'.) |

AbvANcl Check for
ﬂu 1 oo EARTHAN Updates
U SPACE SCIENCE

JGR Atmospheres

RESEARCH ARTICLE
10.1029/2019JD031414

Key Points:

« Projected increase in sulfate
emissions is expected to
overcompensate carbonaceous
aerosol mitigation over India

« Increase in sulfates and decrease in
carbonaceous aerosols over India in
the mitigation scenario is expected
to decrease the ISM

« Dust transport across the Arabian
Sea is expected to decrease during
ISM in the mitigation scenario
relative to the baseline scenario

Supporting Information:

« Supporting Information S1
« Figure S2

« Figure S3

« Figure S4

Correspondence to:
S. Das,
sdas@ictp.it

Citation:

Das, S., Giorgi, F., Giuliani, G., Dey, S.,
& Coppola, E. (2020). Near-future
anthropogenic aerosol emission
scenarios and their direct radiative
effects on the present-day
characteristics of the Indian summer
monsoon. Journal of Geophysical
Research: Atmospheres, 125,
€2019JD031414. https://doi.org/
10.1029/2019JD031414

Received 1 DEC 2018
Accepted 31 JAN 2020
Accepted article online 3 FEB 2020

©2020. American Geophysical Union.
All Rights Reserved.

Near-Future Anthropogenic Aerosol Emission Scenarios
and Their Direct Radiative Effects on the Present-Day
Characteristics of the Indian Summer Monsoon

, Sagnik Dey*?

'Earth System Physics Section, The Abdus Salam International Centre for Theoretical Physics, Trieste, Italy, 2Centre for
Atmospheric Sciences, Indian Institute of Technology Delhi, New Delhi, India, 3Centre of Excellence for Research on
Clean Air, Indian Institute of Technology Delhi, New Delhi, India

Sushant Das" (2, Filippo Giorgi' (2, Graziano Giuliani' ,and Erika Coppola'

Abstract various air pollution mitigation scenarios have been proposed to improve the existing severe
air quality problem over South Asia. Here we use a regional climate model to examine the response of the
Indian summer monsoon (ISM) to two projected anthropogenic aerosol emission scenarios (a) short-lived
climate pollutant “mitigation” scenario (2020-2030) and (b) current legislation “baseline” scenario
(2005-2015). In the mitigation scenario, carbonaceous aerosol (black carbon and organic carbon) emissions
are projected to decrease while sulfate emissions are projected to increase. This is expected to result in a
marginal increase in anthropogenic aerosol optical depth over India (by 0.04-0.08). The dominating effect of
scattering aerosols over absorbing aerosols in the mitigation scenario is expected to enhance atmospheric
cooling over the Indian landmass, which in turn dampens the latitudinal thermal gradient and leads to a
weakening of the ISM. This effect also reduces dust emissions over the Arabian Peninsula and transport
across the Arabian Sea, decreasing the influence of the dust radiative feedback on the ISM. In addition, the
increased amounts of sulfate and decreased amounts of carbonaceous aerosols are expected to result in drier
conditions over the central parts of India. We also show that changes in emissions of different types of
anthropogenic aerosols induce a chain of feedbacks, which can modulate the space-time variability of dust,
thereby affecting the magnitude of dust radiative effects on the ISM dynamics. We conclude that it is critical
from the policy point of view to implement strategies to cut the currently increasing sulfate emissions.

1. Introduction

Rapid growth in industrialization, land-use change, and other anthropogenic activities have led to a contin-
uous rise in anthropogenic aerosol loadings over India during the last two decades (Dey & Di Girolamo,
2011; Moorthy et al., 2013). High anthropogenic aerosol emissions pose a substantial threat to society, as
aerosols impact the Indian summer monsoon, or ISM (Bollasina et al., 2011), and the health of a billion-plus
population [Cohen et al., 2017]. Anthropogenic aerosols are considered as short-lived climate pollutants
(SLCP) because of their short atmospheric residence time (days to a few weeks) and are receiving increasing
attention because they can modulate climate (Shindell et al., 2008) especially at the regional scale.

Aerosols affect climate directly by scattering and absorbing solar radiation (Giorgi et al., 2002; Haywood &
Boucher, 2000) and indirectly by acting as cloud condensation nuclei and modifying the properties of clouds
(Albrecht, 1989; Twomey, 1974). In addition, aerosol deposition on snow can lead to a reduction of surface
albedo and can affect the thermal structure of the atmosphere through the snow-albedo feedback (e.g.,
Flanner et al., 2007; Jiang et al., 2017). Aerosol impacts can be in the direction of cooling or warming depend-
ing on the aerosol composition and optical properties. For example, black carbon (BC) aerosols are impor-
tant contributors to global warming because of their light absorbing properties (Bond et al., 2013). On the
other hand, sulfates and organic carbon (OC) are more reflective of solar radiation, and thus induce cooling
[e.g., Myhre et al., 2004; Lin et al., 2014]. Both natural (e.g., mineral dust and sea salt) and anthropogenic
aerosols contribute to the spatial and temporal variability of the aerosol optical depth (AOD), which also
depends on local atmospheric processes, topography, and aerosol radiative feedbacks.

While reducing anthropogenic aerosol emissions reduces aerosol burdens and associated health effects, the
resulting impact on the regional climate is still uncertain. Highly polluted regions, such as East Asia, suffer
from major air pollution crises and have been implementing initiatives to curb down aerosol emissions (Li et
al., 2017). Studies have indicated that aerosols can affect the East Asian summer monsoon by modulating its
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characteristics through their direct and indirect effects (Jiang et al., 2015; Liu et al., 2011). At the same time,
the aerosol-induced changes in the East Asian summer monsoon characteristics depend on the type of
anthropogenic aerosols species. For example, Jiang et al. (2013) found that anthropogenic sulfates and pri-
mary organic matter suppress precipitation in North China, while the effect of BC on precipitation is rela-
tively small.

