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Abstract. Spatial modulations in monsoon rainfall over the Indian subcontinent, characterized by persistent weakening and

strengthening patterns, are yet to be understood in the context of the role of spatial heterogeneity in aerosol species (an-

thropogenic and dust) radiative perturbations, driving mechanism and control. Current inaccuracies in modelling the aerosol

species burden in this region have posed challenges to fully addressing these complexities. Here, we successfully simulate for

the first time the aerosol-driven impact on monsoon rainfall spatial modulations adequately accounting for aerosol distributions5

in a fine-resolved (25×25 km2) regional climate model. The modelled aerosol-induced spatial modulations align consistently

with the measured departures in monsoon rainfall. The aerosol-induced weakening of the rainfall (30%–50%) over most of the

Indian subcontinent, with a maximum deficiency over the eastern coast (− 48 mm), is primarily driven by changes in regional

wind dynamics induced by anthropogenic aerosol all-sky radiative forcing. The rainfall increase (> 50%) is strengthened by all-

sky radiative warming with dust aerosols over most of central/northwestern India/western coast. Abatement of anthropogenic10

aerosols can largely mitigate the rainfall deficiency, but by 30% to 40% only over the eastern coast; thereby also identifying

areas of augmented rainfall excessiveness (e.g. Andhra Pradesh/Gujarat) or their mitigation (e.g. Kerala/northeastern India)

driven by anthropogenic aerosol control. These insights are crucial for developing effective water management strategies in the

region.

1 Introduction15

The Indian summer monsoon, which consists of monsoon rainfall occurring from June to September, is a crucial climatic

phenomenon. It contributes over three-quarters of the annual rainfall across the Indian subcontinent (Parthasarathy et al., 1994;

Ghosh et al., 2016; Rajendran et al., 2022). As a result, changes in the spatial and temporal variability of monsoon rainfall, as

well as anomalies in the rainfall patterns, significantly impact water resources, agricultural production, and overall economic

and societal prosperity. This, in turn, affects the quality of life for a large portion of the world’s population in the Indian20

subcontinent (Lobell et al., 2011; Auffhammer et al., 2012; Skliris et al., 2022). Observational studies on monsoon rainfall

over the Indian subcontinent report an increasing trend in heavy to extremely heavy rainfall events, notably in the central,
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northwestern, and southernmost tip (Kerala region) of the Indian subcontinent (Rajesh and Goswami, 2023; Kripalani et al.,

2022; Persad et al., 2022; Katzenberger et al., 2021; Zhang, 2020; Roxy et al., 2017). Additionally, some studies report a

reduction in the monsoon rainfall over most of the northern and eastern Indo-Gangetic Plain (IGP) in the recent decades (200025

to 2018), negatively impacting groundwater levels and crop productivity in India (Seth et al., 2019).

The interannual variability of monsoon rainfall and the observed extreme rainfall events over south Asia is primarily linked to

changes in global climatic patterns and the effects of greenhouse gases induced global warming in current studies (e.g.(Rajesh

and Goswami, 2023; Singh et al., 2017; Roxy et al., 2017)). However, there are unexplained persistent regional spatial modu-

lations (see Figure 1a), which include both strengthening and weakening trends in measured monsoon rainfall from the Indian30

Meteorological Department (IMD) (IMD-rainfall: June to September averaged rainfall from IMD measurements (2000–2019)).

The observed spatial modulations in the measured monsoon rainfall do not seem to align with the effects of global warming

due to greenhouse gases. Notably, the regions experiencing heavy rainfall events and those undergoing a decline in monsoon

rainfall correspond with the areas identified in these regional spatial modulations. The mechanisms underlying these persistent

spatial modulations in measured monsoon rainfall, particularly concerning the influence of spatially varying regional aerosols,35

have not yet been adequately addressed in the existing literature (Menon et al., 2002; Ramanathan et al., 2005; Bollasina et al.,

2011; Vinoj et al., 2014; Samset et al., 2019; Persad et al., 2022; Christidis and Stott, 2022; Shawki et al., 2018; Risser et al.,

2024; Stier et al., 2024).

Aerosol-monsoon interactions are influenced by the direct and indirect radiative effects of aerosols (Forster et al., 2007;

Bollasina et al., 2011; Ganguly et al., 2012a; Sajani et al., 2012; Wang et al., 2017; Liou, 1980; Lawrence and Lelieveld,40

2010). The direct radiative effect occurs when aerosols absorb and scatter solar radiation, leading to a reduction in surface

insolation. This reduction can alter regional climate by lowering surface temperatures, enhancing atmospheric stability, and

weakening winds and atmospheric circulations, which can trigger a response in the monsoon. Additionally, anthropogenic

aerosol emissions can produce significant indirect effects by altering cloud characteristics (Charlson et al., 1992; Boucher

and Lohmann, 1995; Eichel et al., 1996). This includes reducing cloud droplet size and enhancing cloud reflectivity, as well45

as increasing cloud lifetime and lowering precipitation efficiency. These changes impact the Earth’s atmospheric radiative

balance. The indirect effects of aerosols are particularly important during the summer monsoon season because the levels of

liquid water content and moisture in the atmosphere are markedly higher during the season.

A clearer understanding of how aerosols impact the Indian monsoon is emerging from previous studies (Samset et al., 2019).

For instance, the elevated heat (known as the elevated heat pump effect) caused by aerosols over the Tibetan Plateau is thought50

to enhance the meridional temperature gradient, which strengthens the early monsoon and influences its subsequent devel-

opment (Lau et al., 2006). Additionally, dust-induced atmospheric heating over West Asia is believed to increase the flow

of moisture into India and rapidly modulate monsoon rainfall over central India (Vinoj et al., 2014). Furthermore, absorb-

ing aerosols is suspected to have a coincidental impact on monsoon breaks (Dave et al., 2017) and play a significant role in

stabilizing the atmosphere through rapid adjustments that limit rainfall (Persad et al., 2022). However, there are still several55

limitations in our understanding of these interactions. It is necessary to examine the interactions between regional aerosols and

the monsoon over the Indian subcontinent in context of the measured spatial modulations in the monsoon rainfall, particularly
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delineating the role of regional anthropogenic aerosols relative to natural (e.g. desert dust) and greenhouse warming. This

distinction is crucial because, unlike greenhouse gases, which are long-lived and contribute to global warming effects that are

uniformly distributed across the globe, aerosols are primarily concentrated near their emission sources. Thus, they can exert60

a strong regional impact (Herbert et al., 2021). Moreover, anthropogenic and dust aerosols with distinct properties display

significant spatial heterogeneity in their distribution across the Indian region (refer to Figure 1c-d, discussed later). This het-

erogeneity can lead to complex regional climatic interactions induced by aerosols (Boucher et al., 2016). Current inaccuracies

in modelling the burden of aerosol species (both anthropogenic and dust) over the Indian region, as well as in accounting for

their radiative effects in aerosol-climate models, have impeded our understanding of their interactions with the monsoon (Jin65

et al., 2016; Lau et al., 2017; Fadnavis et al., 2017; Barman and Gokhale, 2023; Debnath et al., 2023; Asutosh and Vinoj, 2024).

These inaccuracies have also hindered efforts to validate the modelled aerosol-induced changes in rainfall with the observed

rainfall deviations, thus necessitating scientific attention. Additionally, the coarse resolution of global aerosol-climate models,

which are typically used in studies on aerosol-monsoon interactions, is insufficient for capturing the aerosol-induced changes in

wind patterns, atmospheric circulation, and rainfall microphysical variables (Lau et al., 2017; Gadgil and Sajani, 1998; Cherian70

et al., 2013; Fadnavis et al., 2017). These factors are crucial for understanding how aerosols influence monsoon dynamics and

the spatial patterns of monsoon-related rainfall(Lau et al., 2017; Gadgil and Sajani, 1998; Cherian et al., 2013; Fadnavis et al.,

2017).

