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• Direct indication of anthropogenic im-
pact on ADRF over the IGP outflow re-
gion of the BoB

• ADRF over the BoB is higher when the
winds originated from the IGP.

• COVID-19 shutdown reflected ~20–25%
reduction in ADRF over the IGP outflow
region.
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The aerosol direct radiative forcing over the Bay of Bengal (BoB) is much higher in magnitude when the winds
originate from Indo-Gangetic Plains during the pre-monsoon season (March–May) compared to the seasonal
average.
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The Indo Gangetic Plain (IGP), one of themost densely populated regions of theworld, is a global hotspot of anthro-
pogenic aerosol emissions. In the pre-monsoon season (March–May), the strong westerlies carry transported dust
aerosols alongwith anthropogenic aerosols onto the Bay of Bengal (BoB). The outflow from IGPmodulates the aero-
sol loading and the aerosol direct radiative forcing (ADRF) over the BoB. The quantification of the anthropogenic
aerosol impact on the radiative forcing over the outflow region remains inadequate. The enforced shutdown amid
the COVID-19 pandemic eased the anthropogenic activities across the country, which helped to examine the mag-
nitude and variability of aerosol loading and subsequent changes in ADRF over IGP and the outflow region of the
BoB.Wind trajectory analysis illustrates that the ADRF over the BoB is greater during the dayswhen thewinds orig-
inated from the IGP region (at the surface−54.2 ± 6.4Wm−2, at the top of the atmosphere,−26.9 ± 3.4 Wm−2

andon the atmosphere, 27.0±3.1Wm−2) compared to the seasonal average (−46.3±7.1Wm−2,−24.9±4.0W
m−2 and20.6±3.2Wm−2, respectively). This indicates that anthropogenic aerosols emission from IGP can contrib-
ute an additional 31% of the atmospheric ADRF over the IGP outflow region of the BoB. The reduced aerosol loading
during the shutdown period resulted in a reduction of ADRF at the surface, at the top of the atmosphere, and on the
atmosphere over the IGP outflow region of the BoB by 22.0 ± 3.1%, 20.9 ± 3.4% and 23.2 ± 3.3%, respectively. This
resultant 20–25% reduction in ADRF over the IGP outflow region of BOB matches well with 10–25% reduction in
aerosol optical depth (AOD) over the IGP during the shutdownperiod showing a robust coupling between IGP aero-
sol emissions and ADRF over the BoB.
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1. Introduction

The global net radiative forcing due to aerosols is negative (IPCC,
2013) and estimated to offset about one-third of the atmospheric
warming due to greenhouse gases since the 1950s (Storelvmo et al.,
2016). However, the uncertainties in the net aerosol forcing estimates
remain due to the complex feedback mechanisms and spatio-temporal
variability (Bellouin et al., 2020; Bender, 2020; Li et al., 2009). The
South Asian region, especially the Indo-Gangetic plain (IGP) in northern
India, is a global pollution hotspot due to a variety of natural and anthro-
pogenic emissions of aerosols (Brooks et al., 2019; Dey et al., 2004; Rana
et al., 2019; Singh et al., 2017; Srivastava et al., 2020; Srivastava et al.,
2012a). The aerosol loading over the Indian subcontinent and surround-
ingmarine regions has been on the rise due to anthropogenic emissions
(Babu et al., 2013; Hsu et al., 2012; KrishnaMoorthy et al., 2013; Kumar
et al., 2018; Mehta et al., 2021; Srivastava, 2017; Thomas et al., 2019).
The IGP region has been the focus in many studies due to high aerosol
loading, strong seasonal variability of aerosol composition, complex
mixing processes, and its outflow into the Bay of Bengal (BoB) (Nair
et al., 2017; Srinivas and Sarin, 2013; Srinivas and Sarin, 2014). The
pre-monsoon season (March–May) is marked by an increment in the
coarse mode aerosols over north India due to mineral dust advection
by the westerly winds (Beegum et al., 2008; Srivastava et al., 2014).
The western IGP is more influenced by the dust, and central to eastern
IGP has a dominance of anthropogenic aerosols due to coal-based
power plants, vehicular emissions, agricultural burning (Gautam et al.,
2011; Gogoi et al., 2020; Tobler et al., 2020).