Many studies have demonstrated the capability of aerosols to modulate the ISM characteristics; however, the
argument of whether aerosol forcing decreases or increases the intensity of the ISM is still a matter of debate.
The ISM produces nearly 80% of annual precipitation over India in the period of June-September and has a
huge societal impact because of India's reliance on an agriculture-driven economy. Various hypotheses have
been proposed concerning aerosol-ISM interactions. Ramanathan et al. (2005) suggested that the presence of
aerosol-induced cooling (through solar dimming) over the northern Indian Ocean weakens the land-sea
thermal contrast, resulting in a weakening of the ISM. Bollasina et al. (2011) also supported this argument,
while Menon et al. (2002) concluded that the presence of BC could lead to both increases or decreases of the
ISM intensity over different subregions of India.

In addition, the response of the ISM to aerosol forcings depends on fast and slow feedback processes
(Ganguly et al., 2012a). Lau and Kim (2006) proposed the “elevated heat pump” hypothesis, whereby absorb-
ing aerosols (e.g., mineral dust an BC) induce a latitudinal gradient in tropospheric heating over the ISM
region during the premonsoon season resulting in an early arrival of the ISM. Vinoj et al. (2014) found a
strengthening of the ISM circulation due to large-scale convergence induced by dust over the
Arabian Peninsula.

Most aerosol-ISM interaction studies mentioned above have been carried out using global climate models
(GCMs) at coarse resolutions, which have limitations in resolving the physical mechanisms associated with
the aerosol-ISM interactions. Moreover, aerosol emissions occurring at local scales and topographical details
may not be well represented in coarse resolution GCMs. Regional climate models (RCMs) can thus be useful
tools to study aerosol-climate interactions due to their ability to reach finer resolutions (Giorgi, 2019). On the
other hand, RCMs cannot take into account the teleconnections and global adjustments to regional pertur-
bations, which is another important factor in determining aerosol induced regional climate effects (Bollasina
et al.,, 2011), but they can capture regional adjustments derived from aerosol forcings, which can play a pri-
mary role over particular regions (e.g., Ramanathan et al., 2005).

Indeed, RCMs are increasingly being used to examine aerosol-ISM interactions. For example, Solmon et al.
(2015) used the RegCM model coupled to an aerosol module (Solmon et al., 2006; Zakey et al., 2006) to pro-
vide strong evidence of important relationships between the increasing trend of Arabian dust activity and
the ISM. Das et al. [2015b] found that the ISM strengthens in response to a stronger dust radiative feedback
due to enhanced absorption of incoming solar radiation. Similar conclusions were drawn by Jin et al. (2016)
using the WRF-Chem model. Furthermore, it has been shown that if only anthropogenic BC, OC and SO,
are considered, the ISM is weakened due to increased surface pressure over landmass that inhibits the south-
west monsoon wind flow (Das et al., 2016).

It is thus evident that the aerosol impacts on the ISM dynamics depend on the composition and relative bur-
dens of different aerosol types, and on the interactions between aerosols of natural and anthropogenic origin.
Since different emission mitigation measures might affect the overall relative burden of anthropogenic aero-
sols, it becomes important to understand how air pollution mitigation measures envisioned for the future
might modify the ISM circulation and regional climate. Based on these considerations, here we analyze
the response of the ISM to changes in anthropogenic aerosol emissions for different scenarios developed
by the Evaluating the Climate and Air Quality Impacts of Short-lived Pollutants (ECLIPSE) project (Baker
et al., 2015; Stohl et al., 2015).

Toward this goal, we use a RCM—the RegCM4 (Giorgi et al., 2012), developed at the Abdus Salam
International Centre for Theoretical Physics—coupled to an aerosol module including OC, BC, sulfates,
mineral dust, and sea spray (Solmon et al., 2006; Zakey et al., 2006; Zakey et al., 2008). The ECLIPSE inven-
tory provides global emission fields for current legislature (“baseline” scenario), SLCP “mitigation” scenar-
ios, and no further control scenario. For the baseline scenario, the anthropogenic emissions are for the
period 2005-2015 and for the mitigation scenario, the anthropogenic aerosol emissions are provided for
the near-future period of 2020-2030.
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To isolate the effect of anthropogenic aerosols on the ISM characteristics, we use these different emission
scenarios within the same driving meteorological boundary conditions, which are derived for the period
2005-2015 from the ERA-Interim reanalysis of observations. Also, to assess the effects of different aerosol
types we intercompare a set of sensitivity experiments for the same period including only the individual
anthropogenic aerosol components. Before discussing the results of our study, more information on the
model, anthropogenic emission inventories, and sensitivity experiment design is provided in the
next section.

2. Methodology and Data
2.1. RegCM4 Physics, Configurations, and Boundary Conditions

For the present study, we use the International Centre for Theoretical Physics RCM RegCM Version 4
(RegCM4, Giorgi et al., 2012), which has been extensively used to study regional climate change and pro-
cesses across various CORDEX domains (Co-ordinated Regional Climate Downscaling Experiment; Giorgi
et al., 2009). In brief, RegCM4 is a limited area, sigma vertical coordinate hydrostatic model with an
Arakawa B horizontally staggered grid and a time-splitting explicit integration scheme. The model includes
the community land surface model—CLM4.5 (Oleson et al., 2013)—to represent land surface processes and
exchanges with the atmosphere.

RegCM4 is coupled with an online aerosol tracer module (Solmon et al., 2006; Zakey et al., 2006; Zakey et al.,
2008), which follows surface emissions, advection, horizontal and vertical turbulent diffusion, convective
transport and dry and wet deposition. Natural aerosols such as mineral dust and sea salt are described using
a bin representation with size ranging between ~0 and 20 pm (four bins) for mineral dust and ~0 and 10 um
(two bins) for sea salt. The dust mobilization is due to the wind characteristics over land built in the CLM4.5
land module (Oleson et al., 2013). Important factors include the frictional wind speed, vegetation cover and
soil moisture, which determine the soil erodibility and dust emission. The dust mobilization scheme follows
physical parameterization processes based on the Dust Entrainment and Deposition scheme (Zender et al.,
2003). Sea salt emissions are generated based on a threshold wind velocity over the sea following Zakey et al.
(2008). Anthropogenic aerosols include BC, OC, and sulfates, that is, SO, and its aqueous particle conversion
to SO4 (Qian et al., 2001). Both the hydrophobic and hydrophilic components of BC and OC are considered.
Details of the anthropogenic aerosol inventory are given in the next section. Both natural and anthropogenic
aerosols (12 tracers) and their direct effects are considered in the model simulations, while indirect effects on
cloud characteristics are not yet included in the model.

