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The implementation of a nationwide lockdown to curb the spread of COVID-19 disease
has reduced the loading of anthropogenic aerosols. However, AOD distribution over South
Asia during the lockdown period shows a dipole pattern: reduction over North Indian and
enhancement over the Myanmar region. This dipole pattern is evident in some datasets
(MODIS, MERRA, and CALIPSO). MODIS fire counts collocated with CALIPSO smoke
aerosols show enhancement over Myanmar indicating the contribution from fires.
However, over the North India region number of fires during the lockdown period are
less compared to climatology. Thus, the observed reduction in AOD is due to fires and
anthropogenic sources. Our analysis shows that aerosols originating from biomass
burning forms a layer (900–600 hPa) over the Myanmar region that produces
atmospheric heating (0–2.8 K/day) that eventually leads to cloud dissipation/burning
(negative in-atmospheric cloud radiative forcing ~ −13W/m2) and precipitation
reduction (−1 to −4mm) over Myanmar. In contrast, the aerosol reduction over North
India favors cloud formation, that is, increase in cloud cover and reduction in specific cloud
liquid water content leading to precipitation enhancement, indicating the anti-Twomey
effect.
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1 INTRODUCTION

Clouds are critical in controlling Earth’s radiation budget, and aerosols are inherently a major
component of the clouds. Aerosols act as nuclei over which water vapor condense and form the cloud
droplet. An increase in anthropogenic activity has led to an increase in aerosol emissions at a global
scale, which led to an increase in cloud condensation nuclei (CCN) and ice nucleating particles (INP)
(Seinfeld et al., 2016). However, the increase in CCN does not lead to enhanced precipitation,
indicating complex microphysical processes affecting the precipitation (Koren et al., 2008; Bhawar
and Rahul, 2013). Previous studies reported an adverse effect of aerosol increase and thereby giant
CCN formation on precipitation (Posselt and Lohmann 2008). These studies elucidate that an
increase in aerosol loading (thereby CCN) leads to numerous smaller cloud droplets when these
aerosols interact with warm clouds (Twomey, 1977). Furthermore, with the increase in the droplet
number, the total droplet surface area also resulted in the higher scattering of sunlight to space
(Seinfeld et al., 2016). Aerosols participate in the cloud microphysical processes by acting as nuclei,
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leading to the increase in cloud droplet number concentration,
changes in the cloud drop sizes, and radiative properties of
clouds, well known as the Twomey effect (Twomey, 1977).
Thus, smaller cloud droplets reduce warm rain formation by
increasing cloud lifetime or dissipation of clouds (Albrecht,
1989). Thus, aerosol-cloud-radiation interaction causes
changes in temperature, moisture, and cloud water content,
which essentially changes cloud microphysical processes and,
in turn, affects the precipitation rates (Albrecht, 1989; Pincus and
Baker, 1994; Johnson and Onwuegbuzie, 2004). These complex
aerosol-cloud-interaction processes are not fully understood
(IPCC, 2013).

The complexity of aerosol-cloud-radiation effects on
precipitation is further convoluted by different types of
aerosols with varied impacts on the cloud droplet size, cloud
lifetime, and cloud radiative effects, especially over large
metropolitan regions (Zheng et al., 2020). Both natural and
anthropogenic forest fires have been affecting atmospheric
aerosol amounts for centuries. Fire aerosols affect local
weather by affecting the cloud microphysical properties,
serving as CCN or ice nuclei and consequently changing cloud
droplet sizes. Jones et al. (2007) reported that the increasing fire
aerosol emissions from the preindustrial period to the present day
had cooled global near-surface air temperatures by 0.258°C. The
fire aerosols decreased precipitation over excessive biomass
burning regions in Africa and South America (Tosca et al.,
2013). Fire-emitted BC causes stratification in the troposphere
that inhibits convection and reduces precipitation (Ackerman
et al., 2000; Andreae and Rosenfeld 2008). Fire aerosols also
suppress cloud formation and precipitation if black carbon is
embedded in the clouds (Feingold et al., 2005; Kaufman et al.,
2005).

