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Abstract
The atmospheric aerosols and air pollutants affect the earth's atmosphere, human health and climate system. Human-induced 
aerosols and air pollutants are the major causes of the deterioration of air quality. The COVID-19 lockdown restricted 
the movement of people and vehicles, stopped industrial and agricultural activities and may have impacts on the aerosols in 
the atmosphere. Spatio-temporal map of MODIS Terra AOD_550 nm, OMI Aura UVAI, Ozone, NO2, SO2 and AIRS CO 
during the lockdown illustrates the significant reduction in their concentration. During the lockdown, the North India shows 
a record reduction of over 20% in Aerosol Optical Depth and Aerosol Index values. A substantial decrease in AOD and AI 
was also observed in Eastern and Western parts of India. The average AOD value were reduced from 1.36 (2016–2019) to 
1.09 (2020) over India during the lockdown. The satellite-retrieved aerosol variables over India recorded lowest AOD values 
on 29th March, 2020 (0.2566) and 21st April 2020 (0.2591). Similarly, air pollutants CO, NO2 and SO2 also significantly 
reduced in India. Despite all variables showing a reduction in concentration, Ozone recorded an increase in value during 
lockdown primarily over North and North-eastern parts of India. Western India recorded a substantial reduction in SO2 (47%) 
followed by Central India (31%). As pan India is considered, CO was reduced by 1%, NO2 reduced by 15.29% and SO2 was 
reduced by 26.82% during the lockdown period. This abrupt reduction in aerosol and air pollutants concentration over India 
was mainly due to the lockdown of COVID-19.
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1  Introduction

India is facing air pollution, climate change problem from 
decades. Air pollution has emerged as a significant environ-
mental issue due to rise in population, surge in vehicular 
traffic emission and growing industrialization and urbani-
zation as it harms human health and significant economic 
losses [1]. Undoubtedly, the atmosphere is certainly more 
polluted in the last few decades, especially in developing 
countries. According to World Health Organization [2], 
global air pollution caused nearly 7 million deaths (nearly 

11.6% of the deaths) in 2012 making it the greatest single 
environmental health risk in the world. Out of 640 districts 
in India, 27% in 1998 exceeded the yearly standard value 
of 40 g/m3 and 45% in 2010 [3]. Kumar et al. (2023) [4] 
have presented scientometric analysis and evaluation by 
using 26,859 documents retrieved from available database 
on exposure to air pollution and health. Nine cities out of the 
top 10 most polluted cities in the world by the World Health 
Organization are from India [5]. Thus, this situation is a 
complicated issue, which strongly influences human health 
and a demanding solution is required in order to maintain 
the air quality level. The primary pollutants (examples are 
CO, CO2, NO2 and SO2) are the pollutants that are released 
directly into the atmosphere, usually from domestic, indus-
trial, or transportation sources, while secondary pollutants 
are gases and particulates that also form in the atmosphere, 
largely from the primary pollutants. The chemical compo-
sition of air pollutants, such as their oxidising power, solu-
bility, concentration and the susceptibility of the affected 
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person or object, largely determines the level of damage they 
can do. Due to their water solubility, SO2 gases can harm 
human skin and bronchi. In contrast, O3 and NO2 gases can 
enter the lungs more deeply due to their lower solubility [6].

The contribution of aerosols in causing climate change 
and air pollution cannot be ignored. Aerosols also have a 
significant contribution to the energy balance of the earth-
atmospheric system. Thus, studies focusing on aerosol 
properties and their distribution are required for generating 
a better understanding of the phenomena of regional and 
global climate change [7]. The ambient air quality is highly 
determined by aerosols. Aerosols, also known as particulate 
matter, are known to be a major contributor to air pollu-
tion, particularly in developing nations like China and India 
which is also affecting human health [8, 9].

The tropospheric aerosols have a large spatial and tem-
poral variability as they have irregular distribution, wide-
spread origin and short residence time in the atmosphere 
and anthropogenic events like festivals affect the aerosol 
patterns [10]. Aerosols are generated by anthropogenic and 
natural sources directly into the atmosphere and are also 
produced by various physical and chemical processes in the 
atmosphere [11]. The distribution of atmospheric aerosols 
and their impact on the earth’s climate system is not under-
stood completely and remains a concern to both the scientific 
community and policymakers [12]. Aerosols cause scatter-
ing and absorption of solar radiation and thus influence cli-
mate directly [13–15], while it influences climate indirectly 
by affecting the processes like cloud condensation droplet 
concentration, cloud optical properties, precipitation rates 
and a lifetime of clouds [16].