Here, we examine spatial modulations (weakening and strengthening) persistent in the measured monsoon rainfall over

the Indian subcontinent in the context of spatial heterogeneity in regional aerosol species (anthropogenic and dust) radiative75

perturbations, driving mechanism and control. The assessment is done by designing an integrated modelling framework (see

Figure S1 in the Supplementary Information) comprising aerosol response simulations (ARS) adequately accounting for re-

gional aerosol distributions in a fine-resolved (25×25 km2) weather research and forecasting (WRF) regional climate model.

In conjunction, the available long-term (1901 to 2014) simulations of monsoon rainfall from a global aerosol climate model

(IPSLCM6A-LR) in Climate Model Intercomparison Project Phase 6 (CMIP6) experiments (Boucher et al., 2020) are evalu-80

ated to delineate the role of aerosols relative to global greenhouse warming in driving the regional spatial modulations in the

monsoon rainfall. Simulating the aerosols-driven role in monsoon rainfall spatial modulations over the Indian subcontinent

is necessary to examine the implications of anthropogenic emissions and their mitigation on the required water management

measures as presented in this study. Incorporating the above-mentioned implications in regulating water management is helpful

in reducing the associated societal risks of rainfall deficiency and enhancement (e.g. flood risks) impacting the quality of life85

of one of the most populous regions in the world.

2 Methodology

The flowchart showing the methodology is presented in the Supplementary Information (Figure S1). We first analyse the

spatially gridded (25×25 km2) twenty year (2000–2019) monsoon-rainfall (June to September averaged) derived from IMD

measurements (Indian Meteorological Department) and identify the regional spatial modulations in monsoon-rainfall over90
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India mainland. Further, to get insights delineating the rainfall changes due to aerosol in comparison to the atmosphere without

aerosols (i.e. considering only the greenhouse gas (GHG) warming effect) over the Indian subcontinent, we evaluate the aerosol-

monsoon interactions from long-term historical simulations (1901 to 2014) in a global aerosol climate model. Furthermore, to

understand the regional aerosol-monsoon interactions examining the regional spatial modulations in the measured rainfall, ARS

is setup adequately accounting for regional aerosol distributions and their radiative effects in a fine-resolved regional aerosol95

climate model. The ARS is designed to evaluate the aerosol species-wide (dust and anthropogenic) impact, potential underlying

mechanism governing aerosol-induced rainfall spatial modulations and assessing sensitivity of anthropogenic aerosols control

to gain water management benefits.

2.1 Aerosol Response Simulation (ARS): aerosol scenarios, mechanism, and control

We conduct the fine grid resolved (25×25 km2) aerosol response simulation (ARS) over the Indian region (including the region100

between 7.1◦N to 34.1◦N and 68.6◦E to 96.4◦E) in a recently developed augmentation of the advanced research version of the

weather research and forecasting model (WRF), WRF-Solar.

2.1.1 Designing aerosol scenarios for ARS

The aerosol species-wide (anthropogenic, dust) optical properties (AOD, SSA, and AE) for the monsoon season are estimated

with OPTical properties SIMulation (Stromatas et al., 2012) (OPTSIM) using the atmospheric layer-wide concentration of105

aerosol species from the constrained aerosol simulation approach (constrsimu) developed in our previous study (Kumar

et al., 2018). The constrsimu was designed in a previous study (Kumar et al., 2018) with the aim of delivering a better

resemblance between model estimates and observations of atmospheric aerosol species and predicting their spatial distribution

as consistently as possible. This approach is based on constraining the simulated AOD in a free-running aerosol transport

simulation performed with the general circulation model (GCM) of Laboratoire de Météorologie Dynamique (LMDZT-GCM)110

(Hourdin and Armengaud, 1999) with the observed AOD to surpass the discrepancy induced specifically by emissions in the

source region. Species-wide constrained AOD is then used in an inversion algorithm to estimate the aerosol species-wide

concentration at 19 vertical layers of the model (having five layers below 600 hPa and nine layers above 250 hPa). A good

agreement was seen between the constrsimu estimated aerosol species concentration and the respective observations. In this

regard, aerosol species surface concentrations of black carbon (BC), organic carbon (OC), and sulfate-other water-soluble (Sul-115

ows) estimated from constrsimu amounted to 70%–100% compared to free running LMDZT-GCM being 20%–50% of their

measured counterparts (Kumar et al., 2018).

In the present study, the aerosol species-wide concentrations (19-vertical layers) so estimated (as mentioned above) for the

monsoon season (June to September) are used in OPTSIM to develop aerosol optical properties for aerosol scenarios. OPTSIM

(Stromatas et al., 2012) is a numerical model to calculate the tropospheric optical properties from aerosol concentration fields120

from the chemistry transport model (CTM). The aerosol optical properties for the following aerosol scenarios were developed

from OPTSIM simulations,
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1. anthropogenic aerosol, using concentrations and properties each of BC, organic carbon (OC), Sul-ows, and inorganic

matter (IOM) only,

2. dust aerosol, using concentrations and properties of dust only,125

3. all-aerosol, using concentrations and properties each of BC, OC, Sul-ows, IOM, dust, and sea salt (SS) together.

4. no-aerosol, i.e. atmosphere without aerosols and with GHG only.

2.1.2 Fine-grid resolved ARS in regional climate model (WRF-Solar)

The WRF-Solar is specifically developed for the enhanced prediction of solar irradiance (Haupt et al., 2016; Jimenez et al.,

2016). It utilizes an improved numerical weather prediction (NWP) model for calculating solar power and impact. The Rapid130

Radiative Transfer Model for GCMs (RRTMG) scheme (Iacono et al., 2008) has been used for shortwave parameterization.

The parameterization had been found to be producing an accurate estimation of surface irradiance given accurate aerosol opti-

cal properties (Ruiz-Arias et al., 2013). A simplified representation of the Thompson micro-physics for the aerosol interaction

(Thompson and Eidhammer, 2014) is used to enable cloud-aerosol feedback and maintain computational affordability. The

combination of the RRTMG radiation scheme and the (Thompson and Eidhammer, 2014) micro-physics scheme fully incor-135

porates the first and second aerosol indirect effects (Twomey et al., 1974; Albrecht, 1989). In earlier studies, the cloud particle

size for shortwave radiation calculations was imposed (i.e., the cloud effective radius is forced to remain constant) internal to a

particular radiation scheme; however, consistent cloud particle distributions in the micro-physics and radiation scheme are used

in the present simulations. To achieve a more consistent physical representation of the cloud-radiation feedback and activate

the aerosol indirect effects, we passed the effective radius of the cloud droplets, ice, and snow particles from the micro-physics140

to the radiation (both shortwave and long-wave) parameterization. The extinction coefficient is passed to the aerosol param-

eterization for radiation at each time step. A mass-flux-based shallow convection scheme (Deng et al., 2003, 2014) is used,

which includes a cloud entraining/detraining model to represent updrafts triggered by factors including planetary boundary

layer depth and turbulent kinetic energy (TKE). We used a hybrid closure combining TKE and convective available potential

energy, depending on the updraft depth.145

ARS for each of the four aerosol scenarios is conducted corresponding to five different climatic conditions (two La-Niña

years each with positive or negative IOD, two El-Niño years each with positive or negative IOD, and one neutral year) prevalent

during monsoon periods (refer to Table S1 in Supplementary Information). The ARS is conducted for the aerosol scenarios but

with the same amount of aerosol burden under different climatic patterns. The above combination of five climatic conditions and

four scenarios (all-, anthropogenic, dust, and no-aerosols) lead to conducting twenty numbers of aerosol response simulations.150

The aerosol-induced perturbations or changes are estimated by calculating the relative change in radiative effect and rainfall

for aerosol scenarios with respect to the no-aerosol scenario. The estimates from ARS under the different climatic patterns are

also used to estimate the probability density (PD) of rainfall change for the aerosol scenarios over the selected regions ‘R1’

and ‘R2’.
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Besides, to examine the potential underlying mechanism of aerosol-induced change in rainfall, the aerosol-induced perturba-155

tions or changes are also estimated for wind field dynamics and hydro-meteorological parameters by calculating their relative

change due to aerosol scenarios with respect to the no-aerosol scenario.

