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dataset was used to investigate the percentage change 
in AOD during pre-lockdown and lockdown period 
with respect to long-term mean. The key findings in 
the present study show that reduction in AOD level 
over Indian subcontinent is approximately 14.75% 
during the lockdown period with spatial variation in 
the magnitude from region to region. The level of 
AOD is greatly reduced in the northern part of India 
(~ 22.53%), whereas changes in the southern part of 
India are much less (~ -0.31%); this may be due to 
ongoing anthropogenic activities during the lock-
down period in this region. Furthermore, a positive 
AOD anomaly was observed in the eastern and cen-
tral regions of India (i.e., over the states of Odisha, 
Chhattisgarh, Telangana, Jharkhand, West Bengal, 
Part of Maharashtra and Karnataka). However, nega-
tive AOD anomaly was observed in the north and 
northwest regions of India, whereas not much change 
in the AOD anomaly in other parts of the country. 
The overall assessment of the AOD level shows a 
net decrease over the Indian subcontinent during the 
lockdown period, i.e., March to May 2020. This kind 
of assessment study will surely help the government 
for the sustainable policy decisions for atmospheric 
pollution control by implementing proper lockdown 
procedures over various parts of the country.
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Abstract The COVID-19 pandemic has created a 
major threat to human beings and huge losses over 
the globe. In order to control the pandemic spread, 
almost all parts of the world imposed lockdown. The 
imposed lockdown drastically impacted on reduction 
in the atmospheric pollutions and also resulted in net 
decrease in aerosol optical depth (AOD) in the atmos-
phere. In this study, the reduction in the AOD during 
the COVID-19 lockdown over the Indian subcontinent 
is being assessed using the moderate resolution imag-
ing spectroradiometer (MODIS) satellite data avail-
able in Giovanni version 4.34 developed by NASA. 
The long-term mean analysis is computed consider-
ing 20 years (i.e., 2000–2019) data on Terra platform 
with a temporal resolution of daily and monthly and 
spatial resolution of 1 degree. The dataset of AOD 
with a temporal resolution of monthly was used for 
investigation of AOD anomaly for March, April and 
May 2020, and the seasonal variation (March to 
May 2020) is also assessed. Similarly, the daily scale 
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Introduction

The COVID-19 virus critically ruined the whole 
world by spreading human to human and created 
huge economical losses to the entire globe (Bukhari 
& Jameel, 2020). The WHO office in China reported 
the first case of SARS-CoV-2 in Wuhan City, Hubei 
Province of China in December 2019 (Shi et  al., 
2020). Within a month, several people got affected 
by this virus due to its rapidly transmitting in nature. 
The virus was rapidly spreading across the globe with 
more number of confirmed cases including several 
deaths in all parts of the world. The global situation 
of COVID-19 cases can be seen in the WHO Corona 
virus (COVID-19) Dashboard. The whole world went 
to lockdown declaring this as a pandemic by World 
Health Organization (WHO,  2020) during March to 
May 2020.

The first confirmed case was reported in India from 
Kerala state during January 2020 (Gautam, 2020), and 
since then, cases got rapidly increasing in other parts 
of India. This forced the Indian government to enforce 
lockdown across the country to control spreading of 
COVID-19 virus. The lockdown got enforced in 4 
phases, which was announced by the prime minister 
of India, initial nationwide lockdown started from 25 
March 2020 to 14 April 2020, second phase lock-
down from 15 April to 3 May 2020, third phase was 
from 4 to 17 May 2020, and fourth phase was from 
18 to 31 May 2020. The lockdown witnessed a com-
plete shutdown of the vehicular movements, flights, 
railways, industrial activities, public gatherings, mar-
kets as well as academic institutions resulting in no 
movement of people also outside their residence. The 
outcome of lockdown resulted in controlled positive 
COVID-19 cases and mortality rate significantly in 
various parts of India. Many researchers and scientist 
have put their efforts to study the impact of lockdown 
on the atmosphere apart from research in the medical 
field (Kanniah et  al., 2020; Nakada & Urban, 2020; 
Suresh et al., 2020) over different regions of the world 
such as Europe (Tobias et al., 2020), north and south-
America (Zalakeviciute et  al., 2020), South-Asia (Li 
& Tartarini, 2020; Navinya et al., 2020) and middle-
east (Sahin,  2020; Faridi et  al., 2020), and all these 
studies reported the improvement in air quality during 
the lockdown period because of reduction in anthro-
pogenic activities including industry and vehicle 
restriction. The results of the lockdown also reported 

