
1.  Introduction
The current coronavirus infection (COVID-19), first identified in December 2019, spread rapidly through-
out the world in a very short time forcing the World Health Organization (WHO) to declare global pandemic 
in March 2020. Preventive measures have been (are being) taken to suppress the virus spread by controlling 
social and commercial activities. Despite health crisis, economic loss, and social inconveniences, the COV-
ID-19 preventive measures are leading to reductions in air pollution, non-COVID-19 deaths, and air pollu-
tion related diseases (Chen et al., 2020; Dhaka et al., 2020).

In the past, short-term/city-scale pollution reduction campaigns, such as “Olympic Blue” for 2008 Beijing 
Summer Olympic Games (Wang et al., 2010) and “APEC Blue” for 2014 Asia-Pacific Economic Coopera-
tion (APEC) Economic Leaders' meeting (Huang et al., 2015), showed improvements in air quality after 

Abstract  Aerosols emitted in densely populated and industrialized Indo-Gangetic Plain, one of the 
most polluted regions in the world, modulate regional climate, monsoon, and Himalayan glacier retreat. 
Thus, this region is important for understanding aerosol perturbations and their resulting impacts on 
atmospheric changes during COVID-19 lockdown period, a natural experimental condition created by 
the pandemic. By analyzing 5 years (2016–2020) data of aerosols and performing a radiative transfer 
calculation, we found that columnar and near-surface aerosol loadings decreased, leading to reductions 
in radiative cooling at the surface and top of the atmosphere and atmospheric warming during lockdown 
period. Further, satellite data analyses showed increases in cloud optical thickness and cloud-particle 
effective radius and decrease in lower tropospheric air temperature during lockdown period. These 
results indicate critical influences of COVID-19 lockdown on regional climate and water cycle over Indo-
Gangetic Plain, emphasizing need for further studies from modeling perspectives.

Plain Language Summary  The COVID-19 control measures constrained human activities, 
reducing anthropogenic emissions around the world, including Indo-Gangetic Plain (IGP), one of the 
global aerosol hotspots. Aerosols emitted in the IGP can affect regional climate, water cycle, Himalayan 
glacier retreat, etc. Thus, understanding the impacts of COVID-19 lockdown in aerosol field and other 
associated components of the atmosphere over IGP is important for better understanding the roles 
of aerosols on climate and water cycle of South Asia and its vicinity. This study suggests reductions 
of both near-surface and columnar aerosol loadings by lockdown measures further reduced radiative 
cooling at the surface and top of the atmosphere and atmospheric warming. The effects were also noted 
in the cloud field by increasing cloud optical thickness and cloud-particle effective radius and in the 
meteorological field by reducing air temperature in the lower troposphere. These manifold impacts over 
this important source region indicate broad influences of COVID-19 on the regional climate and water 
cycle, underscoring further investigations.
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controlling human activities. The COVID-19 lockdown drastically constrained human activities on a scale 
larger than those campaigns, providing a good opportunity to revisit a less polluted atmosphere to under-
stand the level of human engagement in degrading the environment and climate. This resulted in an expo-
nential increase of COVID-19 related studies after the outbreak, mostly focusing on the degree of air quality 
improvement (e.g., Dumka et  al.,  2021; Manchanda et  al.,  2021; Mishra et  al.,  2021; Misra et  al.,  2021; 
Wetchayont et al., 2021). Aerosols affect the climate by scattering and absorbing solar radiation (direct ef-
fect) (e.g., Coakley et al., 1983), changing the atmospheric stability and burning clouds (semi-direct effect) 
(e.g., Hansen et al., 1997), and modifying the cloud microphysical and optical properties (indirect effect) 
(e.g., Albrecht, 1989; Twomey, 1977). Despite a large volume of studies, the impacts of COVID-19 lockdown 
on such multifaceted effects of aerosols have not been studied in details. A numerical model simulation 
by Yang et al. (2020) showed surface warming over the continental regions of the Northern Hemisphere 
due to reduction of aerosols during the COVID-19 pandemic. However, a similar modeling study of Jones 
et al. (2021) suggests no detectable impact of COVID-19 pandemic on near-surface temperature or rainfall 
during 2020–2024 in their initial analysis. Jones et al. (2021) emphasized the necessity of regional analyses 
on a finer scale, and closer attention to extremes (especially linked to changes in atmospheric composition 
and air quality) to test the impact of COVID-19-related emission reductions on near-term climate. This 
underscores the necessity of studying the consequences of COVID-19 lockdown on different aerosol effects 
by using observation-based data.