Concerning the other model physics parameterizations, we use the UW-PBL boundary layer scheme
(Grenier & Bretherton, 2001), the MIT convection scheme [Emanuel & Zivkovic, 1999] over land and
Tiedtke scheme (Tiedtke, 1989) over ocean, respectively. Atmospheric radiative transfer processes are
described in (Kiehl et al., 1996), while the large-scale precipitation from nonconvective clouds is represented
through the Subgrid Explicit Moisture Scheme (Pal et al., 2000) and the ocean flux parameterization is based
on Zeng et al. (1998). The model employs a 50-km horizontal grid spacing over the South Asia CORDEX
domain (Figure 1a), which is sufficiently large for examining aerosol induced regional climate adjustments.
The model uses 23 vertical levels with the top at 50 hPa. Land type and topography are taken from the United
States Geological Survey (USGS) data set at 30 seconds resolution. The atmospheric lateral boundary condi-
tions necessary to run the simulations are provided from the ERA-interim (EIN15) reanalysis data set (Dee et
al., 2011) with 1.5° X 1.5° resolution and are updated every 6 hr. Optimum interpolated weekly sea surface
temperature (SST) gridded data at 1° X 1° resolution are used as provided by the National Oceanic and
Atmospheric Administration. The lateral boundary conditions for aerosols are prescribed from global runs
performed using the CAM-Chem model (Solmon et al., 2015).

2.2. Anthropogenic Emission Inventory

The ECLIPSE emission database (Stohl et al., 2015) used in this work was generated by the Greenhouse gas
Air pollution Interactions and Synergies model, which considers different sectors such as energy consump-
tion, economy, and technological intervention. Here we use the ECLIPSE emission Version 5a available at
50-km resolution for two scenarios: (i) the current legislature (CLE) “baseline scenario” for the period of
2005-2015 and (ii) SLCP “mitigation scenario” for the near-future period of 2020-2030. The baseline
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Figure 1. (a) South Asia CORDEX Domain and shaded color showing the topography (m) at 50-km resolution. Time series of annual mean emissions (kg-m_z-s_l)
of (b) carbonaceous aerosols (BC and OC) and (c) SO, for the baseline period (2005-2015) and mitigation period (2020-2030) averaged over India as demarcated by
cyan box (7-30°N and 70-88°E). The red color circles in Figure 1a represent the AERONET stations with numbered (1) Solar Village, (2) Meziara in Arabian
Peninsula, (3) Karachi in Pakistan, and (4) Jaipur in India. The orange rectangular box represents Indo-Gangetic Basin (IGB).

emissions are based on current and existing government regulating laws in the respective countries whereas
the mitigation scenario is obtained assuming the implementation of climate-related policies aimed at
curbing down future anthropogenic emissions.

In our study, we include three anthropogenic SLCPs, that is, BC, OC, and SO,. All the SLCP emissions from
different sources are available at 5-year intervals with prescribed monthly weights. The data are first used to
build time series of total emissions for each species taking into account agricultural burning, residential and
commercial emissions, power plants with energy conversion and extraction, industrial combustion with pro-
cessing, surface transportation, waste management, and shipping emissions. Monthly weights () for the
independent sources (cr) are used to generate seasonality for each 5-year time period. The total emissions

(E) and seasonality for each species are computed following )’ s E(a, ), where « varies from 1 to 7

1<B<12
depicting emissions from different categories and S represents the monthly weights from January to
December in each of the grids. Note that every emission inventory has uncertainty (e.g., Gadhavi et al.,
2015; Nair et al., 2012; Zhao et al., 2011) in various parameters that are used to compute emissions, and
all sources may not be possibly considered.

The annual mean anthropogenic emissions of SLCP in the baseline and mitigation scenarios averaged over
India are shown in Figures 1b and 1c. Emissions of carbonaceous aerosols (BC and OC) are expected to be
reduced drastically (~2-5 times) in the mitigation scenario. However, this is not the case for SO,, which
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Table 1

List of Experiments Carried Out Considering Different Aerosol Species Under Different Anthropogenic (BC, OC, and Sulfates) Aerosol Emission Scenarios

Ser. No. Name Species Radiative interaction Anthropogenic emissions scenarios
1 Total_CTL BC, OC, sulfates, dust, and sea salt No/transport only Baseline

2 Carb_BS BC and OC Yes Baseline

3 Carb_MT BC and OC Yes Mitigation

4 Suca_BS BC, OC, and Sulfates Yes Baseline

5 Suca_MT BC, OC, and Sulfates Yes Mitigation

6 Total_BS BC, OC, sulfates, dust, and sea salt Yes Baseline

7 Total_MT BC, OC, sulfates, dust, and sea salt Yes Mitigation

Note. The baseline denotes anthropogenic aerosol emissions for the period of “2005-2015,” and mitigation denotes anthropogenic aerosol emissions for the per-

iod of “2020-2030.”

shows a rapid increase in the near future by a factor of ~2-3, resulting in increased sulfate loadings over
India. One of the key reasons for the decrease in BC is the shift to cleaner modes of residential usage, espe-
cially over rural areas (Rana et al., 2019). Other ways of BC mitigations over India are summarized in Rana et
al. (2019), and references therein. The spatial differences in annual emissions of BC, OC, and SO, between
mitigation and baseline scenarios over India are shown in Figure S1 in the supporting information.
Consistent with the ECLIPSE inventory, Li et al. (2017) reported an increase in the SO, emissions over
India based on Ozone Measuring instrument data, and attributed it to the increased use of coal-fired energy
in power plants and industries.