Over South Asia, open crop burning during spring is a source
of enormous carbonaceous aerosols (Reddy et al., 2012; Song
et al., 2012; Liu et al., 2014; Zhang et al., 2015). These biomass
burring aerosols may suppress or enhance cloud fraction
depending on aerosol concentration (Koren et al., 2008; Li
et al., 2018). Biomass burning aerosols tend to enhance the
formation and lifetime of warm clouds and suppress high-level
clouds by reducing updrafts as part of the aerosol-cloud
interaction process (Lolli et al., 2019; Liu et al., 2020). Liu
et al., 2020 further reported that, in high biomass burning
aerosol loading conditions, aerosol-radiation interaction
dominates, which can cause a decrease in the occurrence
frequency and rate of precipitation. Wagh et al., 2021 found
that the ice nuclei concentration during Delhi’s 2016–2017 winter
fog episodes was significantly correlated with black carbon.
Delhi’s fog episodes are caused by industrial, vehicular, and
biomass burning activities in the surrounding regions. Among
Asian countries, Myanmar is the largest hot spot of woodland
fires in spring (Biswas et al., 2015; Vadrevu et al., 2015).
Emissions from biomass burning in Southeast Asia have been
observed up to an altitude of 3 km (Lin et al., 2009).

The novel pandemic COVID-19 originated in China in
December 2019 and spread to Italy and Europe at the
beginning of 2020 (Lolli et al., 2020). The first reported case
in India was in January 2020. The pandemic outbreak spread very

quickly (Paital, 2020; Singh and Chauhan, 2020). The Indian
government imposed what is called a “Janata curfew” (lockdown-
like situation) on 22 March 2020 and, later, a complete lockdown
between 25 March and 14 April 2020, which extended up to May
2020 (Singh and Chauhan, 2020; Fadnavis et al., 2021). The
implemented restrictions include a complete shutdown of
industries, public transport, and so on. These restrictions
helped curb the spread of COVID-19 to a large extent (Paital,
2020; Yunus et al., 2020). Different studies over the Indian region
showed a drastic reduction of aerosol loading over the North
Indian region (Jain and Sharma, 2020; Fadnavis et al., 2021;
Mishra and Rathore, 2021). However, biomass burning caused an
enhancement in AOD over central India (Bhawar et al., 2021).
The biomass burning aerosols formed a layer at altitudes 2–4 km
over Myanmar and produced heating of 3–4 K/day near the layer.
The biomass burning aerosol-induced heating may affect the
clouds and precipitation. Thus, during the COVID-19 lockdown
period (spring 2020), although there was a reduction in
anthropogenic aerosols, biomass burning fires may still be a
source of aerosols within South Asia, especially over central
India and Myanmar region that may affect the local clouds,
radiative effects, and precipitation. This study assesses the
impact of biomass burning aerosols on clouds, radiative
effects, and precipitation over two contrasting fire aerosol
loading regions (low over North India and high over
Myanmar) that formed a dipole structure within South Asia. It
is organized as follows: Section 2 describes the methodology and
data used in this study, Section 3 mentions the results and
discussions, and Section 4 summarizes and concludes the
main findings.

2 DATA METHODOLOGY

2.1 Satellite Data
2.1.1 Moderate Resolution Imaging
Spectroradiometer
Moderate Resolution Imaging Spectroradiometer (MODIS) is an
instrument onboard the polar-orbiting Earth Observation satellites
(EOS) Aqua/Terra that provides atmosphere, land, and cryosphere
products with equatorial crossing times of 10:30 and 13:30, local time
(Remer et al., 2005). MODIS provides the observations of aerosols
for more than 20 years during the cloud-free scenarios bymeasuring
radiances at 36 wavelengths from 0.41 to 14 µm with near-global
coverage every day. The uncertainties in MODIS aerosol product at
550 nm over land ±(0.05 to ±15%) and ocean ±(0.03 to ±5%)
respectively (Remer et al., 2008; Levy et al., 2010) may be due to
the assumptions on surface reflectance, location, season, and aerosol
retrieval algorithm (Remer et al., 2005; Levy et al., 2010; Breon et al.,
2011). Herein, we used the level 3, C6.1, and gridded (1 × 1 degree)
aerosol optical depth (AOD) data from MODIS combined Dark
Target and Deep blue at 550 nm. The data can be downloaded from
https://giovanni.gsfc.nasa.gov/giovanni/.