a decrease in ambient particulate matter (PM2.5 and 
PM10), nitrogen dioxide  (NO2), carbon monoxide 
(CO), sulfur dioxide  (SO2), carbon monoxide (CO) 
and aerosol concentrations over East China, South-
ern China, Spain, Western Europe, Australia, South 
Korea, Italy and Western China as compared to pre-
lockdown periods (Baldasano, 2020; Filonchyk et al., 
2020; Liu et al., 2020; Menut et al., 2020; Wan et al., 
2020; Zhang et  al., 2020). As a consequence of the 
lockdown, the regions witnessed low vehicular emis-
sions, Particulate matter emissions, Greenhouse gas 
emissions, aerosols concentrations; thus, improvement 
in the air quality has been observed because of the 
reduction in the anthropogenic activities (Zambrano-
monserrate et al., 2020; Sharma et al., 2020).

Satellite-derived dataset is a cost-effective method 
to study effects over the long-term variation. Aero-
sol measurements through satellite remote sensing 
have been established since the late 1970s. However, 
the limitation was in the restriction of detection of 
properties of aerosol over the ocean till the devel-
opment of the Total Ozone Mapping Spectrometer 
(TOMS), which has the capability to detect aerosols 
over both land and ocean (Herman et al., 1997; Hsu 
et al., 1996). In recent years, MODIS-based Terra and 
Aqua satellites platform has emerged as a systematic 
approach for retrieving the aerosol properties. The 
dataset is being made available throughout the year 
for selected regions with fewer data gaps. Hence, this 
MODIS platform enables the researchers to use aero-
sol optical properties (Kinget al., 1999). MODIS sat-
ellite data provide useful information about global air 
pollution and thus provide new insights into the dis-
tribution of the air pollutants in the atmosphere. The 
capability of MODIS platform for monitoring global 
and local air pollution has been demonstrated with 
considerably better accuracy and spatial sensitivity 
in the earlier studies (Chu et  al., 2003; King et  al., 
1999).

Aerosols, mainly referred as particulate matter, 
are basically obtained from anthropogenic or natural 
emission sources, and these have adverse effects on 
atmospheric pollution and human health (Al-Kindi 
et al., 2020; Burnett et al., 2018; Cohen et al., 2017; 
Lave & Seskin, 1970; Pope et al., 2009,  2020) . There 
is evidence of the relation of fine particulate mat-
ter, aerosol driven air pollution and the diseases like 
lung cancer, cardiovascular mortality and life expec-
tancy also (Pope et  al., 2004, 2009, 2020; Al-Kindi 
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et al., 2020). So, AOD is a critical topic in the global 
environmental science community (Pöschl,  2005). 
Aerosols have direct and indirect effects on climate 
change by scattering-absorbing solar radiations and 
altering cloud properties, respectively (Sehwartz 
et al., 1995). Anthropogenic aerosols and their radia-
tive forces are responsible for changing land surface 
temperature by restricting effect of greenhouse gases 
over the regions, thus creating uncertainty in the 
climate prediction. Especially they have an adverse 
effect on vegetation by decreasing sunlight due to 
its loading; hence, the effect of AOD level cannot be 
neglected at all (Houghton et al., 1994; Russell et al., 
1999; Kaufman et  al., 2002; Satheesh et  al.,  2000). 
Rainfall distribution is also affected by AOD dis-
tribution as it controls the cloud formation during  
the pre-monsoon season in Indian subcontinent and 
thus disturbs the hydrological cycle (Ramanathan 
et  al., 2001a). Hence, effect of AOD level with the 
climate parameters especially with cloud forma-
tion, rainfall, the influence of dust storms, tempera-
ture, humidity and vegetation needs attention of the 
researchers. Problems associated due to AOD level 
in the atmosphere need to be addressed in line with 
various previous studies (Liao et  al.,  1998; King 
et  al., 2003; Dey et  al., 2004; Ramanathan et  al., 
2001b;  Rotstayn et  al., 2000). In India major accu-
mulation of aerosols observed to be over the Ganga 
basin, it may be because of desert dust and indus-
trial pollution. This AOD level over the Ganga basin 
will further have an impact on monsoon rainfall 
distribution over this region (Chinnam et  al., 2006; 
Gautam et  al., 2010; Giles et  al., 2011; Srivastava 
et  al., 2012). Various studies have shown impact of 
AOD on climate change over various regions of the 
world. Also, aerosol causes adverse effects on human 
health such as lungs-related issues, asthma and pul-
monary inflammation (Huang et  al., 2012; Mulenga 
et  al.,  2019). Also as the SARS COVID-19 is an 
influenza-related virus disease so the assessment of 
the AOD will definitely help the researchers in better 
understanding the viral dynamics.4

All the studies performed previously were con-
centrated on various regions of the world. Extraction 
of AOD data with a temporal resolution of daily and 
spatial resolution of 1 degree from MODIS terra plat-
form in GIOVANNI and processing of these data for 
a long term of 20 years is a key aspect in this study. 
This study also emphasizes variation of AOD level 

over Indian subcontinent focusing on southern and 
northern parts of India during lockdown period with 
respect to pre-lockdown periods.