2.3. Experiment Design

The model is integrated for the 11-year period from 1 January 2005 to 31 December 2015, and the analysis is
carried out for the period 2006-2015 (10 years) considering the initial year as spin up. In the first part of the
study, experiments were carried out with only anthropogenic aerosols for each scenario, as summarized in
Table 1. In the baseline control experiment (hereafter, Total _CTL) the aerosols are not allowed to interact
with the radiation. Then, we first consider only radiatively interactive carbonaceous aerosols in both emis-
sion scenarios (Carb_BS and Carb_MT), and subsequently radiatively interactive sulfate and carbonaceous
aerosols (Suca_BS and Suca_MT). After investigating the impacts of all anthropogenic aerosols on the ISM
under both scenarios, we include the natural aerosol (dust and sea salt) radiative effects in the simulations
(Total_BS and Total_MT) (see Table 1 for more details). The differences obtained from the Carb_BS and
Carb_MT relative to Total CTL and Suca_BS and Suca_MT relative to Total_CTL provide the responses
of the ISM to emissions of carbonaceous aerosols and net anthropogenic aerosols, respectively. The differ-
ences obtained from the Total_BS and Total_MT relative to Total CTL provide the total aerosol impacts
including dust and sea-salt radiative effects. Here, we want to specify that the boundary conditions are the
same in all the experiments in order to isolate the effects of aerosols. Only changes in the anthropogenic
aerosol (BC, OC, and SO,) emissions are considered for the different scenarios, that is, baseline for 2005-
2015 and mitigation for 2020-2030, respectively.

3. Results

3.1. Evaluation of the Model Performance

First, we evaluate the model performance in simulating precipitation, winds and AOD during the summer
monsoon season. The spatial distributions of mean precipitation (shaded) from the Global Precipitation
Climatology Project observations and RegCM simulation (Total_CTL case) during the ISM season for the
period 2006-2015 are shown in Figures 2a and 2b. The Global Precipitation Climatology Project Version
3.0 data are available at 0.5° X 0.5° resolution around the globe and are derived from multiple satellites
and rain gauges (Huffman et al., 2019). Despite the presence of some biases, the model simulates the spatial
distribution of observed precipitation patterns reasonably well, with maximum precipitation (>10 mm/day)
over the northeast hilly regions as well as parts of the Western Ghats. Among the main biases is an under-
estimation of precipitation by 2 to 6 mm/day over some central regions of India (Figure 2c). This problem is
however common to many global and regional models over the Indian subcontinent, and in fact, our model
performance is in line with most previous studies (Mishra et al., 2018; Singh et al., 2016; Sperber et al., 2013).
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Figure 2. Spatial distribution of mean summer monsoon (June-September) precipitation (shaded in mm/day) and winds (vector in m/s) at 850 hPa derived from (a)
GPCP and EIN75, (b) RegCM (Total_CTL case), and (c) precipitation bias (Model-GPCP). Spatial distribution of mean total aerosol optical depth derived from (d)
MISR and simulated by (e) RegCM (Total_CTL case) during the summer monsoon seasons of the period 2006-2015. Figure 2f Scatter plot between the available
monthly averaged AOD data retrieved by different AERONET stations at 550 nm and RegCM within the simulation period 2006-2015. The stations are marked in

Figure 1a.

This dry bias may be associated with reduced soil moisture availability simulated by CLM4.5 (Maharana et
al., 2019).

It is also to be noted that dynamical downscaling is sensitive to the selection of different physics and bound-
ary conditions over a specific domain (Giorgi et al., 2012; Raju et al., 2015), and the RegCM model has been
extensively used to simulate the ISM features such as characteristics of precipitation patterns and wind cir-
culations (e.g., Dash et al., 2006; Dash et al., 2013). In particular, the model is quite able to capture the spatial
distribution of southwest winds at 850 hPa over the Indian subcontinent, also known as the monsoon low-
level jet (vectors in Figures 2a and 2b). It simulates maximum wind speed over the Arabian Sea, which is an
important feature in transporting moisture from the Arabian Sea toward the Indian landmass. Comparison
against the EIN75 reanalysis data shows that the simulated low-level winds are slightly weaker than in
EIN75, and this can be a further contribution to the dry bias over central India (Ghosh et al., 2019).

In terms of aerosol studies, RegCM has been widely used by the modeling community, for example, over
Africa (Solmon et al., 2012; Tummon et al., 2010), East Asia [Giorgi et al., 2002; Sun & Liu, 2015; Yin et
al., 2015], and Europe (Solmon et al., 2006; Zanis et al., 2012). Concerning South Asia, Nair et al. (2012)
investigated the seasonal variation of BC aerosols over India, while Das, Dey, Dash (2015), Das, Dey,
Dash, Giuliani, et al. (2015) examined the direct aerosol radiative feedback on the ISM.

The spatial distributions of mean summer monsoon total AOD from the model experiment Total_CTL and
the Multiangle Imaging SpectroRadiometer (MISR) are shown in Figures 2d and 2e. The level 3 MISR AOD
is available at 0.5° X 0.5° resolution at 555 nm, and has been extensively used for aerosol climatological stu-
dies over the Indian subcontinent (e.g., Dey & Di Girolamo, 2010). The model simulates the high regional
aerosol hotspots (total AOD > 0.6) over the Thar Desert and Indo-Gangetic Basin (IGB). Qualitatively, the
major dust sources in the Middle East, that is, deserts over Saudi Arabia, Oman, Iran, Iraq, and
Afghanistan are captured; however, the dust amounts are underestimated in the southern parts of the
Arabian Peninsula and Arabian Sea by 0.1 to 0.2. This can be attributed to an underestimation of near sur-
face winds over these regions (Zakey et al., 2006). Also, the dust source emission scheme is very sensitive to
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the soil parameters, which can strongly influence model biases. In addition, the model underestimates the
total AOD over parts of the central to eastern IGB and over the northern Bay of Bengal, where the outflow
of aerosols from the Indian continent occurs due to the prevailing wind circulations (Tiwari et al., 2016). On
the other hand, the IGB also consists of some anthropogenic aerosol species that are not considered in the
model, such as secondary OC aerosols, inorganic aerosols, and brown carbon (Chakraborty et al., 2016).
This can clearly contribute to the underestimation of AOD compared to MISR data.