Aerosols in this region come from a complex mixture of sources and
include absorbing aerosols like black carbon (BC), brown carbon, dust,
and secondary aerosol production (Srivastava et al., 2021b). Themixing
of aerosol species and the complexity associated with it makes it diffi-
cult to constrain the aerosol properties, and therefore to estimate the di-
rect radiative forcing and climate impacts of aerosols in this region
(Kompalli et al., 2020; Srivastava et al., 2020; Srivastava et al., 2018;
Thamban et al., 2017). The vertical distribution of aerosols during the
pre-monsoon season shows two distinct aerosol layers; a surface layer
where the extinction coefficient decreaseswith altitude and an elevated
dust layermixedwith anthropogenic aerosols between 1.5 km to 5.5 km
(Brooks et al., 2019; Sarangi et al., 2016; Srivastava et al., 2012b). This
elevated layer is known to alter the monsoon circulation via the ‘ele-
vated heat pump’ leading to an early onset of the monsoon (Lau and
Kim, 2006; Menon et al., 2002; Nigam and Bollasina, 2010).

The westerly winds in the pre-monsoon season result in an outflow
of dust and anthropogenic aerosols from IGP onto the BoB (Banerjee
et al., 2019; Lelieveld et al., 2001; Moorthy et al., 2009; Ramanathan
et al., 2001). The outflow from IGP influences the aerosol composition
and direct radiative forcing by transporting anthropogenic aerosols as
far as southern BoB with a strong north-south gradient (Nair et al.,
2013a; Nair et al., 2009; Rastogi et al., 2020; Satheesh et al., 2006). Sat-
ellite vertical profiles over the BoB during the pre-monsoon has shown
that dust from continental region accounts for 22% of the total aerosol
extinction, but the long-term (2006–17) trend shows a decrease in
dust aerosols over the BoB (Lakshmi et al., 2017). The winter outflow
is dominated by BC and OC aerosols due to fossil fuel and biomass burn-
ing from IGP (Bikkina et al., 2016). This influx of aerosols is a source of
nutrients over the BoB region and is known to influence the primary
productivity over the region for this 4-5 month period (Nair et al.,
2013b; Srinivas et al., 2015). The north-eastern BoB is found to have
an aerosol-induced atmospheric heating rate as high as ~0.5 K/day dur-
ing pre-monsoon season due to the influence of anthropogenic aerosols,
which could affect the regional circulation (Nair et al., 2013a). The out-
flow is known to influence the warm clouds with low liquid water path
(LWP) over the northern Indian Ocean, causing a warming effect in the
region (Jose et al., 2020).

COVID-19 global pandemic has led countries around the world
to enforce lockdown (shutdown of anthropogenic activities and
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movement of peoples) to contain the spread of the virus. The decline
in traffic and industrial production has led to a decrease in emission of
greenhouse gases, aerosol loading and an overall improvement of air
quality in major cities around the globe (Chauhan and Singh, 2020;
Muhammad et al., 2020; Singh and Chauhan, 2020). In India, the lock-
down was announced in 4 different phases; phase-1: 24 March–14
April, phase-2: 15 April–3 May, phase-3: 4 May–17 May and phase-4:
18May–31May 2020. Phase 1 and 2 were the strictest, and the country
came to an almost standstill in this period, with all services shutdown
except essential transportation and services (e.g., Hospitals). The aver-
age PM2.5 concentration dropped by about 43% in measurement sites
all over India during phase1 and 2 as compared to the previous years
(Sharma et al., 2020). Another study reported a drop in the average air
quality index (AQI) from ~135 to ~110 in the last week of March 2020
when the lockdown initiated, and similar improvements were reported
over other cities in India (Singh and Chauhan, 2020). Mahato et al.
(2020) reported a reduction of ~50% in particulate matter (PM) during
lockdown (24 March – 31 May) over Delhi as compared to the pre-
lockdown time period (1–23 March 2020). AOD and absorption AOD
showed a reduction of ~30% over the IGP during COVID-19 shutdown,
with concentrations of PM10, PM2.5, NO, NO2 and CO lower by about 58%,
47%, 76%, 68% and 58%, respectively, at Delhi (Srivastava et al., 2021a).
The obvious reduction in anthropogenic emissions due to the enforced
lockdown amid the COVID-19 pandemic has given unique opportunity
to observe the change in ADRF at the outflow region from the IGP in the
absence/reduction of anthropogenic emissions. Here, we examine the ef-
fect of the COVID-19 shutdown on the ADRF over the Indo-Gangetic
Plain outflow region of the BoB during pre-monsoon season. It is to be
noted that the change inmeteorology and atmospheric dynamics can fur-
ther complicate the behaviour of aerosols (Guttikunda et al., 2019).