2.1.2 The Cloud-Aerosol Lidar and Infrared Pathfinder
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) has been providing 3D aerosol and
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cloud observation globally with a 16-day repeating cycle crossing
the equator at 1:30 p.m and 1:30 a.m. (Ma et al., 2012). Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) is the
primary instrument that profiles the cloud and aerosol layers at
two wavelengths of 1064 nm and 532 nm (linear depolarization is
derived from 532 nm) (Hunt et al., 2009). The lidar ratios are used
to retrieve aerosol extinction above clouds and below optically
thin clouds and in the cloud-free columns. In contrast, the optical
depth is measured from attenuated backscatter (Young and
Vaughan, 2009; King et al., 2018). This study uses CALIPSO
lidar level 2 version 4.10/4.20 standard aerosol profile product,
which represents near actual conditions. The extinction profiles
are used to derive AOD at 532 nm and gridded at 1 × 1 degree
resolution for the study period. The data were downloaded from
https://asdc.larc.nasa.gov/project/CALIPSO (details available in
Bhawar et al., 2021). We analyzed CALIPSO observed elevated
smoke product. The smoke aerosols occurring above the
boundary layer are termed elevated layers (McGrath-Spangler
and Denning 2013; Kim et al., 2018).

2.2 Reanalysis Datasets
2.2.1 The Modern-Era Retrospective Analysis for
Research and Applications
We used the Modern-Era Retrospective Analysis for Research
and Applications (MERRA) reanalysis dataset based on the
Goddard Earth Observing System Data Analysis System,
version 5 (GEOS-5 DAS; Rienecker et al., 2011). MERRA uses
three-dimensional variational data assimilation (3DVAR)
analysis algorithm based on the Gridpoint Statistical
Interpolation scheme (Wu et al., 2002; Derber et al., 2003)
with a 6 h update cycle. The monthly mean AOD and cloud
fraction gridded on ½° latitude × ⅔° longitude, with 72 vertical
levels, from the surface to 0.01 hPa were analyzed here. The AOD
and cloud fraction data are available at https://giovanni.gsfc.nasa.
gov/giovanni/.

2.2.2 European Centre for Medium-Range Weather
Forecasting Reanalysis Version 5
We analyzed European Centre for Medium-Range Weather
Forecasting Reanalysis version 5 (ERA5) global model (Poli
et al., 2016). ERA5 analysis is produced at a 1-hour time step
advanced 4D-var assimilation scheme. It has a horizontal
resolution of approximately 30 km (0.25° × 0.25°). In the
present work, ERA5 Cloud base height and specific cloud
water liquid content monthly data are used. Cloud water
liquid content data are analyzed for 37 pressure levels from
1,000 to 1 hPa. The above datasets are available at https://cds.
climate.copernicus.eu/cdsapp#!/dataset/.

2.3 Global Precipitation Measurement
The Global Precipitation Measurement GPM Level 3 IMERG
daily data at 10 × 10 km (GPM_3IMERGDF) derived from the
half-hour GPM_3IMERGHH are analyzed. The IMERG products
were downloaded from Giovanni—Time Averaged Map
(nasa.gov). The level-3 GPM product uses the algorithm Day-
1 U.S. multi-satellite precipitation estimation, which relies on

three existing algorithms: TMPA, CMORPH, and PERSIANN
(Huffman et al., 2015).

All the datasets have been used for 2 months, April and May,
during the period from 2010 to 2020. The analysis is performed
for two regions: North India (22–30°N and 74–81°E) and
Myanmar region (12–25°N and 92–100°E).