Nair et al. (2012) found a smaller discrepancy between observed and simulated BC aerosols during the sum-
mer monsoon season compared to the winter season. Concerning desert dust, RegCM has been previously
shown to capture the seasonality of dust sources and transport over the Indian subcontinent (Das et al.,
2013). Their study found that the dust transport initiates during the premonsoon season (March-May) while
maximum dust loads occur during the mature monsoon season, with most of dust getting transported at
~700-850 hPa over the IGB. Recent studies have suggested potential impacts of Middle East desert aerosols
in modulating the ISM dynamics and intraseasonal variability (Jin et al., 2015; Vinoj et al., 2014), and indeed,
mineral dust was found to dominate over anthropogenic aerosols in total aerosol loading during the mon-
soon season over the Indian subcontinent (Dey & Di Girolamo, 2010). Jin et al. (2018) also found a major
contribution of dust (~60-80%) in the total summer AOD over the Middle East and India using several sets
of observation data.

The monthly AOD values from the Total CTL case are further validated against AOD retrieved from the
ground-based Aerosol Robotic Network (AERONET) at 500 nm across the domain. AERONET Version 3
—Level 2 AOD data at stations Solar Village, Meziara, Karachi, and Jaipur are analyzed for this purpose.
Details about the stations selected, which are close to the desert sources and away from major urban centers
characterized by aerosols not included in the model, and the retrieval technique can be found in Dubovik et
al. (2002). Correlation coefficients (R) of 0.40, 0.62, 0.76, and 0.42 between simulated and AERONET
monthly AOD values (Figure 2f) are found at Solar Village, Meziara, Karachi, and Jaipur, respectively, with
an overall value of R = 0.58, implying a good model performance.

To summarize, although the model in its present configuration underestimates AOD over certain regions,
also because of the lack of some anthropogenic aerosol types, it replicates the spatial distribution of the
observed total AOD and its north-south gradient over the Indian subcontinent during the ISM season.
Note that there are also uncertainties involved in the observational AOD data sets used, that is,
AERONET and MISR. For example, the Indian subcontinent is substantially covered with thick clouds dur-
ing the ISM and therefore the retrieval of AOD information could be potentially contaminated (Giles et al.,
2019; Kahn et al., 2010). Overall, given all the sources of uncertainty in aerosol emissions and observations,
and the lack of some anthropogenic aerosol types, this assessment gives us confidence that the model can
realistically simulate the impacts of aerosol radiative feedbacks on the ISM.

3.2. Anthropogenic Aerosol Feedbacks on the ISM Under the Baseline and Mitigation Scenarios

Seasonal mean anthropogenic AOD during the ISM derived from the Carb_BS, Carb_MT, Suca_BS, and
Suca_MT experiments is shown in Figure 3. The anthropogenic AOD is lower in the mitigation scenario
than in the baseline scenario when only carbonaceous aerosols are considered (Figure 3b). Maximum reduc-
tion of anthropogenic AOD (~0.05) occurs over the IGB in the mitigation scenario (Figure 3c) with an area
averaged value of 0.018 over India. On the other hand, the anthropogenic AOD increases across India in the
mitigation scenario when sulfate aerosols are considered. Specifically, larger increases of anthropogenic
AOD (~0.05-0.08) are simulated over the IGB, eastern parts of India and parts of southern India, with an
overall increase of ~0.03 when averaged over India (Figure 3f). Apart from the Indian landmass, an increase
in anthropogenic AOD (>0.06) is also seen over the northern Bay of Bengal. The regions of increases in
anthropogenic AOD over the IGB and eastern coasts of India are consistent with the location of large num-
bers of high megawatts coal-fired thermal power plants, which emit large amounts of sulfates (Guttikunda &
Jawahar, 2014).

The vertical distribution of aerosol extinction in the different experiments is shown in Figure 4. The model
simulates the highest concentration of lower tropospheric carbonaceous aerosols in the baseline scenario,
with this concentration being substantially reduced in the mitigation scenario (Figures 4a and 4b). The aero-
sol loadings increase (note the scale of change) in the mitigation scenario when sulfates are included
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Figure 3. Spatial distribution of mean anthropogenic aerosol optical depth derived from Carb experiments in the top panel: (a) Carb_BS, (b) Carb_MT, and (c) dif-
ference between Carb_MT and Carb_BS. Similar arrangements for Suca experiments in the bottom panel: (d) Suca_BS, (e) Suca_MT, and (f) difference between
Suca_MT and Suca_BS during the summer monsoon seasons of the period 2006-2015. The oblique violet color lines represent regions with 95% significance. The
numbers in the right top corner of each figure are the mean value of AOD over India.

(Figure 4d). In addition, substantial amounts of aerosols are transported from the lower atmosphere to the
middle ~600-500 hPa and upper troposphere ~200-100 hPa in all cases. In fact, recent studies (e.g., Lau et al.,
2018) have shown that the vertical transport of aerosols can reach the upper troposphere and lower
stratosphere, especially during the ISM. This vertical transport is associated with monsoon convective
updrafts (as shown Figure 4) and orographic uplift (Fadnavis et al.,, 2013). Once the aerosols are
transported into the upper troposphere, the monsoon easterlies at 200 hPa enhance their horizontal
dispersal (Lau et al., 2018). Figure 4 also shows that the quantity of aerosol transported vertically varies
depending upon the aerosol loadings in the different scenarios. Finally, the spatial and vertical
distributions of aerosols in the baseline and mitigation scenarios imply that the reduction of carbonaceous
AOD in the mitigation scenario is overcompensated by an increase in sulfate aerosol emissions.