2. Data and methods

2.1. MODIS

The Moderate-resolution imaging spectroradiometer sensor (MODIS)
measures the reflectance from the earth's surface in 36 channels in the
wavelength range of 0.41–14.4 μm (Remer et al., 2005). The sensor is on-
board the EOS-AQUA satellite and crosses the equator at 13:30 local time.
In this study, we have used the level-3 Dark Target and Deep Blue com-
bined AOD of collection 6.1 at 0.55 μm with a grid resolution of 1° × 1°
(Hsu et al., 2013; Levy et al., 2013; Sayer et al., 2014). Mhawish et al.
(2017) evaluated the MODIS AOD against AERONET sites over the IGP
and found that the combined Dark Target and Deep Blue algorithm has
better accuracy than individual algorithms.

2.2. OMI

The Ozone Measuring Instrument onboard the EOS-AURA satellite
has a nadir viewing spectrometer, which measures in UV–visible
range (264–504 nm). The OMAERUV algorithm uses 354 and 388 nm
reflectance to derive aerosol absorption optical depth (AAOD) at
388 nm (Curier et al., 2008; Torres et al., 2013; Torres et al., 2007).
The AAOD at 1° × 1° resolution is available from OMAERUVd.003 prod-
uct. The daily tropospheric column NO2 at 0.25° × 0.25° resolution was
used in the study. Irie et al. (2008a) describe the retrieval algorithm for
the tropospheric NO2 column, and the validation study showed a bias of
20% globally (Irie et al., 2008b). The daily AAOD and tropospheric NO2

column are downloaded from the NASA Goddard Earth Sciences, Data
and Information Services Center website (http://disc.sci.gsfc.nasa.gov).

2.3. MERRA-2

TheModern-Era Retrospective Analysis for Research andApplication
version 2 (MERRA-2) was released by the Global Modelling and Assim-
ilation Office (Gelaro et al., 2017). It uses Goddard Earth Observing
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System-5 (GEOS-5) atmospheric general circulation model for climate
analysis (Molod et al., 2015) and is coupled with the Goddard Global
Ozone Chemistry Aerosol Radiation and Transport model (GOCART).
The aerosol and meteorological parameters are assimilated in conjunc-
tion after careful cloud screening and homogenization of multiple satel-
lite AOD (MODIS, AVHRR and MISR) inputs with and ground-based
(AERONET)AODdata (Buchard et al., 2017; Randles et al., 2017). The ra-
diative fluxes data from MERRA-2 was evaluated against CERES EBAF
Edition 2.8 satellite product over 2001–2015, and the MERRA-2 radia-
tive fluxes were able to capture the global trends and variability during
the period of study (Hinkelman, 2019). The AOD from ‘M2I3NXGAS’
product and radiation fluxes from ‘M2T1NXRAD’ product was used in
the analysis. Both the products were temporally collocated to match
with the overpass time of EOS-AQUA satellite. The data at a grid resolu-
tion of 1° × 1° was downloaded from NASA Goddard Earth Sciences
(GES) Data and Information Services Center (DISC) https://disc.gsfc.
nasa.gov/.