The long-term and high-quality observation data, such as aerosol optical properties (AOPs) observed by 
Aerosol Robotic Network (AERONET) (Holben et al., 1998), offer a great opportunity for such studies. This 
has motivated us to use AERONET and other auxiliary data to investigate the impact of COVID-19 lock-
down on aerosol loading and its consequences to other changes in the atmosphere. We chose Indo-Gangetic 
Plain (IGP) for our study. IGP is one of the most densely populated and highly polluted regions in the world 
(Mhawish et al., 2020) with a very complex mixture of natural and anthropogenic aerosols (e.g., Gautam 
et al., 2011; Srivastava et al., 2011). These aerosols play very important roles on Himalayan glacier retreat (Li 
et al., 2016; Sarangi et al., 2020), Indian summer monsoon modulation (Patra et al., 2005; Sanap et al., 2015), 
etc., indirectly affecting the water cycle, agriculture, economy, and lives of people residing in Asia.

2.  Data
AOPs (aerosol optical depth (AOD), single scattering albedo (SSA), and asymmetry parameter (ASY)) and 
surface reflectance at 440-nm, 675-nm, 870-nm, and 1,020-nm wavelengths along with columnar precip-
itable water content (PWC) of cloudless sky conditions were obtained from AERONET. We used data of 
two typical sites of IGP: Indian Institute of Technology (IIT), Kanpur (26.513°N, 80.232°E), an urban site 
(hereafter referred as IIT Kanpur) and Gandhi College (25.871°N, 84.128°E), Ballia, a rural site. As Level 2.0 
data for full study period (2016–2020) are currently unavailable, Level 1.5 (version 3) data (Giles et al., 2019; 
Sinyuk et al., 2020) were processed by following the quality control procedures of Holben et al. (2006).

We further used Modern-Era Retrospective Analysis Research and Applications, Version 2 (MERRA-2) aer-
osol data assimilated from Goddard Earth Observing System-5 (GEOS-5) atmospheric general circulation 
model (Molod et al., 2015) coupled with Goddard Chemistry Aerosol Radiation and Transport (GOCART) 
model (Chin et al., 2002) and aerosol observations from space. The GOCART model simulates the global 
distributions of dust, sea-salt, black carbon, organic carbon, and sulfate taking into account emissions, 
chemical reactions for sulfate precursors, advection, boundary layer turbulent mixing, moist convection, 
and depositions, as described in detail by Chin et al. (2002). The MERRA-2 aerosol data are available at 
a horizontal resolution of 0.5°(latitude)  ×  0.625°(longitude) at 1-hourly time interval. The near-surface 
particulate matter with aerodynamic diameter (d) <2.5 μm (PM2.5) was calculated as (Navinya et al., 2020)

                        2.5 4 2.5 2.5PM 1.375 SO 1.8 OC BC DU SS� (1)

where [SO4], [OC], [BC], [DU2.5], and [SS2.5] are mass concentrations for sulfate, organic carbon, black 
carbon, dust with d < 2.5 μm, and sea-salt with d < 2.5 μm, respectively. The conversion factors of 1.375 
for SO4 (Chow et al., 2015) and 1.8 for OC (Hand et al., 2013) are for reconstructing mass concentrations of 
(NH4)2SO4 (inorganic ion) and organic matter, respectively. The poorly constrained emissions and physical 
process parameterizations in the model and uncertainties in the observation data are major error sources 
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in MERRA-2 PM2.5 (Buchard et  al.,  2016; Randles et  al.,  2017). However, several studies (e.g., Buchard 
et al., 2016, 2017; He et al., 2019; Randles et al., 2017; Song et al., 2018) demonstrated a good capability of 
MERRA-2 to capture the spatial and temporal variations of PM2.5.