2.4 Radiative Transfer Model
To evaluate the radiative effects of clouds over the whole
atmospheric column, we computed the heating rate (HR) and
the Cloud Radiative Effect both at the surface (SFC) and at the
top-of-the-atmosphere (TOA) through the Fu-Liou-Gu (FLG)
radiative transfer model (Fu and Liou, 1992; Fu and Liou, 1993;
Gu et al., 2003; Gu et al., 2011). The FLG model is a one-
dimensional plane-parallel model that needs the vertical profile
of the most common meteorological variables such as
temperature, pressure, and relative humidity as input, besides
the vertically resolved optical properties of the clouds obtained
from lidar observations. To correctly compute the radiative effect
of clouds concerning a pristine atmosphere (no clouds present,
Eq. 1), the Solar Zenith Angle (SZA), the vertical profile of ozone
concentration, the surface albedo, and emissivity are needed. The
FLG model computes the radiative calculations over 18 bands
covering both the spectrum of the shortwave (SW) solar radiation
and the outgoing longwave (LW) radiation.

CRE,HR � FLGTotalSky − FLGPristine. (1)
The FLG radiative transfer model has been recently used to

assess aerosol and cloud radiative properties over strategic
regions very sensitive to climate change (Bhawar et al., 2021)
or to retrieve the AOD using photovoltaic solar panels (Lolli,
2021). In those works, it is possible to find a very detailed
description of the FLG model and a discussion on the choice
of the above-cited variables.

3 RESULTS AND DISCUSSION

3.1 Variability in Fires and Aerosol Loading
Significant reduction in AOD over North India during the
COVID-19 lockdown period is quite visible in MODIS (−0.1,
~48%) and MERRA (−0.1, ~50%) data (Figure 1). This decrease
is associated with a reduction in anthropogenic emissions and
suppressed dust transport from the western region during 2020
(Fadnavis et al., 2021). Interestingly, there is a significant
reduction in AOD over the Northern Bay of Bengal region
(15–22oN) as seen in the MODIS (−0.1, ~50%) and MERRA
(−0.05, ~22%) data. The reduction in AOD in MERRA data is
lower in magnitude than the MODIS over the Bay of Bengal
region. Past studies have shown that, during the spring season,
large amounts of aerosols (BC, OC sulfate, and dust) are
transported from Indo-Gangetic Plain and Northeast India to
the North Bay of Bengal (Hsu et al., 2012; Thomas et al., 2021).
The COVID-19 lockdown restrictions have caused a reduction of
aerosol amounts over the Indo Gangetic plain and Northeast
India. Thus, their transport to the North Bay of Bengal region is
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also reduced in 2020 compared to climatology. In agreement with
our results, some past studies reported ~14%–30% decrease in
aerosol amounts (including absorbing aerosols) over the northern
Indian region that improved regional air quality (Muhammad
et al., 2020; Yunus et al., 2020; Pathakoti et al. (2021); Sanap 2021;
Mishra and Rathore, 2021). Figure 1 also shows an increase in
AOD over the eastern and central Indian regions as seen in
MODIS (~10%–25%) and MERRA data. Nevertheless, the
MERRA AOD increase is less predominant (~2%–5%). A
similar increase in AOD over the eastern and central Indian
region during the lockdown period is also reported by Bhawar
et al. (2021). This AOD enhancement was due to biomass burning
emissions (Bhawar et al., 2021). The AOD reduction over
Northern India of ~40% and increase in AOD over the central
Indian region by 0.1 (12%) seen in Figure 1 is in agreement with
Pandey and Vinoj (2021) and Bhawar et al. (2021). Figure 1 also
shows higher amounts of aerosols over the Myanmar region
(positive anomalies) in both the MODIS (~30%) and MERRA
(~22%) datasets. Thus, aerosol distribution in Figure 1 shows a
dipole-like structure: 1) reduction in aerosols (negative AOD
anomalies) over North India (longitude: 74oE to 84oE; latitude:
22–30oN) and 2) enhancement in AOD (positive AOD
anomalies) over the east India-Myanmar region (longitude:
92–110oE latitude: 12–25oN). These changes in aerosols during
the lockdown period may affect local clouds, radiative forcing,
and precipitation. We provide further insight on aerosols and
their effects on clouds, radiative forcing, and precipitation over
these two regions.

