1 mm/day decreases (less than 8—14 days) over the IGP,
thus indicating lower intensity of precipitation associated
with the drying found in SDDRE. Correspondingly, the
number of consecutive dry days (~ 8 days) increases over
northern India (Fig. 11b).

In terms of extreme precipitation indices, both R10 and
R20 show a decrease in number of days (>4 days) per season
over most parts of northern India in SDDRE compared to
DRE (Fig. 11d—e). Interestingly, there is an increase in heavy
to very heavy precipitation days (> 7 days) over southeastern
HTP, which may be a result of strong convective updrafts
generated in SDDRE (Fig. 7f). The higher mean magnitude

(b) SDDRE—DRE (Dust wet depo.) (c) SDDRE—DRE (Dust dry depo.)
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Fig. 10 Spatial distribution of mean anomalies due to aerosol-induced snow darkening effects in a dust emissions (mg m~2 day™'), b dust wet
deposition (mg m~2 day™"), and ¢ dust dry deposition (mg m~2 day~") during the pre-monsoon (March to June) for the period 20062010
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Fig. 11 Spatial distribution of mean anomalies due to aerosol-
induced snow darkening effects in a number of wet days, b consecu-
tive dry days, ¢ number of days maximum temperature exceeding

of R95 (>4 mm/day) further supports the contribution of
snow darkening in enhancing precipitation extremes over the
eastern HTP (opposite to what happens in northern India).

One of the prerequisites to define high temperature
extremes, e.g., leading to heat wave conditions, over north-
ern India is for maximum temperature exceeding 40° C.
Figure 11c shows that the number of days exceeding this
threshold during the pre-monsoon increases by 8—14 days
per season in SDDRE due to the temperature response to
snow darkening. Therefore, our simulations suggest that over
northern India, during the pre-monsoon season, the snow
darkening leads to higher extreme temperatures, drier condi-
tions, and reduced precipitation intensity and extremes along
with increased dust burden.

3.2.3 Effects on monsoon onset

We examine now the possible link between aerosol effects
(both DRE and SDDRE) and monsoon onset. For the mon-
soon onset analysis, we consider the months of May and
June, during which the precipitation increase occurs mostly
over the southern peninsula (> 1.5 mm/day) and extends up
to parts of western India (Fig. 12a). In addition to the snow
darkening feedback over the HTP, the buildup of elevated
dust and BC aerosols along the Himalayan foothills and IGP

40° C, d R10 days, e R20 days, and f R95 during the pre-monsoon
(March to June) for the period 2006-2010

also heats up the atmospheric column. Here, the EHP mech-
anism drives the meridional thermal gradient, and enhances
precipitation over the southern peninsula.

However, there is a decrease in precipitation over the
IGP consistent with the changes seen during the whole pre-
monsoon season. The strengthening of the northwest winds
over the IGP causes a formation of an anticyclonic pattern
over the Bay of Bengal centered over the eastern part of
India (Fig. 12b). As a result, the northward propagation of
southerly winds over the Indian mainland is reduced lead-
ing to a decrease in precipitation over northern India. At the
same time, it is possible that the anticyclonic branch pro-
vides moisture from the Bay of Bengal towards south India,
resulting in an increase in precipitation. The time series
computed by taking a 5-day running mean over south India
also show an increase in precipitation in SDDRE compared
to DRE, whereas there is a decrease in precipitation over the
IGP (Fig. 12c-d).

Following the methodology of Pradhan et al. (2017),
we also use the climatological tropospheric temperature
gradient (TTG) onset index for identifying the monsoon
onset dates. First, we compute the tropospheric tempera-
ture gradient (ATT) by taking the difference of air tem-
perature (averaged between 200 and 600 hPa) between a
northern region defined by 30-110° E and 5-35° N and the
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Fig. 12 Spatial distribution of
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southern region 30-110° E and 15°S-5°N. The onset date
is thus determined by the day in which the value of ATT
changes sign from negative to positive.