The mean TOA anthropogenic aerosol-induced radiative forcing for the Carb_BS experiment shows warm-
ing (>1.8 W/m?) over the Thar Desert and Middle East deserts along with the snow-covered regions in the
Western Himalayas (Figure 5a). Desert and snow-covered regions reflect more solar radiation due to high
albedo causing more interaction with the aerosol layer aloft, and thus enhancing the TOA forcing. The
warming at the TOA decreases in the Carb_MT (Figure 5b) by ~0.8-1.4 W/m? over the desert- and snow-
covered regions, as the BC concentration decreases (Figure 5c). Reduction in TOA warming (~0.2-0.6
W/m?) is also seen over the IGB for the mitigation scenario. On the other hand, the TOA forcing switches
to cooling over central India and the IGB (<—6 W/m?) when sulfate is considered (Figure 5d). The TOA cool-
ing is more pronounced (<—10 W/mz) in the case of Suca_MT, especially over the IGB, central and eastern
parts of India (Figure 5e), where there is a strong increase in sulfate aerosol loading. The atmospheric radia-
tive forcing obtained from the difference between the radiative forcing at TOA and surface also suggests lar-
ger warming (>12 W/m?) over the IGB and parts of central India in Carb_BS and Suca_BS due to presence of
higher BC amounts (Figures S2a and S2d). A slight increase in the atmospheric radiative forcings found
especially over the IGB in the Suca experiments compared to Carb experiments could be a result of decreased
precipitation and associated washout (as discussed next). Compared to the baseline scenario, the atmo-
spheric radiative forcing is reduced by 2 to 8 W/m? over IGB and central India in Carb_MT and
Suca_MT, implying greater atmospheric cooling (Figures S2c and S2f).
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2006-2015. The oblique violet color lines represent regions with 80% significance.

The changes in summer monsoon precipitation induced by the anthropogenic aerosol feedback in the differ-
ent sensitivity experiments with respect to the Total CTL, along with the differences between the mitigation
and baseline scenarios, are shown in Figure 6. The precipitation responses to these emission scenarios are
more evident over the Indian landmass and over the Arabian Sea and Bay of Bengal. Differences with respect
to Total_CTL suggest a greater reduction in precipitation (> 0.6 mm/day) over parts of the IGB, central and
northeastern India when the sulfate aerosols are included (Figures 6d and 6e) than when only carbonaceous
aerosols (Figures 6a and 6b) are considered. Wang et al. (2015) using the CESM global model found a sup-
pression of precipitation due to high amounts of anthropogenic aerosols over Asia. Similar weakening
responses in ISM precipitation due to anthropogenic aerosols over South Asia were reported previously
using CESM by Ganguly et al. (2012b).

The precipitation response in the Carb_MT and Carb_BS cases shows a decrease in precipitation (~0.1-0.5
mm/day) over most of the Indian continent, the Arabian Sea and the Bay of Bengal in the mitigation sce-
nario in response to a significant decrease in BC-induced atmospheric warming. It is interesting to note that
due to presence of more BC-induced atmospheric heating, a small increase in precipitation (~0.15—-0.3
mm/day) is simulated over the central and eastern parts of India, and northern Bay of Bengal in Carb_BS
(Figure 6a), while precipitation decreases in Carb_MT and Suca_MT. Using the CAM global model,
Kovilakam and Mahajan (2016) showed that the ISM precipitation increases linearly with the increases in
BC loading. They found that increasing BC emissions simultaneously could enhance moisture transport
from the Arabian Sea toward the Indian land areas. The increase in precipitation over the northern Bay of
Bengal could be also due to an increase in moisture convergence, which leads to more convective precipita-
tion there (Das et al., 2016).

Comparison of Suca_MT and Suca_BS responses also shows an overall decrease in precipitation, though
relatively smaller in magnitude than when only carbonaceous aerosols (Carb_MT-Carb_BS) are considered.
Importantly, in both cases the effect of the sulfate induced cooling overwhelms that of BC-induced heating.
However, the larger cooling induced by increasing concentrations of sulfates in the Suca_MT contributes to
amplify the decrease in precipitation over the central and eastern part of India.

In terms of dynamical responses, the transport of moisture from the Arabian Sea (Figure 7e) is largely inhib-
ited by the aerosol-induced dimming over the Indian landmass due to the overall increase in anthropogenic
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Figure 7. Spatial distribution of anthropogenic aerosol induced changes in the vertical integrated (1,000 to 500 hPa) moisture transport (kg-m_l-s_l) simulated
from Carb experiments in the top panel: (a) Carb_BS, (b) Carb_MT with respect to Total_CTL, and (c) difference between Carb_MT and Carb_BS. Similar
arrangements for Suca experiments in the bottom panel: (d) Suca_BS, (e) Suca_MT with respect to Total_CTL, and (f) difference between Suca_MT and Suca_BS
during the summer monsoon seasons of the period 2006-2015. The oblique violet color lines represent regions with 80% significance.

AOD in Suca_MT. This is also supported by the changes in low-level jet at 850 hPa (Figure S3e), which
suggests a maximum decrease in wind magnitude (> 0.5 m/s) over the Arabian Sea and India caused by
the anthropogenic aerosol forcing (as also reported in Wang et al., 2015).

The vertical distributions of aerosol-induced changes in air temperature for each case with respect to
Total_CTL are shown in Figure 8. BC induces a warming of ~ 0.03-0.09 °C at ~700 to 300 hPa over
the central latitudinal bands (10-25°N) in Carb_BS (Figure 8a). At the same time, cooling below 800
hPa is found in response to the aerosol induced low level dimming and the changes in cloud vertical dis-
tribution (Figure 9a). Consistently, less pronounced warming occurs in the Carb_MT due to lower
amounts of carbonaceous aerosols (Figure 8b). The magnitude of warming in the middle troposphere
is reduced when sulfates are included, and in fact a cooling of ~0.15° to 0.24 ° C is seen in the lower
troposphere when sulfate aerosols are included (Suca_BS and Suca_MT compared to Carb_BS and
Carb_MT) over the latitudinal band 10-25° N. In particular, maximum cooling in the middle and upper
troposphere is seen in Suca_MT, along with reduced moisture transport due to weaker winds, which in
turn decreases cloud formation over central and eastern India (Figure 9d). This may be attributed to an
aerosol-induced reduction of the land-ocean temperature gradient, which weakens the monsoon flow.
We also find a temperature increase at 100 hPa, which is associated with aerosol vertical transport at
northern latitudes (25-35°N, as discussed in Figure 4). The results show consistent changes in the heat-
ing and cooling depending upon the experiment designs. For example, more vertical transport of BC to
the upper troposphere in the baseline experiments (Carb_BS and Suca_BS) are related to greater warm-
ing (>0.15 °C). Finally, when the high amounts of sulfates are considered (Suca_MT), cooling dominates.
The redistribution of aerosol species in the vertical could be important in modulating the thermodynami-
cal structure of the atmosphere (Wang et al., 2015).