2.2 Radiative perturbations due to aerosol types

The downward and upward shortwave radiative flux (SWRFdown & SWRFup respectively) are simulated at the top of the

atmosphere (TOA) and surface (SUR) for each of the above-mentioned four scenarios (i.e., all− aerosol, antrhopogenic−160

aerosol, dust−aerosol, and no−aerosol). We present in the manuscript the all-sky (with clouds; direct+indirect) and clear-

sky (without clouds; direct) aerosol radiative effects (ARE) at SUR. The change in the shortwave radiative flux (SWRFdown

- SWRFup, δSWRF ) at the SUR is estimated for respective aerosol scenarios (i.e. δSUR
SWRF, all, δSUR

SWRF, anthro, δSUR
SWRF, dust)

(equation 1-3). The ARE due to aerosol scenarios (AREall−aerosol, AREantrhopogenic−aerosol, AREdust−aerosol) at SUR

is calculated by taking the difference between corresponding δSWRF and δSWRF, null (equation 1-3). It is to be noted that165

the aerosol-induced change for rainfall, wind field distribution, and hydro-meteorological parameters as obtained from ARS

in WRF and shown in the manuscript is due to aerosol all-sky radiative effects. We have also shown the changes in rainfall

and wind fields due to aerosol clear-sky radiative effects in the Supplementary Information. The above including four aerosol

scenarios under five climatic patterns, thereby twenty numbers of ARS for clear-sky, besides the same for all-sky, thus a total

of forty numbers of ARS, are used in the analysis.170

ARESUR
all = δSUR

SWRF, all − δSUR
SWRF, null = (SWRFSUR

down, all −SWRFSUR
up, all)

− (SWRFSUR
down, null −SWRFSUR

up, null) (1)

ARESUR
anthro = δSUR

SWRF, anthro − δSUR
SWRF, null =(SWRFSUR

down, anthro −SWRFSUR
up, anthro)

− (SWRFSUR
down, null −SWRFSUR

up, null) (2)175

ARESUR
dust = δSUR

SWRF, dust − δSUR
SWRF, null =(SWRFSUR

down, dust −SWRFSUR
up, dust)

− (SWRFSUR
down, null −SWRFSUR

up, null) (3)

2.3 Long-term historical global aerosol-climate simulations: IPSLCM6A-LR (CMIP6 experiments)

As mentioned earlier, we utilise the simulated precipitation (pr) data, in kg m−2 s−1 (horizontal resolution of 2.5◦ × 2.5◦) from180

IPSL-CM6A-LR: Version 6 (Boucher et al., 2020) for Climate Model Intercomparison Project Phase 6 (CMIP6) experiments

of long term simulations (1850 to 2014). The historical global aerosol-climate simulations are analysed for the present years

(1995–2014) considering the atmosphere (i) with no-aerosols, referred to as hist (no-aerosol) scenario; and (ii) with aerosols

(i.e. aerosols and GHG), referred to as hist (aerosol) scenario. The relative (%) change in rainfall in present years relative

to the pre-industrial climatology (1901 to 1930) for the above-mentioned two scenarios and that due to aerosols is examined185

identifying the spatial concordance in rainfall modulations between model and measurements.
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3 Results

mm yr-2 %

Figure 1. (a) Spatial distribution of the temporal trend (over the period of 2000 to 2019) of Indian summer monsoon (monsoon) rainfall

from measurements of Indian Meteorological Department (IMD-rainfall) (mm yr−2); The black ‘+’ symbols over shaded regions represent

significance at 90% confidence level). (b) Average percentage (%) departure or divergence over the selected years of the IMD-rainfall from

the defined normal monsoon of the respective year. Spatial distribution of monsoon AOD due to (c) Anthropogenic aerosols, and (d) dust

aerosols.

3.1 Spatial concordance: monsoon rainfall, aerosol optical depth (AOD) due to anthropogenic and dust aerosols

To identify the spatial modulations of monsoon-rainfall over the Indian subcontinent, we analyse the spatial distribution (25×25

km2) of monsoon-rainfall from the Indian Meteorological Department measurements (IMD-rainfall: June to September) pre-190

senting the temporal trend over a twenty-year (2000–2019) period (Figure 1a) and the percentage departure (Figure 1b). The

percentage departure of the IMD-rainfall is obtained as the divergence of the IMD-rainfall of a selected year from the defined

normal monsoon of the respective year averaged over the five selected years. The five selected years are taken accounting

for the changing meteorological climatic patterns during monsoon corresponding to five different climatic conditions (two

La-Niña years each with positive or negative Indian-ocean dipole (IOD), two El-Niño years each with positive or negative195
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IOD, and one neutral year) (also refer to section ‘Aerosols induced spatial changes in monsoon-rainfall from aerosol response

simulations (ARS): concordance with measurements’ and Table S1 in Supplementary Information). The negative departure

or divergence indicates the reduction or deficiency in actual monsoon-rainfall compared to the normal and vice versa for the

positive departure or divergence. The normal monsoon for a respective year is estimated as the mean of the last 50 years of

IMD-rainfall (Indian Meteorological Department). Patches of spatially changing patterns of monsoon-rainfall (decreasing or200

increasing temporal trends and positive or negative departures of the actual monsoon-rainfall from the normal) are visualised

over mainland India. While a decreasing trend (1–7 mm yr−2) in recent years is seen over most of the Indian region, including

the areas of the IGP, eastern coast, and western India (areas of Maharashtra region); patches of increasing trend (1–6 mm yr−2)

is visualised over the areas of northwestern India, central India, western coastline and southern India. The locations or points

of an increasing or decreasing monsoon-rainfall trend which is statistically significant at 70% confidence level are also marked205

in Figure 1a. It is observed that regions or locations witnessing the negative and positive departure (20% to 50% in most areas)

from the normal monsoon-rainfall (Figure 1b) are in general spatially overlapping with that comprising of the decreasing and

increasing trend, respectively.