Thus, the effect of anthropogenic activities on 
climate change during lockdown phases can be well 
understood by studying the variation of AOD level 
in atmosphere. The present study therefore assesses 
AOD levels over the Indian subcontinental during 
imposed lockdown periods due to COVID-19. The 
overall objectives of this study are: (a) to analyze the 
aerosol levels over the Indian subcontinent with spe-
cial focus on the southern and northern parts of India 
separately and (b) to evaluate the AOD anomaly dur-
ing imposed lockdown phases with respect to long-
term mean.

Data and methodology

The satellite MODIS data are being collected from the 
Giovanni online data system, developed and maintained 
by the NASA GES DISC. The data lineage can be eas-
ily retrieved using Giovanni online data system for 
geophysical parameters. The dataset files can be down-
loaded directly in various formats such as netCDF, cvs-
etc required for further data analysis and plotting. The 
MODIS datasets were pooled from the Giovanni online 
data system https:// giova nni. gsfc. nasa. gov developed by 
the NASA GES DISC (Acker & Leptoukh, 2007), and 
the sensor details are explained by Li et al. (2020) and 
the retrieval algorithms are discussed in earlier works 
(Hsu et al., 2019 and Sayer et al., 2019). The AOD at 
550 nm is utilized in this study as this product has bet-
ter consistency (Lyapustin & Wang, 2018). In the pre-
sent study, assessment of AOD anomaly was performed 
using the dataset of AOD at 550  nm obtained from 
MODIS-based Terra platform [MODIS-Terra MOD08_
M3 v6.1] for the summer season, i.e., in the months of 
March, April and May (2000–2020) over Indian region. 
The monthly average of AOD level on land consid-
ered for investigating AOD variation on Indian land 
region, combined land and ocean data for investigat-
ing AOD variation on the ocean surrounded by Indian 
region. Furthermore time series, area-averaged of AOD 
550 nm (Deep Blue, Land-only) also computed.

Twenty years of the AOD data (2000–2019) are ana-
lyzed in this study to understand the long-term variation 
of AOD in India. The region of interest in the present 
study is the Indian subcontinent  (62oE-96oE,  8oN-36oN). 
The data resolution is obtained by high-resolution raster 
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array with considering proportional weights to shape 
coverage in all cells. To minimize the influence of lower 
shape coverage on results of area average mean, the 
cosine of latitude is considered for weights correspond-
ing to shape coverage. Shapes corresponding to the 
ocean were masked while retrieving dataset for the land 
region by regrinding the algorithms. The data are being 
passed through a quality control algorithm.

In this work, the daily changes in the AOD aver-
aged over regions like all India, North India and South 
India by considering the anomaly of the day in 2020 
with respect to the 20-year long-term mean values 
[AOD_LTM (i)] for the corresponding day have been 
computed.

where

is the long-term mean value for a particular day.
Similarly, the monthly anomaly of AOD ( AOD_

Monthly_ANOMALY(month, 2020) during 2020 March, 
April, May and seasonal, i.e., March–May 20,202 with 
respect to 20-year long-term mean AODmonthlyLTM(m) 
also computed at latitude j and longitude i.

where

is the long-term mean value for a particular month m 
at latitude j and longitude i.

To assess the amount of AOD during whole lockdown 
period of 10 weeks, the 10-week averaged AOD is com-
pared with the AOD averaged over previous 10  weeks 
during pre-lockdown period and the total change in AOD 
is computed using the following algorithm

AOD_ANOMALY(day, 2020)

=
AOD(day, 2020) − AOD_LTM(day)

AOD_LTM((day)
× 100

AOD_LTM(day) =
1

20

2019
∑

year=2000

AOD(day, year)

AOD_Monthly_ANOMALY(i, j,month, 2020)

=
AODmonthly(i, j,m, 2020) − AODmonthlyLTM(i, j,m)

AODmonthlyLTM(i, j,m)
× 100

AODmonthlyLTM(i, j,m) =
1

20

2019
∑

year=2000

AODmonthly(i, j,m, year)

AODChange =
AOD(lockdown) − AOD(Prelockdown)

AOD(Prelockdown)
× 100

where AOD(lockdown)  and AOD(Prelockdown) are 
the average values of AOD during 10 weeks of lock-
down and 10 weeks of pre-lockdown period.