The clear-sky aerosol direct radiative forcing (ADRF) is calculated
from the radiative fluxes (shortwave and longwave) by taking the dif-
ference between the fluxes in clear-sky conditions with aerosols and
without aerosol. The hourly variables; SWGNTCLR (surface net down-
ward shortwave flux assuming clear-sky), SWGNTCLRCLN (surface net
downward shortwave flux assuming clear-sky and no aerosol),
LWGNTCLR (surface net downward longwave flux assuming clear sky)
and LWGNTCLRCLN (surface net downward longwave flux assuming
clear-sky and no aerosol) are used to calculate ADRF at the surface
(ADRFSURF). Concurrently, ADRF at the top of the atmosphere (ADRFTOA)
is calculated from hourly variables, SWTNTCLR (TOA net downward
shortwave flux assuming clear sky), SWTNTCLRCLN (TOA net
downward shortwave flux assuming clear-sky and no aerosol),
LWTUPCLR (upwelling longwave flux at TOA assuming clear-sky) and
LWTUPCLRCLN (upwelling longwave flux at TOA assuming clear-sky
and no aerosol).

ADRFSUR ¼ SWGNTCLR þ LWGNTCLRð Þ− SWGNTCLRCLNþ LWGNTCLRCLNð Þ

ADRFTOA ¼ SWTNTCLR þ LWTUPCLRð Þ− SWTNTCLRCLNþ LWTUPCLRCLNð Þ

The ADRF on the atmosphere (ADRFATM), which indicates the energy
trapped by all aerosols in the atmosphere, is calculated by taking the dif-
ference between ADRFTOA and ADRFSURF.

2.4. HYSPLIT model

TheHybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
Model is extensively used to compute air mass forward trajectories
(Rolph et al., 2017; Stein et al., 2016). The PC-based version of the
model developed by the NOAA air resources laboratory with Global
Data assimilation system (GDAS) 1° × 1° meteorology data as the input
is used in this study. The forward trajectories simulated by the
model from Kolkata (22.57°N, 88.42°E) were used to identify the
days in the pre-monsoon season with trajectories towards the Bay
of Bengal. The trajectories were calculated at 00 h UTC (05:30 local
time) and at two altitude levels 500m and 1500m above the ground.
The model was also run from Kanpur (26.28°N, 80.21°E) to establish
the general flow of the air mass through IGP in this season (Fig. S1).

2.5. Data analysis

The satellite retrievals are used in conjunction with the reanalysis
data products to understand the anthropogenic impact on the ADRF
over the IGP and also over the BoB associated with the outflow from
IGP. The five-year average (2015–19) during the pre-monsoon season
(March to May) is compared with the days when trajectories are to-
wards southeast from Kolkata flowing into the BoB and the days when
trajectories are flowing in other directions. The region of interest is
3

marked in Fig. 1a as IGP and BoB based on the airmass trajectory flow
as shown in Fig. 2.

3. Results and discussions

3.1. Average aerosol conditions during pre-monsoon

Fig. 1 shows the five-year (2015–2019) averaged MODIS AOD,
MERRA-2 AOD, OMI AAOD, andOMI retrieved tropospheric NO2 column
for the pre-monsoon (March–May) season. AOD, as observed byMODIS
AQUA (Fig. 1a) and the MERRA-2 AOD (Fig. 1b) compared well and
were the highest across the IGP, mainly in the eastern part. The OMI
AAOD was also showed high values over IGP and northern BoB
(Fig. 1c). The tropospheric NO2 column shows elevated anthropogenic
emission sources over IGP (Fig. 1d). The pre-monsoon season has the
highest AOD over IGP due to local emissions and dust transport from
north-westerly winds. The eastern IGP is influenced more by anthropo-
genic aerosols (Gogoi et al., 2020), whichwas substantiated by the high
column NO2 concentration. Even with the rise in population and indus-
trialization, the trend of total aerosol loading during the pre-monsoon
season was found to be insignificant over the IGP region due to the
dust influx (Babu et al., 2013). The dust influx over the IGP is known
to overshadow the diurnal pattern of local anthropogenic aerosol emis-
sions during the pre-monsoon season and increases the aerosol loading
by about 50% (Dey et al., 2004). But a recent study shows that the dust
influx over the IGP region during the pre-monsoon has reduced by
10–20% in recent years (Pandey et al., 2017).