To examine the spatial changes in the aerosol burden by species type (anthropogenic or dust) over the Indian subconti-

nent, we further present the AOD due to anthropogenic (AOD-anthro, Figure 1c) and dust (AOD-dust, Figure 1d) aerosols210

averaged during the monsoon (June to September). The AOD-anthro and AOD-dust are estimated in OPTical properties SIM-

ulation (OPTSIM), a numerical model to calculate tropospheric optical properties from the derived aerosol concentrations

(refer to “Methods”). The aerosol species distribution over India is obtained from the constrained aerosol simulation approach

which was found to satisfactorily represent the observed values (Kumar et al., 2018). The AOD-anthro is the sum of AOD

due to sulphate and other water-solubles (AODSul−ows), black carbon (AODBC), organic carbon (AODOC), inorganic matter215

(AODIOM ) (refer to Figure S2 in the Supplementary Information). While the large value of AOD-dust (> 0.3) is prominent

mostly over the northern IGP and northwestern India (Figure 1d), the AOD-anthro (> 0.3) is that over the IGP, eastern coast,

and the western India (Figure 1c). While the largest atmospheric burden of anthropogenic aerosols over the IGP is mainly

attributed to a large population density, varying anthropogenic activities, including influence due to meteorology and geo-

graphical location of the IGP (Ghosh et al., 2021; Verma et al., 2022; Ghosh and Verma, 2023). This of desert dust over the220

northern IGP and northwestern India is due to transport from desert locations in nearby (western India, Thar desert) and far-off

regions (e.g. west Asia) (Verma et al., 2008; Kumar et al., 2018; Kumar and Verma, 2016). Interestingly, the spatially varying

AOD-dust and AOD-anthro are in general visualized to be spatially concordant to the observed spatial modulations compris-

ing of strengthening and weakening IMD-rainfall (from trends and departures, Figure 1a-b), respectively. Nevertheless, the

enhanced IMD-rainfall (from trends and departures) is also seen over areas of central and southern India, and the western225

coastline with a relatively lower anthropogenic or dust aerosol burden. The spatial heterogeneity in aerosol species (anthro-

pogenic and dust) distribution may exert a non-uniform aerosol radiation perturbations across the Indian subcontinent, which

have implications for aerosol-driven monsoon-rainfall spatial modulations, as discussed in the subsequent sections.

8

https://doi.org/10.5194/egusphere-2025-2302
Preprint. Discussion started: 6 June 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 2. Aerosol radiative forcing averaged during monsoon period at surface (SUR) for all sky (upper panel, a–c) and clear sky (lower

panel, d–f) due to all aerosols (a,d), anthropogenic aerosols (b,e), and dust aerosols (e,f)

3.2 Radiative perturbation due to aerosol species over the Indian subcontinent: impact of anthropogenic and dust

aerosols230

The spatial distribution of all-sky surface radiative effects during the monsoon is shown in Figures 2a-c. The aerosol radiative

effects (Figures 2a-c) are estimated due to all-aerosols and that segregated by aerosol species type, i.e. anthropogenic- and

dust aerosol. These estimates correspond to the designed aerosol scenarios in ARS, i.e. considering the atmosphere with

anthropogenic aerosol species (see AOD-anthro), dust (see AOD-dust), all-aerosols (anthropogenic+dust+sea salt) relative to

no-aerosols (refer to section 2).235

The all-sky surface radiative effects due to all-aerosols are found to exhibit radiative cooling (negative values of radiative

effect) over most of the Indian subcontinent (larger than−40 W m−2 over most of the IGP) including the coastal Bay of Bengal

(BoB), but, radiative warming (15 to 30 W m−2) over the western coast, northwestern India, areas of central India, and the

oceanic regions of the Arabian Sea (AS) and the farther BoB (away from coastal). The all-sky aerosol radiative warming over

the AS found in the present study is in corroboration with a previous study inferring rapid surface warming in the northern AS240
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and adjacent northwestern India to explain the extreme rainfall events in the central India region (Roxy et al., 2017). However,

our study also explains the underlying mechanism due to all-sky aerosol-driven radiative warming (see section “Potential

mechanism for the monsoon-rainfall pattern: aerosols induced impact on regional-scale hydro-meteorological parameters”)

which is not explained in the previous study. The spatial variation of all-sky surface radiative forcing due to anthropogenic

aerosols is similar to all-aerosol scenario but with a relatively larger spatial extent of radiative warming (specifically over245

regions with low anthropogenic aerosol burden). In contrast to the above, the all-sky surface radiative forcing due to dust

exhibits mainly radiative warming over most of the Indian subcontinent.

In comparison to spatially varying all-sky aerosol surface radiative warming or cooling, the clear-sky aerosol surface radia-

tive effects exhibit radiative cooling across the Indian subcontinent and for all the three aerosol scenarios (Figures 2d-f). The

magnitude of clear-sky radiative cooling depending upon the relative distribution of species-wide AOD is the largest due to250

all-aerosols, followed by anthropogenic and dust. The above in turn has an impact on the aerosol species-wide changes in the

all-sky aerosol radiative warming or cooling effects. The clear-sky surface radiative cooling due to dust aerosols is lower than

the anthropogenic- and all-aerosols; thereby influencing a larger all-sky radiative warming due to dust. Similarly, the clear-sky

surface radiative cooling due to anthropogenic- or all-aerosols compensates for the all-sky radiative warming due to the re-

spective aerosol scenarios. In general, the clear-sky aerosol surface radiative cooling of lower than 30 W m−2 (along eastern255

coast and BoB) to 50 W m−2 (along the western coast and AS) is found to exert an all-sky aerosol radiative warming in the

vicinity of relative distribution of cloud fraction. A large cloud fraction due to aerosols (higher by more than 50% relative to

no-aerosol) is indeed estimated along the western coast, AS, northwestern India, and areas of central-western India (refer to

Figure 4f discussed later).

3.3 Aerosols-driven monsoon-rainfall spatial modulations from global aerosol climate model: concordance with260

measurements

To get insights on the aerosol-driven monsoon-rainfall modulations over the Indian subcontinent, we first evaluate the available

long-term simulations (1901 to 2014) of monsoon-rainfall, from global aerosol climate model (IPSLCM6A-LR, horizontal

resolution: 2.5◦ × 2.5◦) in CMIP6 experiments (O’Neill et al., 2016). These simulations are analysed for the present years

(1995–2014) considering the atmosphere (i) with no-aerosols (i.e. atmosphere with greenhouse gases (GHG)-only), referred to265

as hist (no-aerosol) scenario; and (ii) with aerosols (i.e. aerosols+GHG), referred to as hist (with-aerosol) scenario. The relative

(%) change in rainfall in present years relative to the pre-industrial climatology (1901 to 1930) for the above-mentioned two

scenarios is presented in Figures 3a and 3b, respectively. The change in rainfall for hist (no-aerosol) scenario does not represent

or is opposed to the observed pattern of spatial modulations in the measured monsoon-ranfall (Figure 1a-b). It exhibits a

relatively increasing pattern (by 20% to 50% of the rainfall during pre-industrial climatology) over the entire Indian region270

and a decreasing to neutral along the western coast and central India. In contrast to hist (no-aerosol) scenario, the spatial

modulations in rainfall for hist (with-aerosol) scenario (Figure 3b) show-up similar spatial features to the measured monsoon-

rainfall, including a relatively decreasing pattern of rainfall over areas of the IGP, but with a slightly increasing rainfall along the

southern coast (e.g. around Kerala region). The above discussion thus reveals the regional spatial modulations (from measured
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trends and departures) in IMD-rainfall comprising of rainfall-deficient and rainfall-excessive areas as identified over the IGP275

and western India, respectively, are aerosol-driven and can not be explained by GHG warming.

To delineate the change in rainfall due to aerosols during present years relative to the pre-industrial climatology (Figure 3c),

we take the difference of (i) from (ii) above. The relative decrease in rainfall (10% to 30% of the rainfall during pre-industrial

climatology) attributable to aerosols is visualised over most of the areas of mainland India with the largest deficiency (20% to

30%) seen over the northern IGP. Interestingly, the increased rainfall (10% to 30%) along the western coast and the southern280

coast (along Kerala region), and the central-western areas is also found to be appearing due to aerosols, unlike the contrasting

patterns for (i) above (Figure 3a). Thereby indicating the regional spatial modulations observed in IMD-rainfall (trend and

departures) are in general well represented by the spatial changes (weakening and strengthening) in rainfall imposed due to

aerosol during present years. The estimated rainfall deficiency and enhancement relative (%) to pre-industrial rainfall are lower

in magnitude than the measured departures (%) in IMD-rainfall. The above is expected from global aerosol simulations due to285

a coarser resolution and an inadequate regional aerosol burden (Ghosh et al., 2021) in the global climate model, and thereby

lack of model capability to adequately resolve the aerosol-driven spatial modulations in monsoon-rainfall.