The dataset retrieved from the MODIS platform 
is further used to investigate the variation of AOD 
level over the Indian subcontinent region in the spa-
tiotemporal domain during pre-lockdown and lock-
down period. The monthly average of AOD level was 
computed for March, April and May, and the seasonal 
average value is computed using the 20 years of data. 
Then, anomaly for the 2020 year is computed using 
the average value and the 2020 values for all the three 
months and summer season as a whole. The anomaly 
in AOD during 2020 is expressed as % change with 
respect to the long-term mean.

Results and discussion

The multi-scale analysis of AOD distribution at daily, 
weekly and monthly time scales is discussed along 
with the spatial anomaly of during the COVID-19 
lockdown in 2020 summer season in this section.

Time series analysis of AOD level across India

The time series analysis of all India averaged AOD 
anomaly from 01 Jan to 31 Dec 2020 normalized with 
respect to long-term mean is presented in Fig. 1. The 
changes in AOD level normalized to long-term mean 
across whole India are presented in Fig. 1a. The first 
60 days of the year corresponding to month of Janu-
ary and February shows AOD normalized values are 
positive, sometime crosses more than 50% with respect 
to long-term mean except very few negative values in 
between. Similarly, approximately last 70 days of the 
year corresponding to part of October month, Novem-
ber and December also show positive AOD normal-
ized values, sometimes crossing more than 50% with 
respect to long-term mean except very few negative 
values in between. However, the rest of the days in year 
2020 show negative anomaly AOD, sometimes less 
than 50% with respect to long-term mean. This shows 
AOD level has been drastically reduced throughout the 
year 2020 except few days in the beginning and end of 
the year. The reduction is mainly due to the lockdown 
the main sources, i.e., industry and vehicle movement 
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were closed throughout the country. This results are 
consistent with the some other related studies car-
ried out on urban cities (Gouda et al., 2021; Kanniah 
et  al., 2020; Pathakoti et  al., 2021). The maximum 
and minimum values of AOD anomaly (normalized 
with respect to long-term mean) varied from + 117 
to –89% across the country. The same analysis over 
North India  (62oE-96oE,  8oN-22oN) shows similar 
trend of AOD anomaly values with respect to long-
term mean as observed in the all India case. The maxi-
mum and minimum values of AOD anomaly varied 
from + 164 to –89% across North India. The changes 
in AOD anomaly in 2020 over South India  (62oE-96oE, 
 22oN-36oN) are presented in Fig. 1c, showing a similar 

trend of variation. During first 60 days and last 70 days 
of the year except in few days, negative values were 
observed. However, in the rest of the period, more 
number of days shows positive AOD anomaly in the 
southern part of country. The maximum and minimum 
values of AOD anomaly varied from + 177 to –93% 
across South India.

Weekly variation of AOD level 
during pre‑lockdown and lockdown period

Weekly variation of AOD level during 01 Jan 2020 to 
31 May 2020 over 22 weeks is presented in Fig. 2. The 

Fig. 1  Variation of daily AOD anomaly during 01 Jan to 31 Dec 2020 over (a) all India, (b) North India and (c) South India. The 
anomaly is expressed as % change in the AOD with respect to the long-term mean (20 years) values
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AOD level during 10 weeks in the pre-lockdown period 
is indicated by red color, whereas the AOD level dur-
ing 10 weeks of lockdown period is indicated by black 
color in the figure, and it is observed that there is a 
decreasing trend of AOD level in all the study regions, 
i.e., all India, North India and South India during this 
lockdown period. Weekly variation of AOD level in all 
India during pre-lockdown and lockdown period is pre-
sented in Fig. 2a. The analysis clearly indicates a net 
reduction of 12% AOD level during lockdown period 
as compared to pre-lockdown period resulted in all 
India scale. The same analysis over North (south) India 
resulted in reduction of 19.5% (3%) in the weekly AOD 
levels as depicted in Fig. 2b, c.