The pre-monsoon season is the time of reversal of wind direction
from winter to summer. The wind is predominantly westerly over the
Indian landmass, and the wind speed increases from March to May as
the season progresses (Beegum et al., 2008; Satheesh, 2002). Over
BoB, this period is marked by an increase in cyclone frequency and
moisture in the mid-troposphere (Balaguru et al., 2016; Li et al.,
2013), a precursor condition to the onset of monsoon. The wind flow
across the IndianOcean is zonal during this transition period and carries
pollution from India's east coast onto the BoB (Niranjan et al., 2007;
Satheesh et al., 2010).

In order to analyze the aerosol loading over BoB due to transport
from IGP, the HYSPLIT forward trajectories originating from Kolkata at
the eastern IGP and Kanpur at the central IGP are calculated (Fig. S1).
More than 90% of forward trajectories from both locations are flowing
towards the east. The days when the wind flow from Kolkata is directly
onto the BoB are identified and are used in further analysis to determine
the transport of aerosols into the BoB. The model run at two altitudes
from Kolkata is considered in the study as it is located towards the east-
ern side of IGP (Fig. S1a and S1b). Two different origin heights (500 m
and 1500 m) are taken into account to take into account both the sur-
face aerosol layer and the elevated aerosol layer (if any) during the
pre-monsoon over IGP (Brooks et al., 2019; Sarangi et al., 2016). Over
the IGP, the lower layers of the atmosphere (<1.5 km) have a higher
concentration of absorbing aerosol species, and the elevated layer is
dominated by dust and other scattering aerosols in the pre-monsoon
season (Brooks et al., 2019). The southeastward trajectories that flow
directly into the BoB account for ~16% of the trajectories that originate
from Kolkata during this period at 500 m, and most of them flow
through BoB at an altitude below 2 km (Fig. 2). A similar pattern was
also seen for the air mass initiating at 1500 m (Fig. S1). The majority
of these southeastward trajectories flow over the eastern side of the
BoB, influencing the aerosol loading over the region (Fig. 2).

The dayswhen the trajectories fromKolkata are flowingdirectly into
the BoB are grouped as BoBSE for both 500 m and 1500 m model origin
heights. Fig. 2b shows the mean ADRF at the surface, top of the atmo-
sphere, and in the atmosphere over IGP, BoB, and for the days when
the trajectories from IGP are onto the BoB region (IGPALL, BoBALL and
BoBSE). The five-year average of pre-monsoon ADRF derived from the
MERRA-2 dataset over IGP is −56.2 ± 5.8 Wm−2, −20.1 ± 3.7 Wm−2

https://disc.gsfc.nasa.gov/
https://disc.gsfc.nasa.gov/


Fig. 1.Averaged (a)MODISAOD, (b)MERRA-2 AOD, (c) OMIAAODand (d)OMI troposphericNO2 column for thepre-monsoon season (March throughMay)of 2015–19. The solid triangle
and circle symbols indicate the city of Kanpur and Kolkata.
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and 35.9 ± 2.9 W m−2, respectively at the surface, top of the atmo-
sphere and in the atmosphere. ADRF corresponding to BoBSE

(−54.2 ± 6.4 W m−2, −26.9 ± 3.4 W m−2 and 27.0 ± 3.1 W m−2)
has the higher magnitude when compared to BoBALL case (−46.3 ±
7.1Wm−2,−24.9± 4.0Wm−2 and 20.6± 3.2Wm−2). The difference
in the ADRF between BoBALL and BoBSE (Fig. S2) is more prominent in
atmospheric forcing (−27.6 ± 6.8%) than the surface (−14.8 ± 5.2%)
or at the top of the atmosphere (−5.7 ± 4.6%). The presence of absorb-
ing aerosols in the lower level transport from IGP is evident from the
difference in the atmospheric forcing.