The time series of climatological ATT is plotted in
Fig. 13 for both the DRE and SDDRE experiments during
May and June. We can see that the monsoon onset occurs
earlier in the SDDRE by 1 to 3 days compared to DRE.
This is the result of increased heating generated over the
HTP region due to aerosol snow interactions (Figure S3),
which builds up a larger temperature gradient (land-sea
contrast). At the same time, even if there is an early arrival
of the monsoon onset in SDDRE over south India, the
northward propagation of precipitation is limited by the
enhanced northwesterlies discussed earlier.
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4 Summary and conclusions

The snow darkening effect by absorbing aerosols can have
substantial impacts on the regional snow packs of the HTP
and can cause snow and glacier melting, which can even
exceed that induced by increasing greenhouse gases (e.g.,
Flanner et al., 2007, Flanner et al., 2009, Lau and Kim,
2018). This can lead to perturbations in the dynamics and
thermodynamics of the atmosphere over the northern India
region. To investigate this issue, in this paper, we carried
out and intercompared two 5-year experiments, one with
and one without aerosol snow darkening effects (SDDRE
and DRE, respectively), using the RegCM4 regional
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climate model (Giorgi et al. 2012), coupled to an aerosol
module (Solmon et al. 2006; Zakey et al. 2006, 2008) and
focusing on the pre-monsoon season.

Our main conclusions can be summarized as follows:

1. The snow darkening effects caused by aerosol deposi-
tion tend to improve the simulation of mean and maxi-
mum temperature over the HTP. In particular, the cold
biases in maximum temperature are highly reduced, by
up to 4° C. The simulation of maximum temperature
also improves over northern India, where the warming
induced by snow darkening reaches 1-1.5° C, bringing
temperatures closer to observations.

The snow pattern drastically improves in SDDRE, with
areduction of 10 to 15% of excess snow fractional cover.
Larger deposition of dust compared to BC contributes to
such snow reduction.

A dipole pattern in precipitation change is found as a
response to snow darkening, with increases over the
HTP (~0.8-1.6 mm/day) and decreases over northern
India (~0.4-2.1 mm/day). The precipitation increase
over the HTP is at least partially due to an increase in
snowmelt, soil moisture, and latent heat flux, which
provides moisture over the region. Precipitation biases
over northern India are reduced by the inclusion of snow
darkening.

The AOD simulation improves with the inclusion of
snow darkening mostly over the dust source regions, i.e.,
the Thar Desert and Taklimakan desert, due to increased
emissions caused by strengthening of winds. In response
to strengthened winds and decreased precipitation, there
are significant changes in the dust cycle over northern
India. Strong surface heating leads to the formation of
low surface pressure, which amplifies dust emissions
over the desert sources and its transport along the IGP.

Overall, in northern India, the aerosol-induced snow
darkening over the HTP leads to decrease in mean and
extreme precipitation indices (i.e., number of precipita-

11MAY 16MAY 21MAY 26MAY

1JUN  6JUN 11JUN 16JUN 21JUN 26JUN

tion days > 1 mm/day, R10, R20) and increase in the
number of consecutive dry days with very high tempera-
tures and high dust burden.

Snow darkening induces an earlier monsoon onset
by ~ 1-3 days over southern India due to higher trop-
ospheric temperature gradients caused by the aerosol
deposition over the HTP. However, the northward pro-
gression of precipitation is hindered by the enhanced
northwesterly winds over IGP.

These results should be seen in view of a few caveats.
First, the resolution of our current experiments (grid spacing
50 km), which was mostly determined by the availability of
computer resources in relation to the expense of running the
coupled aerosol module over such a large domain, may not
be sufficient to resolve the HTP topography in fine detail.
Very recent RegCM4 developments allow us to carry out
convection permitting simulations at a few kilometer grid
spacing (Coppola et al., 2020), and this may help us in better
simulating topographically forced and convection processes.
Second, our simulations are based on a simple aerosol
module where only absorbing aerosol species are consid-
ered (dust and BC), as they are the primary snow darkening
agents (Flanner et al., 2007). More aerosol species could
however be included for a more comprehensive assessment
of aerosol effects. Third, there is always an uncertainty in the
anthropogenic aerosol inventories (Gadhavi et al., 2015) in
terms of sources that are not accounted for (e.g., bio fuels,
wildfires). We are currently conducting work in all these
three directions in order to improve our simulation protocol.

Despite these issues, our study clearly indicates that
the aerosol snow darkening effect has an important role in
improving the model simulation over the HTP and north-
ern India during the pre-monsoon season. This should also
improve the simulation of the inception and development of
the ISM, an issue worthy of further investigation in future
studies. Our simulations are also suggestive of strong effects
of the snow darkening on the dynamics and thermodynamics
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of the region. Hence, it is recommended to consider the
snow darkening effect by dust and carbonaceous aerosols
over the South Asia region in future climate scenario simula-
tions to investigate how this may vary under different green-
house gas forcings.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00704-021-03871-y.
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