We further used Level 3 (collection 6.1) cloud properties (cloud optical depth (COD), cloud-particle effective 
radius (CER), and cloud fraction; Platnick et al., 2017) and AODs at 550 nm (Gupta et al., 2020) observed by 
Moderate Resolution Spectroradiometer (MODIS) aboard Terra and Aqua satellites and Level 3 (version 7.0) 
vertical profiles of air temperature observed by Atmospheric Infrared Sounder (AIRS) aboard Aqua satellite 
(Kalmus et al., 2015). They are daily products with spatial resolution of 1° × 1°.

3.  Methodology
From the daily mean values of spectral AOP and surface reflectance along with PWC, downwelling and 
upwelling global radiative fluxes (spectral range: 0.3–3.0  μm) at the surface and top of the atmosphere 
(TOA) were calculated for 15-min interval of 5 a.m.–7 p.m. (local time) of each day for both aerosol-free and 
aerosol-laden atmospheres by using the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) 
model (Ricchiazzi et al., 1998). Assuming solar flux as 0 W m−2 for time falling outside of 5 a.m.–7 p.m., 
the net (downwelling-upwelling) fluxes of 15-min interval were integrated to calculate 24-h mean values of 
aerosol radiative forcing (ARF) at the surface (ARF_Surface) and TOA (ARF_TOA). ARF is defined as the 
difference between net fluxes of aerosol-free and aerosol-laden atmospheres. The 24-h mean atmospheric 
forcing (ATM) was calculated as the difference between ARF_TOA and ARF_Surface. Note that the sunrise 
and sunset are after 5 a.m. and before 7:15 p.m. throughout the year at both sites (https://www.timeand-
date.com/astronomy/india). If the sunrise is after 5 a.m. and/or the sunset is before 7 p.m., the calculated 
fluxes in between 5 a.m. and sunrise and/or 7 p.m. and sunset should be 0 W m−2. Similarly, the maximum 
deviation up to 15 min, if the sunset is after 7 p.m., merely affects the calculated values because of low solar 
altitude just before the sunset. The mean of daily mean values of AOD, PM2.5, and those quantified radiative 
effects (QREs) of first 4 years (2016–2019) were compared with those for 2020 to access the change of each 
in 2020. As the focus of this study is to understand the impacts of COVID-19 lockdown, intensive analy-
ses were done for lockdown period of 25 March to 30 June 2020 (day number of the year: 85–182) (Misra 
et al., 2021) and the coincident periods of previous years (2016–2019).

4.  Results and Discussion
4.1.  Perturbations in Aerosol Loading

Figures 1a–1d show time series of AOD at 440 nm (upper) and PM2.5 (lower) for 2016–2019 (blue) and 2020 
(red) for IIT Kanpur (left) and Gandhi College (right). The peaks and valleys in AOD and PM2.5 time series 
are consistent to each other at both sites. This suggests local sources as important contributors of columnar 
aerosol loading at both sites. Both PM2.5 and AOD were high in the winter season (December-February) be-
cause of meteorological conditions, including shallow boundary layer and air stagnation (Ojha et al., 2020). 
Aerosol loadings of both column atmosphere and near-surface dropped clearly during lockdown period. 
This suggests that lockdown measures decreased aerosol loading over IGP, though high relative humidity 
increased AOD over central India during lockdown period (Pandey & Vinoj, 2021). AOD and PM2.5 values 
for lockdown period of 2020 were less than those corresponding to 2016–2019 by 25% each at IIT Kanpur 
and by 33% and 29%, respectively, at Gandhi College (Table 1). Despite such decrease, Table 1 suggests still 
considerably high values of AOD and PM2.5 over study areas. For reference, Dubovik et al. (2002) showed 
AOD (440 nm) of 0.24–0.43 range for AERONET sites representing the urban-industrial and mixed atmos-
pheres. The WHO recommended 24-h mean PM2.5 for clean air is 25 μg/m3. Of note, MERRA-2 PM2.5 can be 
lower than ground-truth PM2.5 (e.g., Navinya et al., 2020), suggesting that actual PM2.5 values over the study 
areas could be higher than those summarized in Table 1. Considering that industrial and transportation 
sectors were under control during lockdown period, the mean values of AOD for 2020 for IIT Kanpur and 
Gandhi College, shown in Table 1, might represent a typical scenario over IGP with influences from only 
household sector and natural sources. Such high AODs during lockdown period could result from two im-
portant reasons: dense population of IGP and influence of natural dust aerosols. The dense population can 
result regional high AOD (Ramachandran & Cherian, 2008; Wang et al., 2017). Recent studies (e.g., Bonardi 