The enhanced aerosol amounts over Central India and
Myanmar regions seen in Figure 1 may be due to aerosols
emitted from fires. Large numbers of fires occur every spring
over theMyanmar region (Shi et al., 2014; Kaskaoutis et al., 2011).

We show fire anomaly during the lockdown in Figure 2A. It
shows positive anomalies over Myanmar and eastern and central
Indian regions. The spatial distribution of elevated smoke aerosol
anomaly from the CALIPSO measurements during April-May is
shown in Figure 2B. Positive anomalies in the elevated smoke
aerosol are observed over the eastern, central, and Myanmar
regions, coinciding with the fire anomalies seen in Figure 2A.
There is a large enhancement in smoke optical depth over the
Myanmar region by +0.04, whereas the North Indian region
shows a reduction by −0.01. This confirms that the observed
increase in AOD Myanmar and central Indian regions has been
caused by large amounts of fires. A past study shows that fires
emit smoke/carbonaceous aerosols peak in spring over the
Myanmar region (Chavan et al., 2021). It will be interesting to
observe the vertical structure of fire-emitted smoke. We show the
longitudinal vertical distribution of CALIPSO elevated smoke
aerosols and their anomalies over North India and Myanmar
regions.

3.2 Vertical Variability of Smoke Aerosols
and Specific Cloud Liquid Water Content
Further, we show vertical profiles of CALIPSO observed elevated
smoke aerosols over the central part of North India (22–30oN and
74–81oE) and Myanmar (12−25oN and 92−100oE) during the
lockdown period in Figure 3A. It shows that the elevated smoke
aerosols over the Myanmar region reach up to the height of
400 mb. In contrast, over the North Indian region, there is a small
enhancement of 700–670 hPa. TheMyanmar region shows a peak
in the elevated smoke aerosol optical depth at 870 hPa, whereas
North India shows negative anomalies at this altitude. The aerosol
reduction over North India might have resulted in negative

FIGURE 1 | Spatial distribution of anomaly (2020-climatology) in aerosol optical depth (AOD) averaged for the lockdown period from (A)MODIS and (B)MERRA.
The white dots plotted on Figures (A,B) indicate a 99% significance level. Boxes in (A) and (B) indicate North India and Myanmar regions.
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anomalies near 600 hPa. The small enhancement of elevated
smoke aerosols over North India is near 650 hPa. It may be
due to the aerosol advection from the nearby regions. The most
obvious feature is the enhanced amounts of elevated smoke
optical depths by 0.03 at levels 800–500 hPa over the
Myanmar region. This enhancement is 2.5 times higher than
that in North India.

To understand the association of enhanced/reduced aerosols
with clouds, we show the vertical distribution of specific cloud
liquid water content over North India and Myanmar regions in
Figure 4.

Figure 4 shows negative anomalies in specific cloud liquid
water content over the Myanmar region. It should be noted that
anomalies in elevated smoke aerosols are positive at the same

region, although altitude differs (Figure 3). Moreover, the vertical
distribution of specific cloud liquid water content and elevated
smoke aerosols over North India are opposite to the Myanmar
region (Figures 3, 4). Theminimum altitude in cloud liquid water
content of 500 hPa and 900 hPa is at a higher level than the
maximum altitude in elevated smoke aerosols (750 hPa) in
Myanmar. It indicates that atmospheric heating by aerosol due
to aerosol-radiation interaction spread above and below the layer
of aerosols (Liu et al., 2020) that may be causing burning of low
(900 hPa) and high clouds (500 hPa).