3.4 Aerosols-driven monsoon-rainfall spatial modulations from ARS in regional climate model: concordance with

measurements, impact of anthropogenic and dust aerosols

To assess the aerosol-induced spatial modulations in rainfall at a fine-grid scale over the Indian subcontinent evaluating the role290

of dust and anthropogenic aerosols, we examine the estimates from the designed ARS in a fine-grid resolved aerosol climate

model. To represent the aerosol-driven modulations on monsoon-rainfall as realistically as possible, accounting for the aerosol-

meteorological interactions, the change in modelled monsoon-rainfall due to aerosols is estimated finding out the difference

between modelled rainfall considering the atmosphere with aerosols and that without aerosols or no-aerosols. We compare

the measured departures from IMD-rainfall with the modelled aerosol-induced change in rainfall from the designed ARS295

averaged over the selected years. The measured departures are used as we believe the above estimates from measurements

would consistently represent the regional spatial modulations (rainfall deficiency or excessiveness) induced due to aerosols

irrespective of the rainfall changes from global climatic patterns across the entire Indian subcontinent, thus aiding to compare

the modelled and measured values of aerosol induced rainfall change and identify the regional hotspots for mitigations.

The spatial distribution of the modelled percentage change in the rainfall due to all-aerosols scenario (relative to no-aerosol)300

averaged over the five selected years corresponding to five different climatic conditions is shown in Figure 3d. The decreasing

rainfall (mostly by 40% to 50%) is visualised over most of the Indian subcontinent, including the IGP region and oceanic

region of the Bay of Bengal (BoB). Patches of spatially increasing rainfall (mostly by 30% to 60%) are also visualized over

northwestern India (areas of Rajasthan and Gujarat), south-eastern coast (including Andhra Pradesh), with a specifically large

value along the western coast (including coastal areas of Maharashtra, Karnataka, and Kerala). Notably, contrasting features305

of aerosol-induced spatial modulations are visualised over the adjoining oceanic regions of the BoB and AS, comprising of

rainfall deficiency over the BoB and a neutral to slight strengthening over the AS. The modelled spatial modulations (increasing

or decreasing) in the simulated rainfall due to the all-aerosol across the above-mentioned regions over mainland India are in
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Figure 3. (a-c) Spatial distribution of change in monsoon-rainfall from simulations in global aerosol climate model estimated for present years

(relative to pre-industrial) considering atmosphere (a) without-aerosols (with ghg forcing only), (b) with-aerosols (ghg and aerosols), (c) due

to aerosols (difference between (a) and (b)); (d-f) Spatial distribution of change in monsoon-rainfall from ARS in regional aerosol climate

model averaged over selected years (relative to no-aerosol), ( with aerosols−no aerosols
no aerosols

× 100), due to (d) all aerosols, (e) anthropogenic

aerosols, and (f) dust aerosols; (g) Probability density (PD) of rainfall change as modelled due to all-aerosols, anthropogenic and dust

aerosols for the identified regions (rainfall-excessive, ‘R1’: 974 gridpoints and rainfall-deficient, ‘R2’: 477 gridpoints) averaged over 5-y

corresponding to the five types of climatic patterns during the monsoon period. The same as above but that obtained from IMD-rainfall

departures is also shown. The magnitude of rainfall change corresponding to the maximum probability density is also marked.
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spatial concordance with the corresponding modulations observed from measurements, i.e. IMD-rainfall (trends and departures,

Figure 1a-b).310

We find that all-aerosol-induced spatially decreasing and increasing rainfall is primarily governed by the presence of anthro-

pogenic and dust aerosols, respectively (Figure 3e-f). An exception to the above, few patches of all-aerosol-induced increasing

rainfall features as visualized over locations along the western coast, and parts of the eastern coast do concur as the same

feature from both anthropogenic and dust aerosols (Figure 3e-f). However, the increasing feature of rainfall is enhanced with

a larger spatial advancement from dust compared to anthropogenic over these locations, specifically covering more of central315

and western and northwestern India. The spatial advancement over central India of aerosol-induced increasing monsoon from

dust aerosols as obtained from ARS is also supported by the observational studies inferring an increasing trend in heavy to

extremely heavy rainfall events in the central Indian region in recent decades (Roxy et al., 2017). Further, aerosol-induced

increasing monsoon from both dust (Figure 3f) and anthropogenic (Figure 3e) aerosols as obtained from ARS is also in cor-

roboration with the increased rainfall events witnessed during the monsoon seasons in recent years (2018 and 2019) at the320

southern tip of India (Kerala) and over the southern parts of the west coast of India (Vijaykumar et al., 2021). Though the

spatial locations identified in the present study with aerosols-induced increased rainfall corroborate with the regions reported

with heavy rainfall or extreme flood events in available studies. The heavy rain statistics induced due to aerosols including

the ocean memory effect from large-scale climate patterns and their temporal concurrence with the available studies need to

be further assessed in a future study. The increased rainfall due to aerosols over areas of relatively low anthropogenic burden325

(e.g. western coast comprising areas of Karnataka and Kerala regions) as shown in the present study is also supported by a

recent study (Kripalani et al., 2022) inferring increased rainfall over south and southeast Asia during COVID 2020, based on

evaluating measured rainfall (relatively coarsely resolved (2.5◦ × 2.5◦), Global Precipitation Climatology Project and National

Center for Environmental Prediction), when the atmospheric pollutants burden was found to be reduced (Dumka et al., 2021)

as compared to other years.330

To carry out a detailed statistical analysis for the rainfall deficiency and strengthening due to aerosols, we also identify

specifically the two regions (see Figure 1) exhibiting distinct distribution of predominating aerosol species type and spatial

modulations from IMD-rainfall as follows: (i) area over northwestern India (Region 1, ‘R1’, or rainfall-excessive region):

comprising of AOD being predominantly due to AOD-dust, and including the observed strengthening IMD-rainfall (trends and

departures); (ii) area over the IGP (Region 2, ‘R2’, or rainfall-deficient region): comprising of AOD being predominantly due335

to AOD-anthro, and including the observed weakening IMD-rainfall. Over the identified regions of ‘R1’ (northwestern India,

where dust burden is predominant) and ‘R2’ (IGP region where anthropogenic aerosols are predominant), about 60% to 80%

of grids comprise, respectively, increasing and decreasing rainfall values due to dust (Figure 3f) and anthropogenic aerosols

(Figure 3e). While the maximum rainfall deficiency for the region ‘R2’ in the presence of anthropogenic aerosols is estimated

over eastern coast gridpoints (average across gridpoints with rainfall deficiency: 58%), the maximum rainfall increase for340

region ‘R1’ in the presence of dust aerosols is estimated over northwestern India gridpoints (average across gridpoints with

rainfall strengthening: 70%).
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The Probability density (PD) of modelled rainfall change for all-aerosols, anthropogenic and dust aerosols over the identified

regions (rainfall-excessive, ‘R1’: 974 gridpoints and rainfall-deficient, ‘R2’: 477 gridpoints) averaged over 5-y corresponding

to the five types of climatic patterns during the monsoon period is shown in Figure 3g. We also present the PD of measured345

rainfall change (Figure 3g) obtained from IMD-rainfall departures averaged over the same period as mentioned above. Most

of the area (> 70%) of the PD distribution curve of the rainfall change due to all-aerosols and dust aerosols over region ‘R1’

comprise the increasing rainfall (or positive) values relative to no-aerosol. The peak of the PD curve corresponding to the

maximum frequency of magnitude of rainfall increase lies at +8 mm for all-aerosols compared to being +14 mm for dust

aerosols. In contrast to that for ‘R1’, a large area of the PD distribution curve of the rainfall change due to all-aerosols and350

anthropogenic aerosols over region ‘R2’ comprises of the decreasing rainfall (or negative) values relative to no-aerosol. The

peak of the PD curve lies at −5 mm for all-aerosols compared to that being −10 mm for anthropogenic aerosols. Consistent

with the modelled values, most of the area of the PD distribution curve of the rainfall change from IMD-rainfall comprises

of the decreasing rainfall (or negative) values for ‘R2’ and vice versa for ‘R1’. Also, the maximum PD of the rainfall change

from IMD-rainfall at +14 mm (− 18 mm) for ‘R1’ (‘R2’) is found to be closely matching with the modelled values of rainfall355

change due to dust (anthropogenic aerosols) for ‘R1’ (‘R2’).