https://www.timeanddate.com/astronomy/india
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et al., 2021; Khatri & Hayasaka, 2021) showed a weak influence of lockdown measures on household air 
pollutant reduction, suggesting that such high AOD could be possible over densely populated IGP even 
without active emissions from commercial and transportation sectors. As there was decrease in AOD over 
upwind regions during lockdown period (Pandey & Vinoj, 2021), such high AODs were less likely due to the 
effects of human activities of upwind regions. Further, IGP is a region prone to natural dust aerosols during 
premonsoon season to increase AOD (e.g., Gautam et al., 2011). Nonetheless, Table 1 suggests reductions 
of near-surface and total column aerosol loadings by less than one-third of the mean values for 2016–2019. 
These reductions were still insufficient to meet WHO recommendation, suggesting household sector as 
important source of aerosol emission over IGP. Further, aerosols increased gradually after lockdown period, 
suggesting the immediate revive of commercial sectors after lockdown.

Figure 1.  Time series of aerosol optical depth (AOD) at 440 nm (upper) and MERRA-2 PM2.5 (lower) for IIT Kanpur (left) and Gandhi College (right) for 
2016–2019 (blue circles and shadow show the mean and standard deviation values, respectively) and 2020 (red circles). Data gaps are seen, as the measurements 
are available only for clear sky conditions. The yellow-shaded area in between day numbers 85 and 182 represents lockdown period.

Year/
parameter

AOD 
(440 nm)

MERRA-2 
PM2.5 (μg/m3)

SSA 
(440 nm)

AAOD 
(440 nm)

ARF_Surface 
(W m−2)

ARF_TOA 
(W m−2)

ATM 
(W m−2)

Site: IIT Kanpur (26.513°N, 80.232°E)

2016–2019 0.76 ± 0.29 55.82 ± 17.6 0.89 ± 0.03 0.08 ± 0.03 −36.42 ± 11.04 −8.52 ± 4.68 27.9 ± 10.86

2020 0.57 ± 0.21 41.98 ± 12.17 0.90 ± 0.03 0.06 ± 0.02 −29.88 ± 7.36 −6.18 ± 3.0 23.7 ± 7.39

Site: Gandhi College (25.871°N, 84.128°E)

2016–2019 0.92 ± 0.27 62.7 ± 19.36 0.89 ± 0.05 0.08 ± 0.03 −45.62 ± 14.16 −7.98 ± 7.83 37.64 ± 18.5

2020 0.62 ± 0.22 44.5 ± 12.41 0.89 ± 0.02 0.06 ± 0.02 −34.67 ± 9.61 −5.84 ± 2.56 28.83 ± 9.39

Table 1 
Mean of Daily Mean Values of Aerosol Optical Properties and Quantified Radiative Effects During Lockdown Period of 
2020 and Same Periods of Previous Years
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Unlike AOD, no remarkable influence of lockdown measures can be seen on SSA, a measure of aerosol 
light-absorption capacity, in Table 1. This result indicates internally mixed aerosols over IGP. Previously, 
Srivastava and Ramachandran (2013) suggested core-shell mixing as the probable mixing state of aerosols 
over IGP. The absorption optical thickness (AAOD), i.e., AOD × (1 − SSA), decreased by around 25% at each 
site (Table 1) during lockdown period. Brief descriptions of SSA and AAOD time series are given in Text S1 
in Supporting Information S1.