In general, there is a decrease in specific cloud liquid water
content over theMyanmar region. It may be due to the increase in
the elevated smoke aerosols (Figure 3B), which may be causing
enhanced warming and suppression of low-level clouds through

FIGURE 2 | (A) Spatial distribution of changes in fire counts during the lockdown period from (A) MODIS (2020-climatology). (B) Elevated smoke aerosol optical
depth from CALIPSO at 532 nm (2020-climatology) Boxes in (A,B) indicate North India and Myanmar regions.

FIGURE 3 | (A) Longitudinal variation of elevated smoke aerosols from CALIPSO at 532 nm during the lockdown period. (B) Profile of elevated smoke aerosol
anomaly (2020-climatology) averaged for the lockdown period and over for the two regions: Myanmar (12–25oN and 92–100oE) and North India (22–30oN and 74–81oE).
Horizontal lines in Figure 3B indicate standard deviation.
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the radiative impacts (discussed in Section 3.4). It indicates the
role of aerosols in the cloud formation process. We investigate the
role of the Twomey effect; that is, aerosols act as cloud
condensation nuclei and lead to a greater number of smaller
cloud droplets in the presence of a constant amount of cloud
liquid water content (Twomey, 1977.) Figures 2–4 show that the
Myanmar region is associated with a high amount of biomass
burning activity paired with high elevated smoke optical depths

and negative cloud liquid water content, indicating that aerosols
contributed to smaller cloud droplet formation. In contrast, the
North Indian region is associated with lower elevated smoke
aerosols accompanied with enhancement in specific cloud liquid
water content, indicating larger cloud droplets and anti-Twomey
effect. The aerosol impact on cloud formation and consequently
on precipitation is still a challenge due to the complexity of
aerosols (Flossmann and Wobrock, 2019; Morrison et al., 2020).
Zhang et al. (2008) and Feingold et al. (2005) also showed that the
increase in biomass burning aerosols leads to reduced cloudiness,
which further stabilizes the boundary layer via surface cooling
and elevated heating. Thus, enhanced absorbing aerosols over the
Myanmar region have eventually dissipated the clouds (discussed
in Section 3.3).

3.3 Impact on Cloud Fraction
Figure 5A,B shows the total cloud fraction anomaly from
MODIS and MERRA during the lockdown period. It shows a
reduction in cloud fraction over Myanmar −10% (−0.1) and
enhancement over North India +10% (+0.1) in MODIS and
MERRA. The high aerosol loading region over Myanmar is
collocated with a negative cloud fraction anomaly. Huang
et al., 2019 showed that biomass burning aerosols reaching ~
2 km altitudes absorb solar radiation and evaporate cloud
droplets, reducing LWC, IWC, and cloud cover (decrease by
7%). In contrast, over the North Indian region, positive anomalies
of cloud fraction are collocated with negative AOD anomalies.

Figures 1–5 indicate that the carbonaceous aerosols, emitted
from biomass burning, might have suppressed local cloud
fraction. Changes in aerosols affect the radiative forcing and
therefore the atmosphere dynamics that, in turn, cause aerosol
redistribution. Thus, aerosols produce feedback on dynamics and

FIGURE 4 | Anomalous specific cloud liquid water content for the two
regions Myanmar (12–25oN and 92–100oE) and North India (22–30oN and
74–81oE) from the ERA data for the period of April-May. Horizontal lines in the
figure indicate standard deviation.

FIGURE 5 | Total cloud fraction anomaly (2020-climatology) from MODIS and MERRA for the lockdown period of April-May. White dots in (A,B) indicate a 99%
significance level. Boxes in (A,B) indicate North India and Myanmar regions.
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vice versa. Therefore, observed changes in cloud fraction may be
the combined impact of carbonaceous aerosols and changes in
dynamics. The high amount of biomass burning aerosols results
in an increased amount of INP (Levin et al., 2016; Jahn et al.,
2020). However, such analysis is out of the scope of this study.
The impact of the suppressed/enhanced cloud fraction may affect
the regional rainfall.