More details on the statistical analysis of modelled aerosol-induced rainfall deficiency and strengthening averaged over the

five selected years corresponding to five different climatic conditions and its comparison with the corresponding changes from

IMD-rainfall departures for the identified ‘R1’ and ‘R2’ regions are further discussed in the Supplementary Information (refer

to section ‘Comparison of modelled aerosol induced rainfall change with IMD-rainfall: statistical analysis’; and Table S2). Our360

comparison presented in the study thereby indicates modelled aerosol-induced (anthropogenic and dust) spatial modulations

(weakening and strengthening) of monsoon-rainfall and their respective magnitudes over the Indian subcontinent corroborates

the measured spatial modulations (departures) in IMD-rainfall. A reasonably good comparison of measured departures with the

modelled aerosol-induced spatial modulations indicates that the measured spatial modulations (weakening and strengthening

as departures) in the monsoon-rainfall are driven by regional aerosols over the Indian subcontinent. Thereby confirming our365

hypothesis on the modelled aerosol-induced changes (relative to no-aerosol) using the designed ARS to consistently represent

the measured spatial modulations in the monsoon-rainfall.

3.5 Potential mechanism of aerosol-driven monsoon-rainfall spatial modulations: evaluating wind-fields

To evaluate the mechanism of the aerosol-induced change in the monsoon, we examine the regional dynamical response visual-

izing the aerosol-induced relative change (compared to no aerosol) in the regional wind fields (wind direction and wind speed)370

distribution. The spatial distribution of the enhancing dynamical impact (+ve values) indicates the aerosols-induced positive

forcing (increased intensity and the same direction) of the large-scale monsoon flow from no-aerosol scenario simulation (Fig-

ure 4a) and is vice versa for the suppressing dynamical impact. The color scale (Figures 4b-d) represents the enhancing (+ve

values: red color on color scale) and suppressing (-ve values: blue color on color scale) dynamical impact of aerosols (Figures

4b-d) on the climatological wind-fields pattern (no aerosols scenario, Figure 4a).375
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Figure 4. (a-d) Simulated wind-fields for (a) no-aerosols (atmosphere without aerosols) scenario; Change in wind-fields (w.r.t no-aerosols

scenario) due to (b) all-aerosols, (c) anthropogenic aerosols, and (d) dust aerosols. The color scale represents the enhancing (+ve values: red

color on color scales) and suppressing (-ve values: blue color on color scale) dynamical impact of aerosols on the climatological windflow

pattern (no aerosols scenario); (e-f) spatial distribution of simulated percentage change (%, w.r.t no-aerosols) due to all-aerosols scenario in

the (e) water vapor mixing ratio (%), and (f) cloud fraction (%); simulated change (w.r.t no-aerosols) in the (g) number of cloud condensation

nuclei (CCN) (× 106) for all-aerosols scenario; (h) outgoing long-wave radiation (OLR) (W m−2) for dust aerosols.
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The monsoon wind-fields circulation (no-aerosol scenario, Figure 4a) over the Indian Ocean indicates an intrusion of clima-

tological south-western monsoonal flow (3 to 4 m s−1) inside the Indian mainland from the Arabian Sea along the western coast

and from the Bay of Bengal along the eastern coast at lower eastern IGP. It is also seen that change in the wind pattern from

all-aerosols has an enhancing impact (by 0.2 to 0.8 m s−1) on the climatological south-westerly wind (no-aerosol) over the

oceanic region of the BoB. The aerosol-induced anomalous change forces a diversion of the wind vectors away from the Indian380

mainland along the lower eastern IGP compared to the climatological monsoonal south-westerly flow (no-aerosol) intruding

the Indian mainland from the Bay of Bengal. We see the presence of both the enhancing and suppressing dynamic impact on the

climatological wind pattern over the IGP. While the suppressing impact (blue-colour pattern) to the climatological easterlies

(no-aerosol, Figure 4a), thus, resulting in a westerlies wind pattern (0.2 to 0.6 m s−1) is visualized over the IGP region adja-

cent to Himalayan foot-hills. The enhancing impact (red-colour pattern) to a low-intensity climatological south-westerly wind385

pattern, thus, resulting in an increased north-westerly wind (1 to 1.4 m s−1) as visualized over the IGP and central India. The

changed wind-field dynamics over the IGP region displaying a suppressing impact indicates a decrease in moisture-bearing air

masses rather than from the Bay of Bengal region in the climatological (no-aerosol) scenario. However, the increased intensity

of the north-westerly wind over the IGP region displaying an enhanced impact strengthens an increased potential of desert dust

influx from northwestern India and west Asia to the IGP and central India.390

Both the aerosol-induced enhancing and suppressing dynamical impact on the climatological wind pattern over the IGP thus,

enforce the wind flow from land towards the ocean rather than from the oceanic region over the IGP. It is to be noted that the

aerosol-induced change presented in Figure 2 is due to all-sky aerosol radiative effects in WRF. It is found that including only

the clear-sky aerosols radiative effect in ARS showed a similar pattern of spatial change in wind fields, including enhanced

or suppressed dynamical impact as with the all-sky radiative effect but with much-decreased values (refer to Figure S3 in the395

Supplementary Information for all-aerosols scenario).

The aerosol-induced change in wind circulation pattern and intensity (Figure 4b) visualised as an enhancing or suppressing

dynamical impact to the climatological wind pattern (no-aerosols) is noted to be larger from anthropogenic aerosols (Figure 4c)

compared to dust (Figure 4d). Thereby, relatively a few patches of decreasing rainfall are visualised in the dust aerosol scenario

over areas of the IGP (as discussed in the previous section). Our study thus reveals the spatially decreasing rainfall is due to the400

regionally changed wind-field dynamics (direction and intensity), strengthening of the wind flow from land towards the ocean

(contrasting the monsoonal flow) as a result of aerosol-induced perturbations in regional radiative energy balance. The aerosol-

induced perturbations including stronger aerosol radiative forcing contrasts (radiative cooling and warming) between the ocean

and land region from anthropogenic than the dust and that from all-sky than the clear-sky. Besides the above, aerosol-induced

radiative effects along the western coast of India enhance the climatological wind pattern (slightly weaker for clear-sky than405

all-sky) and thereby the monsoonal flow along the western coast of India, favouring an increased rainfall along the western

coast and adjoining central India regions. The aerosol-induced increasing rainfall pattern is more prominent for all-sky than

clear-sky (refer to Figure S3 in the Supplementary Information), therefore, indicating the aerosol-induced spatially increasing

rainfall effect is primarily enforced by aerosol all-sky radiative effects. To assess further a much-enhanced rainfall seen over the
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above-mentioned regions due to dust aerosols compared to anthropogenic, we further analyze the aerosols-induced change in410

the hydro-meteorological parameters and dust-induced change in the outgoing long-wave radiation (OLR) in the next section.