Satheesh (2002) reported a net surface ADRF of −27 W m−2 and
TOA forcing of −4 W m−2 from shipborne observations over the BoB
during March 2001. Similarly, the average ADRF over the BoB during
Fig. 2. (a) Five-day forward southeastward trajectories from Kolkata during the pre-monsoon s
indicates the altitude of the trajectory. (b)Mean ADRF at the surface, top of the atmosphere and
the BoB when the southeastward forward trajectories from Kolkata are flowing onto the BoB.

4

the pre-monsoon season of 2006 was observed to be −22.4 W m−2,
−12.0 W m−2, and 10.4 W m−2at the surface, top of the atmosphere,
and in the atmosphere, respectively (Kedia et al., 2010). Our estimates
of the mean ADRF based on the time period of 2015–19 indicates that
ADRF over the BoB has doubled in the recent past decade (BoBALL:
−46.3 ± 7.1 W m−2, −24.9 ± 4.0 Wm−2, and 20.6 ± 3.2 W m−2, at
the surface, top of the atmosphere, and in the atmosphere, respectively)
as compared to the previous study by Kedia et al. (2010).

3.2. COVID-19 shutdown: cleaner atmospheric scenario

The decrease in the aerosol loading and GHGs due to the COVID-19
lockdown has been reported widely around the globe (Chauhan and
eason of 2015–19 with themodel start height 500m above the ground level. The colorbar
in the atmosphere over IGP and the BoB during pre-monsoon of 2015–2019 andADRF over



Fig. 4. Percentage difference in themean ADRF at the surface, top of the atmosphere and in
the atmosphere for the pre-monsoon season between 2020 and the five-year average
(2015–2019) over Indo-Gangetic Plain and Bay of Bengal. BoBSE indicates the days when
Southeast forward trajectories from Kolkata reaching onto BoB.
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Singh, 2020; Muhammad et al., 2020). The satellite and reanalysis
datasets in this study have also shown similar reductions over the
Indian region (Fig. 3). The difference is calculated for the pre-monsoon
season of 2020 over India against the five-year (2015–19) average of
the same time period. In Fig. 3a, MODIS AOD showed a decrease of
17.9± 8.5% and 19.1± 6.6% over the IGP and BoB, respectively. A slight
increment in AOD is observed over central west India can be attributed
to the frequent dust storms and transport from the Thar desert
(Badarinath et al., 2007; Sikka, 1997) due to the prevailing wind condi-
tions. The reduction in anthropogenic aerosol loading during the lock-
down is captured well by the MERRA- 2 reanalysis data products,
which are evident from the reduction in total AOD (Fig. 3b). The reduc-
tion over IGP is much prominent for OMI - AAOD (35.8± 11.3%), show-
ing a significant reduction of absorbing aerosols over the region
(Fig. 3c). The OMI tropospheric NO2 also had a reduction of 8.7 ±
10.2% over the IGP, underlying the reduction in anthropogenic emis-
sions during this period. The cleaner atmospheric condition in the pre-
monsoon of 2020 is clearly due to the decrease in emissions that came
as a result of the COVID-19 lockdown.

Babu et al. (2008) has shown the existence of BC aerosol layer over
northern BoB at an altitude of 2000 m due to transport from the
Indian subcontinent. The maximum AOD and BC mass fraction over
northern BoB is observed during April–May, and the variation has
been matched with that of the East Coast of India (Satheesh et al.,
2006). Thus, the reduction in aerosol loading over northern BoB in the
present case is also associated with that of the IGP, with reduced emis-
sion sources due to COVID-19 shutdown.