3.4 Heating Rate, Radiative Forcing, and
Precipitation
Biomass burning aerosols are an important part of the Earth-
atmosphere radiative budget. Absorbing the incoming solar
radiation with consequent warming of the atmospheric layer,
they cool the surface (Li et al., 2017; Zhang et al., 2020; Fadnavis
et al., 2019). The lockdown of April–May 2020 was characterized
by a higher number of fires over the Myanmar region and a lower
number of fires over the North Indian region. It led to a
differential biomass burning aerosol loading over these regions
that might have affected heating and radiations. Figure 6A shows
the anomaly of the heating rate profile for the elevated smoke
aerosols observed by CALIPSO. The heating rate profiles over the
Myanmar region show a significantly high amount of heating

~0.05–2.8 K/day in the levels from 900 to 600 hPa, whereas the
North Indian region shows a small amount of heating
~0.05–0.2 K/day in the levels from 700 to 650 hPa. The strong
heating in the Myanmar region coincides with the presence of
elevated smoke aerosols. The North Indian region shows negative
or no heating below 700 hPa during the lockdown period because
of the absence of fires and anthropogenic aerosols, which used to
otherwise contribute to heating. This high amount of heating may
be responsible for cloud dissipation, affecting the precipitation
over the Myanmar region. Figures 6B,C show the radiative
forcing anomaly due to elevated smoke aerosols averaged for
the lockdown period over the North Indian and Myanmar
regions. It shows warming of ~2.17W/m2 the TOA over the
Myanmar region and a slight cooling of ~0.01 W/m2 over the
North Indian region. The surface radiative forcing also shows
slight warming of +0.19 W/m2 over the North Indian region,
which may be due to improved air quality and more solar
radiation reaching the surface during the lockdown period.
The surface radiative forcing over the Myanmar region
showed a cooling of ~15.89W/m2 due to the presence of an
elevated smoke layer over the region. This accounts for the
atmospheric warming of ~18.06W/m2 over the Myanmar
region but an atmospheric cooling of ~0.2 W/m2 over the

FIGURE 6 | (A) Anomaly of heating rate profile for elevated smoke optical depth-averaged for the period of April-May for the two regions. (B) Radiative forcing due
to the elevated smoke aerosols at the top of atmosphere (TOA), atmosphere (ATM), and surface for North Indian region. (C) Radiative forcing due to the elevated smoke
aerosols at the top of atmosphere (TOA), atmosphere (ATM), and surface for Myanmar region (D)Radiative forcing due to the clouds at the TOA, ATM, and surface for the
two regions North India and Myanmar.
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North India region. This high atmospheric heating affects the
cloud formation process and the stability of the atmosphere.
Previous studies also showed warming in the TOA and cooling at
the surface due to black carbon aerosols (Babu et al., 2002; Nair
et al., 2017). The high surface cooling and atmospheric warming
due to elevated smoke aerosols caused the burning of clouds and
suppression of the precipitation. However, small surface warming
due to less elevated smoke aerosols over the North Indian region
might have caused an increase in liquid water content (as seen in
Figure 4) to form clouds, giving rise to the enhanced
precipitation over the North Indian region (see Figure 7).

Figure 6C indicates cloud radiative forcing anomaly averaged
for the lockdown period over the two regions. The North Indian
region shows negative radiative forcing of ~7.78W/m2 at the

TOA and ~21.72W/m2 at the surface, −13.98 W/m2 in
atmosphere (TOA—surface) due to clouds. Myanmar regions
show positive radiative forcing of ~7.84 W/m2 at TOA and
~19.99W/m2 at the surface, and negative ~ −12.51W/m2 in
atmosphere due to clouds. Thus, high atmospheric cloud
warming (~+14W/m2) over the North Indian region may be
conducive for rain formation processes in contrast to cloud
atmospheric cooling (~−13W/m2) over the Myanmar region.