3.6 Potential mechanism of aerosol-driven monsoon-rainfall spatial modulations: evaluating hydro-meteorological

parameters

The spatial features of water vapour mixing ratio (Figure 4e) from all-aerosols scenario exhibiting an increased amount over

the western coastal, northwestern and central region of India, including a decreased amount over areas of the IGP corroborates415

the features of aerosol-induced spatial modulations in rainfall. The enhanced cloud fraction (Figure 4f) from the all-aerosols

scenario (compared to no-aerosols) but with a relatively larger value over the above-mentioned regions is also seen to spatially

overlap with the simulated increase in rainfall from dust, anthropogenic, and all-aerosols. The spatially enhanced cloud fraction

over the western coastal, northwestern and western-central region of India, has a role in inducing the increased aerosol all-sky

radiative warming (refer to section ‘Radiative perturbation due to aerosol species over the Indian subcontinent: impact of420

anthropogenic and dust aerosols’ and Figure 2a-c) over the region. We also find the increased amount of CCN (Figure 4g)

spatially concurs with the aerosols-induced rainfall deficient areas. The reduction in atmospheric moisture content over the

regions due to aerosols-induced change in the dynamical impact in conjunction with an increased amount of CCN over these

regions due to predominating anthropogenic aerosols (Figure 1b) is favourable to a large amount of but smaller cloud droplets,

and causing the aerosols-induced deficiency in rainfall over the region (Figure 3).425

On evaluating the dust-induced impact on the OLR (Figure 4h), the reduced OLR from dust aerosols (3% to 8%) compared to

the no-aerosols scenario is visualized over the regions with predominant dust influence (e.g. northwestern India, areas of central

India, including the western coast of India). Interestingly, the spatial features of the dust-induced reduced OLR spatially overlap

with the simulated increase in rainfall from dust aerosols (Figure 4d). The reduced OLR and increased aerosol all-sky radiative

warming are favourable to increased convection and thereby an enhanced aerosol-induced rainfall over the above-mentioned430

region. The above also explains the presence of patches of increased rainfall (refer to Figure 3e) also from anthropogenic

aerosol scenario (due to all-sky radiative warming) over the mentioned regions and that its strengthening (due to combined

effect both from the reduced OLR and all-sky radiative warming) from dust aerosols. Our study thus shows that the increased

rainfall is favoured by the increased convection due to the aerosol-induced all-sky radiative warming in areas having a relatively

lower clear-sky aerosol shortwave radiative cooling (e.g. areas predominated by dust or low amount of anthropogenic aerosols,435

e.g. the western coast, northwestern India, and central India region), and its strengthening due to the dust-induced reduced

OLR over the dust-predominant regions.

The dust-induced increase in precipitation pattern over the Indian subcontinent as presented in this study is in corroboration

with a previous study (Vinoj et al., 2014) conjecturing the dust-induced heating of the atmosphere over North Africa/West

Asia impacting the increased flow of moisture over India and enhanced monsoon-rainfall over central India in the short440

term. However, our study also finds the dust-induced spatially heterogeneous radiative perturbations governing the measured

monsoon-rainfall spatial modulations over the Indian subcontinent successfully simulating the measured departures (not pre-

sented in the previous study). The anthropogenic aerosol-induced decrease in precipitation over the Indian subcontinent as
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presented in this study is also in corroboration with a previous study (Bollasina et al., 2011) inferring a decreasing trend

(1950-1999) in monsoon-rainfall from ensemble simulations of aerosol forcing (as bulk aerosol) in a coarsely resolved GCM.445

The above-mentioned study however could not explicitly present role of aerosol species-wide (anthropogenic and dust) spatial

heterogeneity in monsoon-rainfall spatial modulations. Our study also presents anthropogenic aerosols driven spatial modu-

lations (both decreasing and increasing pattern) in monsoon-rainfall including their potential mechanism adequately account-

ing for aerosol distributions in a fine-resolved regional climate model and successfully simulating the measured departures

in monsoon-rainfall. We therefore further assess the implications of anthropogenic aerosols control on the required water-450

management measures for reducing atmospheric pollutants-induced water-associated societal risks of rainfall-deficiency or

enhancement, as discussed in the next Section.

3.7 Implications of anthropogenic aerosols control on required water-management

Based on our ARS estimates, we locate areas which would require anthropogenic aerosols control or water-management mea-

sures, thereby aiding to mitigate aerosol-induced rainfall change for societal benefits. If the anthropogenic aerosol burden is455

not controlled, areas which would need the necessary water management measures (from low to high level) to reduce societal

risks due to aerosol-induced increase in rainfall are shown in Figure 5a. These areas are obtained from Figure 3d corresponding

to grids showing enhanced rainfall due to the all-aerosols scenario. However, if control of anthropogenic pollutants is imposed,

then the specific areas where the water management measures should be intensified are marked in Figure 5b. These specific

areas (e.g. over grids of Telangana, AndhraPradesh, Karnataka, Gujarat regions) including areas over the Arabian Sea would460

witness further augmented rainfall increase due to the control of anthropogenic aerosols, including that due to the presence of

dust. The above-mentioned areas are spotted within the identified rainfall-excessive regions of Figure 5a, and corresponds to

extracted grids obtained as the difference (mm) between dust-induced (corresponding to Figure 3f) and all-aerosols-induced

(corresponding to Figure 3d) rainfall increase. We also identify locations (patches with blue color on color-scale, Figure 5b)

signifying areas which would witness mitigation of increase over rainfall-excessive regions (Figure 5a) and enhancement of465

the deficiency over rainfall-deficient regions (Figure 3d) driven by anthropogenic aerosols (lightly to strongly as marked on

the color scale, Figure 5b). In other words, these areas would witness mitigation of rainfall increase driven by control of

anthropogenic aerosols, i.e. along the western coastline (e.g. around coastal Karnataka, Maharashtra (lightly driven); Ker-

ala (moderately driven) and northeastern India (strongly driven). Thereby also identified as target areas within the identified

rainfall-excessive regions (Figure 5a) which would need the necessary water management measures to reduce increased rain-470

fall risk if anthropogenic aerosols burden is not controlled. In contrast, a further enhanced deficiency of rainfall driven by

anthropogenic aerosols control (lightly to moderately driven) is also identified to be witnessed over areas of the northern In-

dia (e.g. Punjab and Haryana). While our estimates of aerosol-induced rainfall change corroborate the observational studies

(as also mentioned earlier) showing occurrence of the increased rainfall events during the monsoon seasons in recent years

(2018 and 2019) at the southern tip of India (Kerala region), including northeastern India, and areas of Telangana and Andhra475

Pradesh, our analysis as presented above further insists the augmented rainfall increase over the region, being governed mainly

by anthropogenic aerosols.
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Figure 5. Anthropogenic aerosols control and associated water management. Area requiring (a) degree of water-management (low to high

on color scale) for rainfall-excessive areas if no anthropogenic control; (b) water-management driven by anthropogenic control; (c) rainfall

deficiency mitigation driven by anthropogenic control. The patches with blue color on color-scale in (b) overlapping with rainfall-excessive

areas of (a) (e.g. western coastline, northeastern India) signify mitigated rainfall increase driven by anthropogenic control; and with rainfall-

deficient areas of Figure 4d (e.g. northern India over areas of Punjab, Haryana) signify enhanced rainfall-deficiency.