Spatial anomaly of AOD during COVID‑19 
Lockdown in 2020

The estimation of AOD monthly anomaly is computed 
to know the spatial variation of AOD across the Indian 
subcontinent during the lockdown period imposed due 
to the SARS-CoV-2 pandemic in March–May 2020. 
As described, earlier 20-year period (2000–2019) data 
are considered for the long-term mean value compu-
tation and the monthly anomaly for the year 2020 is 
computed with respect to the long-term mean across 
all India presented in Fig. 3. The analysis clearly indi-
cates AOD level decreased (negative anomaly) dur-
ing 2020 lockdown period as compared to long-term 

Fig. 2  Weekly variation of AOD during 01 Jan to 31 May 2020 
over (a) all India, (b) North India and (c) South India. The % 
change in the AOD during 10-week lockdown period (week 

13 to 22) with respect to pre-lockdown 10-week periods (02 to 
12 weeks) is computed and mentioned in each panel
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mean. The variation AOD anomaly level in the 
month of March 2020 which represents the phase 1 
lockdown (only 10  days) in India shows a reduction 
in AOD level across the nation except for few states 
like Madhya Pradesh, Maharashtra and some parts of 
Telangana, Chhattisgarh, Odisha, Karnataka, Tamil-
nadu, Rajasthan and West Bengal. During the month 

of April 2020, when the phase 2 lockdown has been 
strictly imposed for a whole month, the AOD level 
has been further reduced with respect to the long-term 
mean as compared to the level of AOD during the pre-
vious month. However, increase in the AOD level was 
observed across southeastern and northeast states dur-
ing April 2020 as shown in Fig. 3b. Similarly, during 

Fig. 3  Monthly AOD anomaly (expressed as % of long-term mean) during year 2020 over Indian subcontinent for the year 2020 (a) 
March, (b) April, (c) May and (d) summer [March–May]
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month of May 2020 (phase 3 lockdown), there is a 
significant reduction (negative anomaly) in the AOD 
level which is observed. This reduction might have 
also triggered due to the tropical cyclone “Amphan” 
in the Bay of Bengal as reported in an earlier study 
(Kumar et al., 2021) along with the lockdown restric-
tion. However, few patches of positive values of AOD 
anomaly have been observed over the south and 
southeastern states (Fig.  3c). Moreover, the seasonal 
(March–May) AOD anomaly across the Indian sub-
continent (Fig.  3d) shows a negative AOD anomaly 
across most of the regions of the country. This indi-
cates AOD level has been decreased during the lock-
down period imposed due to the SARS-CoV-2 pan-
demic as compared to long-term mean. However, few 
positive anomaly patches were seen in Maharashtra, 
Madhya Pradesh, Karnataka, Telangana, Chhattisgarh, 
Odisha and West Bengal which may be due to some 
transport activities. Similar results are being obtained 
by few researchers while assessing the AOD and air 
quality which are fully influenced by the shutdown 
and lockdown phases in India (Soni,  2021; Sharma 
et al., 2020; Gautham, 2020; Vasudevan et al., 2021; 
Satya, 2021).

The percentage change of AOD level during dif-
ferent phases of lockdown period with respect to the 
long-term mean across various regions of India is 
summarized in Table 1. It clearly reveals that over All 
India and North India there was a reduction in AOD 
content during all the phases of the lockdown period 
and the reductions were very high in these regions 
compared to South India. The region-wise analysis 
also revealed that an adequate reduction in AOD level 
of 28.51% in North India and 22.57% in all India 
during the third phase of lockdown, i.e., during May 
04–17, 2020.

Conclusions

The SARS-CoV-2 pandemic has created huge losses 
over the globe and a serious threat to the human 
beings. However, lockdown imposed due to pan-
demic has revealed that AOD level was adequately 
reduced across the Indian Territory; this shows 
earth can restore by and of itself, if a chance is 
provided by human beings. The region-wise inves-
tigation shows that North India had better influ-
ence of the lockdown period, where the AOD level 
decreased up to 14% during lockdown period with 
respect to long-term mean, whereas in South India 
impact of the lockdown period on AOD level reduc-
tion is a little lesser due to reduction was up to 
7.5% only. Furthermore, reduction in all India AOD 
levels was considerably less during the lockdown 
period as compared to the pre-lockdown period, 
where the level of AOD had reduced up to 12%. 
The AOD anomaly showed negative values across 
most of the regions in the country except few posi-
tive AOD anomaly patches in the southeastern and 
northeast states. Consequently, imposing lockdown 
across states or nations for certain duration may 
play a vital role in reducing air pollution levels. 
Hence, the government may tactically impose such 
lockdown events, especially in pollution hotspot 
zones to improve better air quality. Also, ecologists 
and policymakers may work out creative methods 
and plan of action to implement lockdown events 
in consultation with the government by considering 
minuscule effect on the country’s economy.
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