Figure 7 indicates the GPM rainfall anomaly for the
lockdown period. An increase in the elevated smoke
aerosols over the Myanmar region inhibited the cloud
formation process leading to a high number of smaller
cloud droplets, thereby suppressing rainfall over the
Myanmar region. The North Indian region shows a
reduction in elevated smoke during the lockdown period.
The aerosol reduction has enhanced the cloud formation
process resulting in enhanced rainfall over the North Indian
region. In agreement with our results, Bhawar and Rahul 2013
showed that the absorbing aerosols had enhanced the
microphysical and radiative effect, which reduced the cloud
fraction by almost 30% and might have contributed to the
drought-like conditions in the year 2009. It should be noted
that the anomalies of cloud and rainfall might have been
influenced by other drivers, such as convection and
dynamics. As aerosols and these atmospheric drivers
provide feedback on each other, the anomalies of cloud
cover, atmospheric heating, and radiative forcing at the
surface, rainfall, and so on agree with previous studies
(Table 1).

4 CONCLUSION

This study explores variability in aerosols and clouds over South
Asia using multiple datasets (MODIS, MERRA, CALIPSO, and
ERA-5) during the COVID lockdown period (April-May 2020).
Our analysis shows that the distribution of AOD with South Asia
shows a dipole pattern, that is, an enhancement over Myanmar
and reduction over North India, although there was a reduction
in anthropogenic aerosols due to lockdown restriction. MODIS
fire count, along with CALIPSO elevated smoke data, shows that
aerosol enhancement (reduction) over the Myanmar region
(North India) is due to enhancement (reduction) in fires
during the lockdown period compared to climatology
(10 years). The smoke aerosol formed a layer over the
Myanmar region (900–600 hPa with a peak at 750 hPa). They

FIGURE 7 | GPM rainfall anomaly (2020-climatology) for the lockdown
period of April-May. White dots indicate a 99% significance level. Boxes
indicate North India and Myanmar regions.

TABLE 1 | A comparison of cloud cover, atmospheric heating, radiative forcing at the surface and rainfall with previous studies.

Sr. No. Result Reference Our finding

1 Cloud cover decreased by 7% Huang et al. (2019) Cloud fraction decreased by 10%
2 Atmospheric heating rate 4 K/day Ningombam et al. (2020) Atmospheric heating of ~2.8 K/day
3 Radiative forcing at the surface −42.76 W/m2 over Myanmar region Singh et al. (2020) Surface radiative forcing −15.89 W/m2 over Myanmar region

Surface radiative forcing of −30 to −40 W/m2 Mallet et al. (2020)
4 Decrease in domain average rainfall by 25% Hodzic and Duvel (2018) Precipitation reduces by 29%

Reduction in precipitation by 23% Liu et al. (2020)
Precipitation reduces by 1.09 mm/day Huang et al. (2019) Precipitation reduces by 1–4 mm
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produced atmospheric heating of 0–2.8 K/day leading to in-
atmospheric warming of (radiative forcing ~18.06W/m2 and
cooling of the surface (~15.89 W/m2). This region is associated
with a reduction in cloud cover and precipitation (−1 to −4 mm),
indicating cloud dissipation/burning by the heating due to the
smoke aerosols. The North Indian region is associated with an
increase in cloud cover, a decrease in cloud liquid water content,
and an enhancement in precipitation. Thus, reduction in aerosol
over North India might have enhanced precipitation via the anti-
Twomey effect. The clouds over North India have produced
radiative forcing ~−21.72 W/m2 at the surface and ~−7.78W/
m2 at the TOA and ~ +14W/m2 in the atmosphere. Although
other factors contribute to precipitation processes, for example,
moisture convergence, temperature gradient, low-pressure zone,
and convective process (Levy et al., 2013; Gryspeerdt et al., 2020;
Guo et al., 2020; Liu et al., 2020; Lolli and Vivone, 2020), this
study provides a clear signature of cloud dissipation/burning by
the smoke aerosol over the Myanmar region leading to
precipitation reduction. Also, the anti-Twomey effect due to
aerosol reduction over North India led to precipitation
enhancement during the lockdown period. It should be noted
that the anomalies of cloud and rainfall might have been
influenced by other drivers such as convection and dynamics.
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