Furthermore, the control of anthropogenic aerosols would also serve to reduce the deficiency in rainfall and areas which

would witness mitigation of rainfall deficiency are presented in Figure 5c. The above-mentioned areas are spotted within the

identified rainfall-deficient regions of Figure 3d, and corresponds to extracted grids obtained as the difference (%) between480

dust-induced (or no anthropogenic aerosols, Figure 3f) and all-aerosols induced (Figure 3d) rainfall deficiency. The control of

anthropogenic aerosols is thus found leading to a reduction in deficiency by about 20% to 40% over the eastern coast (e.g. West

Bengal, Odisha), but that within 20% only over areas of central IGP (e.g. UttarPradesh) and the Bay of Bengal. It however

leads to a complete mitigation of rainfall deficiency, e.g. over areas of western India (e.g. Maharashtra, Rajasthan), central

India (Chhattisgarh, MadhyaPradesh), and eastern India (Bihar region), that otherwise exhibit all-aerosols-induced rainfall485

deficiency (Figure 3d).

4 Conclusions

In the present study, we assess the aerosols-driven monsoon-rainfall spatial modulations (weakening and strengthening) over

the Indian subcontinent through successfully simulating the measured monsoon-rainfall spatial modulations adequately ac-

counting for aerosol distributions in a fine-resolved (25×25 km2) WRF climate model. The monsoon-rainfall spatial modula-490

tions are examined in terms of the role of spatial heterogeneity in aerosol species (anthropogenic and dust) radiative pertur-

bations, driving mechanism, including implications of anthropogenic aerosols mitigation on the required water-management

measures. In conjunction, the available long-term (1901 to 2014) simulations of monsoon-rainfall from a global aerosol cli-

mate model (IPSLCM6A-LR) are also evaluated to present change imposed with aerosols in present years relative to the

pre-industrial.495
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While large values of the modelled AOD due to anthropogenic aerosol (0.3 to 0.6) are predominant over most of India with a

specifically higher value over the IGP, eastern coast, and the BoB; these due to dust (as large as 0.3) is seen to be mainly present

over northwestern India. The spatially varying AOD due to dust and anthropogenic aerosols are visualized to be spatially

concordant to the spatial modulations (strengthening and weakening) in measured monsoon-rainfall (trends and departures), as

identified over the IGP and western India, respectively. The observed trend and departures (relative to normal monsoon-rainfall)500

from measurements indicating the weakening or strengthening of monsoon-rainfall is noted being respectively, 1–7 mm yr−2

and 20% to 50% in most areas. Aerosol radiative perturbations from ARS show contrasting all-sky aerosol surface radiative

effects due to dust and anthropogenic aerosols and a spatially heterogeneous aerosol species-wide radiative perturbations. In

contrast to clear-sky aerosol species-wide surface radiative cooling throughout, there is all-sky surface radiative warming over

most of mainland India due to dust aerosols, it is surface cooling over most of India but radiative warming along the western505

coast, central-western area and oceanic regions due to anthropogenic and all-aerosols.

Evaluation of the change in monsoon-rainfall from the long-term simulations (1901 to 2014) from the global climate model

(IPSLCM6A-LR) revealed unlike the greenhouse gas warming effect (without aerosol), the change imposed due to aerosol

is found to depict the spatial features of observed regional spatial modulations in measured rainfall. The modelled change in

rainfall from fine-grid resolved ARS in WRF indicates the monsoon-rainfall as being masked due to anthropogenic aerosols510

(by 30% to 40%) over most of the Indian subcontinent with the maximum rainfall deficiency (− 48 mm) over the eastern

coastal region. In contrast, the monsoon-rainfall is strengthened due to the dust aerosols (> 50%) over most of central and

northwestern India, the western and the southern coast (i.e. Kerala region) and at a magnitude of + 51 mm over northwestern

India. A striking feature is a concordance of the spatial modulations (weakening and strengthening) in monsoon-rainfall as

modelled due to aerosols with the corresponding modulations from measurements. The highest probability density of rainfall515

deficiency (excessive) values as modelled being about − 10 (+ 14) mm due to anthropogenic (dust) aerosols, including the

overall average of the rainfall deficiency (excessive) values across the identified rainfall-deficient (rainfall-excessive) areas,

closely matches with the corresponding values from measurements (i.e. departures).

Our study reveals the spatial change in the regional monsoon wind-field dynamics as a potential mechanism explaining

the spatially weakening rainfall over the identified areas (e.g. IGP) in the Indian region. The mechanism is mainly driven520

by aerosol-induced perturbations in regional radiative energy balance, including stronger aerosol radiative forcing contrasts

(reversal radiative cooling and warming) between the ocean and land region from anthropogenic than the dust and that from

all-sky than the clear-sky. The spatially increasing pattern of monsoon-rainfall over areas such as the western coastal region,

central-western and northwestern India) is primarily driven by aerosol-induced all-sky radiative warming and its strengthening

due to the dust-induced reduced OLR. Our study, therefore, insists that spatial heterogeneity in aerosol species (anthropogenic,525

dust, all-aerosols) radiative perturbations primarily drive the regional spatial modulations (weakening and strengthening) in

measured monsoon-rainfall over the Indian subcontinent.

Our study shows the control of anthropogenic aerosols would aid in compensating the deficient rainfall or dry spell features

by about 20% to 40% over the eastern coast (e.g. West Bengal, Odisha), but that within 20% only over areas of central

IGP (e.g. Uttar Pradesh) and the Bay of Bengal. It would however aid in completely mitigating the rainfall deficiency over530
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areas of western India (e.g. Maharashtra, Rajasthan), central India (Chhattisgarh, MadhyaPradesh), and eastern India (Bihar

region). We also identify areas within the identified rainfall-excessive regions with augmented rainfall excessiveness driven

by anthropogenic aerosol control (e.g. over Telangana, AndhraPradesh, Karnataka, Gujarat regions) including areas over the

Arabian Sea. The above also includes areas with mitigated rainfall excessiveness found to be moderately (e.g. over Kerala

region) to strongly driven (e.g. northeastern India) by anthropogenic aerosol control or otherwise needing the necessary water535

management measures (e.g. to reduce flood risk) due to aerosol-induced increase in rainfall. The present study, therefore, insists

policymakers incorporate the implications of anthropogenic emissions and their mitigation in regulating the region-wide water

management measures to reduce the societal risks of rainfall deficiency and enhancement (e.g. flood risks) impacting the

quality of life of one of the most populous regions in the world.

To our information, this is the first study to successfully simulate aerosol-driven spatial modulations in Indian monsoon540

rainfall using a fine-resolution regional climate model (25×25 km2) that realistically captures both anthropogenic and dust

aerosol radiative effects, unlike prior studies (see Section 1). This study also presents the first validated modelled aerosol-

induced spatial modulations of monsoon rainfall with model output closely matching the observed rainfall deviations. Our study

identifies aerosols as key drivers of persistent regional spatial modulations in monsoon rainfall over the Indian subcontinent.

Additionally, we highlight rainfall departures (compared to the normal monsoon) in measured rainfall as a crucial parameter545

that signals aerosol-induced changes in monsoon patterns.

Our study highlights the spatial changes in the regional monsoon wind fields dynamics and hydrometeorological factors,

effectively captured by fine-grid simulations in a regional climate model, as potential governing mechanisms to aerosol-induced

changes in monsoon patterns. However, we believe that the magnitude and precision of aerosol-induced responses could be

enhanced by incorporating spatially- and temporally fine-resolved global-scale feedback, long-range aerosol transport, and550

more comprehensive observational validation; these should be considered in future research to improve our understanding of

aerosol-monsoon interactions.
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