4.2.  Perturbations in Shortwave Radiation Budget

Same as Figure 1, Figures 2a–2f show time series of ARF_Surface, ARF_TOA, and ATM, respectively, for 
IIT Kanpur (left) and Gandhi College (right). The correlation coefficient (r) values for QRE and AOP corre-
lations are given in Table 2 for both sites. Among different AOPs (AOD, SSA, and ASY at 440 nm; the values 
of Angstrom Exponent, a parameter describing the wavelength dependence, for AOD (Ext. Ang.) and SSA 
(SSA Ang.)), AOD and SSA were important in determining QRE, as revealed from Table 2. The role of ASY 
(the average cosine of the scattering angles, defining the degree of forward scattering) was weaker than 

Figure 2.  Same as Figure 1, but for time series of aerosol radiative forcing (ARF) at the surface (upper), ARF at top of the atmosphere (TOA; middle), and 
atmospheric forcing (lower) for spectral range of 0.3–3.0 μm.
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the roles of AOD and SSA. Similarly, the role of Ext. Ang. was relatively 
stronger than that for SSA Ang. The correlations of these two important 
AOPs (AOD and SSA) with QREs are shown in Figures S2 and S3 in Sup-
porting Information S1. The increase of AOD tended to decrease ARF_
Surface and ARF_TOA, but tended to increase ATM (Figure S2 in Sup-
porting Information S1); whereas, the increase of SSA tended to increase 
ARF_Surface, but tended to decrease ARF_TOA and ATM (Figure S3 in 
Supporting Information S1). Thus, the peaks and valleys in time series 
of ARF_Surface (Figures 2a and 2b) and ATM (Figures 2e and 2f) were 
closely coincident with those in time series of AOD (Figures 1a and 1b). 
However, the peaks and valleys of ARF_TOA time series (Figures  1c 
and 1d) coincided closely with neither AOD (Figures 1a and 1b) nor SSA 
time series (Figures S1a and S1b in Supporting Information S1) because 
of competing effects of AOD and SSA on ARF_TOA. Table 1 suggests that 
ARF_Surface (ARF_TOA) for lockdown period of 2020 was higher than 
that corresponding to 2016–2019 by around 18% (27%) and 24% (27%) for 
IIT Kanpur and Gandhi College, respectively. But, ATM for the lockdown 
period of 2020 was lower than that corresponding to 2016–2019 by 15% 
and 9% for IIT Kanpur and Gandhi College, respectively. Such pertur-

bations in aerosol radiative effects during lockdown period primarily resulted from AOD perturbations 
because SSAs were merely influenced by lockdown measures, as discussed above and shown in Table 1.

4.3.  Influences on Cloud Properties and Air Temperature

The COVID-19 lockdown led changes in aerosol field could affect not only radiation field, but also cloud 
properties and meteorology. We accessed remotely sensed cloud and air temperature data to understand 
the signatures of COVID-19 lockdown on cloud and meteorological fields. The mean values of water cloud 
properties (COD and CER) and air temperature profile within 1° × 1° grid including our study areas are 
shown in Figure 3 for lockdown period of 2020 and same periods of previous years. The mean values of 
COD (CER) in previous years were less than the value in 2020 by 18–40% (10–23%) and 19–46% (9–18%) 
over IIT Kanpur and Gandhi College, respectively (Figures 3a and 3b). The temporal variations of COD 
and CER are described in Text S2 in Supporting Information S1. Though there are different pathways for 
aerosols to influence clouds (see Text S3 in Supporting Information S1), those values suggest different cloud 
fields in 2020 than in previous years, which can be discussed in light of decreased AOD in 2020. The size 
decrement and number concentration increment of water cloud-droplets due to aerosol increment can lead 
more water mass aloft in the atmosphere to form ice particles by releasing latent heat once the freezing level 
is reached. This can invigorate cloud vertical development and expansion. This phenomenon, known as 
Aerosol Invigoration Effect (AIE; Khatri et al., 2020; Rosenfeld et al., 2014), in 2020 could have been weak-
ened by suppressing the decrement of water cloud-droplet size and conversion of water cloud into ice cloud 
because of decreased aerosols. Further, light-absorbing aerosols can reduce cloud cover and droplet size by 
warming and stabilizing the lower atmosphere (Hansen et al., 1997) and embedding within clouds (Jacob-
son, 2012). Such cloud burning efficiency (aerosol semi-direct effect) in 2020 could have been suppressed 
because of reduced AOD (or AAOD), resulting higher COD and CER in 2020 than in previous years. Text S3 
in Supporting Information S1 discusses AIE and aerosol semi-direct effect over our study areas to support 
these results. Next, Figures 3c and 3d show that air temperature profiles from 2016 to 2019 were very close 
to each other, although the profile for 2020 was different from them. The vertical profiles for the difference 
between temperature of 2020 and the mean value for 2016–2019, shown by dashed lines, clarify the decrease 
of air temperature in the lower troposphere (>400 hPa) in 2020 over both study areas. Though the roles of 
factors other than aerosols may not be negligible, absorbing aerosols are capable to modulate air temper-
ature profile, as suggested by Myhre et al. (2013). We speculate that decreased ATM as well as increased 
COD and CER due to AOD (and AAOD) reduction played important roles to reduce air temperatures in the 
lower troposphere in 2020. A detailed modeling study in future may shed further light on the link between 
aerosol reduction and air temperature change. Nonetheless, Figure 3 provides observation-based evidences 
to suggest that COVID-19 lockdown could have also affected cloud and meteorological fields over the IGP. 