In summary, it is clear that the type and magnitude of anthropogenic aerosol species can have different
impacts on the monsoon dynamics. For example, the presence of high amounts of BC induces atmospheric
heating, which drives relatively stronger monsoon flow and increased moisture flux from the sea, leading to
increased rainfall over land. This effect is reversed by the presence of increased sulfate concentrations,
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Figure 8. Latitudinal variation of anthropogenic aerosol induced changes in vertical cross sections (averaged over 75-85°E) of air temperature (°C) from (a)
Carb_BS, (b) Carb_MT, (c) Suca_BS, and (d) Suca_MT with respect to Total_CTL experiment during the summer monsoon (June-September) seasons of the
period 2006-2015. The oblique violet color lines represent regions with 80% significance.

whose cooling effect dominates over the BC heating. In the next section we investigate the interactions of
these anthropogenic aerosols in relation to those of aerosols of natural origin.

3.3. Total Aerosol Effects on the ISM Dynamics Under Anthropogenic Aerosol Emission Scenarios

The simulated total AOD for natural (dust and sea salt) and anthropogenic aerosols (Figures 10a and 10b)
shows that the total AOD is expected to increase in the mitigation scenario relative to the baseline scenario
by >0.04 over India, primarily due to larger amounts of anthropogenic sulfate (>10 mg/m). Manoj et al.
(2019) recently showed decreasing trends in BC but increases in total AOD using a dense network of aerosol
observatories established under the Aerosol Radiative Forcing over India (ARFINET). Increasing trends in
total AOD over some Indian regions were also reported using ARFINET data earlier by Babu et al. (2013).

The atmospheric radiative forcing indicates lower warming over the Indian landmass in the Total MT com-
pared to Total_BS due to increased emissions of scattering aerosols (Figure 10f). Interestingly, the dust bur-
den is reduced in Total MT over the Arabian Peninsula and the Arabian Sea, suggesting reduced dust
transport toward India (Figure 11d). The decrease in dust loading over the Arabian Sea also contributes to
cooling in the mitigation scenario (Figure 10f). Also, the generation of sea-salt and transport over the
Arabian Sea is reduced in Total_MT (Figure 11e). One point to note is that the dust burden increases over
central India when aerosols are present due to the anthropogenic aerosol-induced decrease in precipitation
and washout. This is important, as it implies that changes in the anthropogenic aerosol feedback over India
can affect the natural aerosol variability in space and time.

Figure 12a shows an increase in precipitation (~0.6-1.5 mm/day) over the Indian landmass, especially over
the west to central parts of India in Total_BS due to enhanced moisture flux from the Arabian Sea
(Figure 12b). Therefore, we find that the inclusion of natural aerosols tends to mitigate the dry bias in the
Total_CTL. An increase in precipitation (>1.8 mm/day) due to natural aerosols is also simulated over the
eastern Arabian Sea and northern Bay of Bengal. Compared to Total_BS, the increase in precipitation is gen-
erally lower in Total MT due to lower moisture transport (Figures 12b and 12e). This can be verified by
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(a) Carb_BS, (b) Carb_MT, (c) Suca_BS, and (d) Suca_MT with respect to Total_CTL experiment during the summer monsoon (June-September) seasons of the
period 2006-2015. The oblique violet color lines represent regions with 80% significance.
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Figure 10. Spatial distribution of mean total aerosol optical depth (top row) and atmospheric radiative forcing (bottom row units: W/mz) simulated from (a, d)
Total_BS (b, e) Total_MT, and (c, f) difference between Total_MT and Total_BS during the summer monsoon (June-September) seasons of the period 2006—
2015. The oblique violet color lines in Figures 10c and 10f represent regions with 95% significance.
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violet color lines represent regions with 90% significance.

looking into the difference in precipitation and moisture between the Total MT and Total_BS (Figures 12g
and 12h). In fact, the decrease in moisture flux of ~30 to 35 kg-m~2:s™" is colocated with the regions of
precipitation decrease over the central India, Arabian Sea and northern Bay of Bengal regions in the
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Figure 12. Sgatial distribution of total aerosol induced changes in mean precipitation (first column units: mm/day) and vertical moisture transport (second column
units: kg-m ~s_1) and surface pressure (third column units: hPa) simulated from (a-c) Total_BS, (d-f) Total_MT with respect to Total_CTL, and (g-i) difference
between Total_MT and Total_BS experiments during the summer monsoon (June-September) seasons of the period 2006-2015. The violet color lines and dashed
contours in the plots represent regions with 90% significance.
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Figure 13. Latitudinal variation of total aerosol induced changes in vertical cross sections (averaged over 75-85° E) of air temperature (°C) and cloud fraction (x
10_2) from (a and b) Total_BS and (c and d) Total_MT with respect to Total_CTL experiment respectively during the summer monsoon (June-September) seasons
of the period 2006-2015. The oblique violet color lines represent regions with 90% significance.

mitigation scenario. The increase in moisture flux in the Total BS (Figure 12b) could be related to the
strengthening of the wind circulations (at 850 hPa) due to large-scale convergence of the monsoon winds
with the Shamal winds in Saudi Arabia and the northerly Lever winds coming from Iran over the Arabian
Peninsula. Our results are consistent with recent studies carried out by Vinoj et al. (2014), Jin et al.
(2014), Das, Dey, Dash, Giuliani, et al. (2015), which suggested the existence of a positive feedback between
the Middle East desert dust aerosols and the ISM. More intensified winds (>1 m/s) in Total_BS compared to
the Total_CTL (Figure S4) are simulated over the Arabian Sea, southern part of the Indian continent and the
northern Bay of Bengal because of a reduction in the mean surface air pressure over the Arabian Peninsula
(Figure 12c) associated with dust induced large-scale tropospheric warming (Vinoj et al., 2014). Thus, our
results indicate that the anthropogenic aerosols tend to decrease the monsoon precipitation over the
Indian subcontinent whereas the inclusion of natural aerosols (particularly dust) can compensate this loss.