The reduction in anthropogenic aerosol loading has led to a decrease
in ADRF, as seen in Fig. 4. The reduction in ADRF in the pre-monsoon of
2020 over IGP compared to the average of the previous five years was
17.4 ± 4.9%, 17.2 ± 4.8% and 17.4 ± 5.5% at the surface, TOA and in the
atmosphere, respectively. In BoBALL, this reduction was seen as 19.7 ±
Fig. 3. Percentage difference in (a)MODIS AOD, (b)MERRA-2 AOD, (c) OMI AAODand (d)OMI t
(2015–19).
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5.3%, 20.9 ± 5.6% and 18.3 ± 5.5% and during BoBSE, it was 22.0 ± 3.1%,
20.9 ± 3.4% and 23.2 ± 3.3%. The reduction in the atmospheric ADRF
(~20–25%) during BoBSE is much greater than BoBALL, highlighting the in-
fluence of absorbing aerosol transport from IGP. This 20–25% reduction in
the atmospheric forcing due to aerosols in BoBSE matches with the
~10–25% reduction in total AOD and ~24–45% reduction in AAOD over
IGP due to the lockdown. This clearly indicates the robust relation of the
ADRF over the BoB with the anthropogenic emissions from IGP. The
reduction in ADRF over the IGP (~17%) is lower compared to the BoBSE
due to the pre-monsoon dust influx over the region, which possibly
diluted the overall reduction in aerosol loading (Fig. S3).
ropospheric columnNO2 for the pre-monsoon season between 2020 andfive-year average
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4. Conclusions

The high aerosol loading over IGP during the pre-monsoon season
influences the aerosol composition and thus the ADRF over the BoB
due to the prevailing wind pattern. The ADRF calculated from MERRA-
2 radiation fluxes over the IGP showed an average value of −56.2 ±
5.8 W m−2, −20.1 ± 3.7 W m−2 and 35.9 ± 2.9 W m−2, respectively
at the surface, top of the atmosphere and in the atmosphere. The
ADRF is high over BoB during the days when the wind trajectories are
from the IGP region (−54.2 ± 6.4 W m−2, −26.9 ± 3.4 W m−2 and
27.0 ± 3.1 W m−2) compared to the seasonal average (−46.3 ± 7.1
Wm−2,−24.9± 4.0Wm−2 and 20.6± 3.2Wm−2). This shows the in-
fluence over aerosol transport from IGP on the ADRF over BoB. The
COVID -19 pandemic and the lockdown that followed in order to miti-
gate the spread of the virus was an unprecedented scenario. The indus-
trial and transportation sectors, which were a significant contributor
to the emissions in the polluted IGP, came to an almost halt. This has
helped in analyzing the impact of anthropogenic aerosol forcing dur-
ing the pre-monsoon season, which has a complex aerosol composi-
tion due to the mixing of transported natural dust aerosols and local
anthropogenic aerosols. Our analysis showed a reduction of ~10–25%
in AOD and 24–45% in AAOD over the IGP region. This leads to
20–25% reduction in ADRF over the IGP outflow region of the BOB,
and this reduction in ADRF over the BoB is higher when the winds
are originating from IGP. The ADRF at the top of the atmosphere, at
the surface and on the atmosphere over the BoB reduced by 22.0 ±
3.1%, 20.9 ± 3.4% and 23.2 ± 3.3%, respectively. This implies the ro-
bustness of the relation of ADRF over the BoB to the emissions from
IGP during the pre-monsoon season. The ADRF change over the BoB
can alter the meridional circulation through thermodynamic feed-
backs in the atmosphere. The changes in cloud properties and the
storms due to the reduced aerosol loading could have a much stron-
ger alteration in the forcing over this region. Our findings warrant
more detailed observational and modelling studies to quantify this
association as the variability in ADRF over the BoB could influence
the monsoon circulation and cyclone genesis by perturbing the
land-sea thermal gradients.
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