QRE/AOP
AOD 

(440 nm)
SSA 

(440 nm)
ASY 

(440 nm)
Ext. Ang. 

Exp.
SSA Ang. 

Exp.

Site: IIT Kanpur (26.513°N, 80.232°E)

ARF_Surface −0.86 0.15 −0.1 0.07 −0.01a

ARF_TOA −0.82 −0.62 0.01a −0.3 0.31

ATM 0.53 −0.53 0.12 −0.25 0.18

Site: Gandhi College (25.871°N, 84.128°E)

ARF_Surface −0.77 0.42 −0.19 0.16 0.08

ARF_TOA −0.58 −0.77 −0.08 −0.3 0.09

ATM 0.44 −0.72 0.14 −0.28 −0.03a

aStatistically insignificant at the 95% confidence level.

Table 2 
Correlation Coefficients for the Relations of Aerosol Optical Properties and 
Quantified Radiative Effects
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Accounting such multidimensional impacts of COVID-19 lockdown over this important source region, it 
is reasonable to suggest that the climate system of South Asia could have been affected by COVID-19 led 
perturbations in aerosol loading.

5.  Conclusion
The COVID-19 lockdown measures restricted human activities, resulting to improve air quality. The lock-
down measures have further influenced the environment and climate system in different ways far beyond 
air quality improvement only, which are yet to be understood in detail. Taking advantage of ground-truth 
AERONET observations over two typical sites (IIT Kanpur and Gandhi College) of densely populated and 
highly polluted IGP, one of the most important aerosol sources in the world, the COVID-19 lockdown 
brought influences in aerosol loading and radiation budget and thereby in cloud properties and air temper-
ature were investigated using AERONET, reanalysis, and satellite data and radiative transfer calculation. 
The COVID-19 lockdown measures reduced aerosol loadings of column atmosphere and near-surface by 
about one-fourth to one-third of the mean values for 2016–2019 to reduce the surface (TOA) cooling by 18–
24% (30–30%) and atmospheric heating by 9–15% at those two distinctly distant (around 450 km) regions. 
Further, cloud properties (COD and CER) were found to have increased with decreased air temperature 
in the lower troposphere (>400 hPa) during lockdown period of 2020 at both regions. Such signatures of 
COVID-19 lockdown over this important source region indicate its manifold impacts in the environment 
and climate system of South Asia and vicinity, underscoring need for more detailed investigations in future 
from both observation and modeling perspectives.

Figure 3.  Water cloud (a) Cloud optical depth (COD) and (b) Cloud-particle effective radius (CER) for IIT Kanpur 
and Gandhi College and vertical profiles of air temperature (solid lines) for (c) IIT Kanpur and (d) Gandhi College 
for lockdown period of 2020 and same periods of previous years. The dashed line shows the difference between 
temperature profile of 2020 and the mean profile for 2016–2019.
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Data Availability Statement
AERONET and MERRA-2 data were downloaded from https://aeronet.gsfc.nasa.gov and https://golds-
mr4.gesdisc.eosdis.nasa.gov/data/MERRA2/, respectively. MODIS and AIRS data were downloaded from 
https://giovanni.gsfc.nasa.gov/giovanni/.
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