The changes in air temperature vertical profile over the Indian subcontinent show heating of the middle and
upper troposphere in the Total BS case (Figure 13a), which gradually decreases in Total MT case
(Figure 13c) due to atmospheric cooling caused by increasing concentrations of sulfate aerosols. The increase
in the middle and upper tropospheric temperature causes enhanced moisture transport from the Arabian
Sea, and consequently precipitation, in Total_BS compared to Total_MT as seen in Figure 12. Higher mag-
nitude of warming (~0.16-0.4 °C) is found in the lower to upper troposphere when dust is considered in the
Total_BS compared to Carb_BS.

In Total_BS, the precipitation increase over central India can also be associated with the joint response of the
local boundary layer over the region and the stronger monsoon wind providing additional moisture. Due to a
stronger wind, more moisture is transported over central India and the simultaneous stabilization of the
lower troposphere caused by dimming facilitates cloud and fog formation (Figure 13b). The increased
low-level cloudiness is more pronounced within the latitudinal band 15-25°N in Total_BS compared to
Total_MT and is due to an aerosol-induced “capping effect,” which prevents moisture transport to the upper
troposphere. A similar response was seen in a study of dust aerosol impacts on the African monsoon system
by Solmon et al. (2012). A smaller increase in low-level clouds over central India occurs in Total MT
(Figure 13d) due to lower moisture availability over the region. South of 15°N, and especially between
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10°N and 15°N, there are lower amounts of high clouds in Total_MT because of reduced convective activity
occurring in response to the weakening of the monsoon winds compared to Total_BS (Figure S4c).

4. Summary and Conclusions

In this study we examined the dynamical response of the ISM to anthropogenic aerosol emission scenarios
(baseline vs. mitigation) taken from the ECLIPSE inventory using the RCM RegCM4 coupled with an online
aerosol module. We conducted a series of 11-year long sensitivity experiments designed to isolate anthropo-
genic aerosol impacts under a near term mitigation scenario (where BC and OC are projected to decrease and
sulfate to increase) relative to a baseline scenario, without considering changes in climate induced by
increases in GHG concentrations.

The main conclusions of our study can be summarized as follows:

1. The increase in sulfate aerosols in the mitigation scenario is expected to overcompensate the reduction in
carbonaceous aerosols, leading to an increase in anthropogenic AOD over the ISM region.

2. The ISM is sensitive to anthropogenic aerosol feedbacks both in its spatial and temporal characteristics.
Larger reductions in wind circulation and precipitation are expected in the mitigation scenario relative to
the baseline scenario because of a weakening of the land-sea thermal heating gradient caused by
enhanced atmospheric cooling over the Indian landmass due to larger sulfate loadings.

3. Ifnatural aerosols are included in the simulation, the impact of dust feedback becomes an important fac-
tor. The ISM strengthens in response to the strengthening of moisture carrying winds due to large-scale
convergence of winds over the Arabian Peninsula. However, the increase in precipitation is lower in the
mitigation than the baseline scenario due to the weakening of moisture carrying winds from the Arabian
Sea.

4. The space-time variability of natural aerosols is modulated by the anthropogenic aerosol feedback. The
decrease in wind circulation in the mitigation scenario causes lower dust transport across the Arabian
Sea from the Arabian Peninsula. This reduces precipitation over central India and parts of the eastern
Arabian Sea and northern Bay of Bengal.

Our study should be interpreted in view of the following limitations. First, the model does not consider the
indirect effects of aerosols (Albrecht, 1989). Recent studies (e.g., Sarangi et al., 2018) have suggested that
aerosols might favor monsoon cloud formation over India through the process of invigoration. An increase
in sulfates over India could thus facilitate more cloud formation. Second, the model is not coupled to an
ocean model and therefore does not consider possible aerosol induced SST feedbacks. However, SST
responses to aerosol dimming are slow and would be most effective in a longer climatic scale (Ganguly et
al., 2012a). Third, in order to isolate the effects of aerosols we used the same present-day meteorological
boundary conditions in all sensitivity experiments. However, it would be useful to investigate aerosol effects
within the context of GHG-induced changes in regional circulations and climate. For example, Zhao et al.
(2019) suggest that aerosol mitigation could induce stronger responses in extreme precipitation under the
high end RCP85 GHG concentration scenario. Fourth, our model assumes only external aerosol mixing.
The internal mixing of different aerosol species, for example, BC coated by sulfates can enhance the atmo-
spheric heating. In fact, Dey et al. (2008) suggested that internal mixing between the aerosol species over
the IGB could modulate the absorptive properties of the composite aerosol. Fifth, in our model we do not
include all anthropogenic aerosols (e.g., secondary OC and brown carbon), which could indeed modulate
the responses and are worth implementing in the aerosol module. Finally, the internal variability of the
model could potentially induce some noise, but given the length of our simulations, we believe that the cli-
mate signals detected are consistent in many respects with the available literature. An ensemble approach
with perturbed boundary conditions may be a possible way to reduce the effect of the model's internal varia-
bility but requires heavy computation resources. All these issues will be addressed in future work.

Notwithstanding these limitations, our study confirms that the emission of atmospheric aerosols of
anthropogenic origin can affect the ISM and that this effect is substantially modulated by the presence
of natural aerosols. It also shows that the chemical and physical characteristics of the aerosols are critical
in determining the aerosol effects on the ISM, and that both natural and anthropogenic aerosols need to
be considered in studies of climate-aerosol interactions over the region. We find that the mitigation sce-
nario derived from the ECLIPSE project is not sufficient to ameliorate the aerosol impacts on the ISM,
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and indeed this scenario decreases the ISM intensity mostly due to an increase in the atmospheric sul-
fate burden. This can have significant impacts on the hydrologic cycle of the region and, along with the
health risk induced by high levels of atmospheric pollution, calls for more stringent mitigation measures,
especially for sulfates. Though more studies with other climate models and better emission inventories
are required to assess the robustness of our results, we can certainly conclude that the ISM response
to aerosol radiative feedbacks needs to be considered when designing emission scenarios to combat air
pollution and climate change over India.
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