Aerosol Optical Depth (AOD) and Aerosol Index (AI) are 
quantitative estimates of the aerosols present in the atmos-
phere and are generally used as a substitute for particulate 
matter in the atmosphere. AOD is an optical parameter 
and an indicator of the extinction effect of atmospheric aero-
sols which is used to determine the degree of air pollution. 
AI is a qualitative index indicating the presence of higher-
concentration layers of aerosols with significant absorption 
in the atmosphere. Several studies have been carried out to 
develop a relationship between empirical satellite-derived 
AOD and particulate matter [17]. AOD is a measure of 
the quantum of energy absorbed or reflected by airborne 
particles as it is transmitted through the atmosphere. AI 
monitoring has been used worldwide to find out air pollu-
tion sources, analyse dispersion and migration patterns of 
air pollutants across continents, measure air quality and its 
prediction and also study the energy balance between radia-
tions and factors of climate change [18]. The magnitude of 
AI is controlled by the optical depth of aerosols, the type 
of aerosol i.e., the composition and origin and the altitude 
of the aerosol layer and the view angle [19]. The smoke 
and desert dust particles which are absorbing aerosols show 

positive values of AI while scattering aerosols are given 
negative values [20]. However, the values of AI may also 
be negative due to other factors like high altitude clouds 
and variations in surface reflectance [21]. AI values near 
zero indicates the presence of clouds [22], while AI values 
greater than 1.0 indicate the presence of absorbing aerosols 
like soot or dust particles [23].

The world was facing the Coronavirus disease (COVID-
19) which is a pandemic caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). Worldwide 
millions of people have been affected by COVID-19 and 
many of them lost their life. The disease was first detected in 
December 2019. On 30th January 2020, the Government of 
India (GOI) confirmed India’s first COVID-19 case. As the 
number of confirmed COVID-19-positive cases was increas-
ing, to break the chain or to reduce the spread of this pan-
demic, on 24th March 2020 the GOI imposed a nationwide 
lockdown 1.0 for 21 days from 25th March to 5th April. The 
lockdown was further extended by 19 days from 16th April 
to 3rd May which was termed lockdown 2.0. The lockdown 
virtually restricted 1.3 billion people of India from stepping 
out of their homes, all transport services such as road, rail 
and airways were suspended except transportation of essen-
tial goods and services. Educational institutions, industrial 
establishments, construction and agricultural activities were 
also suspended.

Second aspect of this problem is to validate the fact that 
the anthropogenic activities are contributing significantly 
in causing the air pollution. This can only be verified if the 
anthropogenic activities are either stopped or slowed down 
and then the air pollution status is monitored. As air qual-
ity has deteriorated in most of Indian cities over the past 
few decades, this lockdown provided an excellent oppor-
tunity [24–26] to study how the atmosphere responds to a 
rapid and abrupt reduction in pollution produced by vari-
ous anthropogenic activities, such as industries, biomass 
burning, transportation, etc. This was also an opportunity 
to distinguish between the possible impacts of natural and 
anthropogenic aerosols and air pollution in the atmosphere. 
Hence, the present study was conducted using the satellite 
data products to analyse the anticipated changes in the air 
pollution status in India during the lockdown period which 
presented an opportunity of reduced anthropogenic activities 
and compare this scenario with scenario of increased anthro-
pogenic activities in the previous years. This study aims to 
analyse the aerosols loading along with the concentration of 
gaseous air pollutants over pan India during the lockdown 
in India using Moderate Resolution Imagin Spectroradiom-
eter (MODIS) Terra, Ozone Monitoring Instrument (OMI) 
Aura and Atmospheric Infrared Sounder (AIRS) Aqua sat-
ellites. The previous related studies also analysed the air 
pollution scenarios for lockdown period [27] in which they 
compared PM2.5 and NO2 concentration. They utilized data 
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from continuous Ambient Air Quality Monitoring Stations 
(CAAQMS) of Central and State Pollution Control Boards 
in India for 2018, 2019 and 2020 over six Indian cities. The 
study also investigates the spatio-temporal variation and 
time series analysis of aerosols and air pollutants over India 
during the lockdown period and its comparison to previ-
ous years. The present study determined the CO, NO2, SO2, 
ozone, AOD and AI using satellite data. However, a detailed 
location-based analysis can be performed and validated 
elaborately if more ground observation data is available for 
number of cities in India.

2 � Materials and methods

2.1 � Study area

The present study of aerosol loading has been performed 
over pan India. India has high topographical heterogeneity 
of aerosol and meteorological properties. The extent of India 
is bounded by the latitude of 6°44′–35°30′ N and longitude 
of 68°7′–97°25′ E. The area is marked by large variations in 
temperature across different seasons. The mean temperatures 
in the region vary between 10 °C in winter to about 32 °C 
in summer.

Urbanization, industrial activities, agricultural activi-
ties and energy utilization are rapidly expanding, result-
ing in increased anthropogenic emissions and air quality 
deterioration. In the present study, to analyse the impact of 
COVID-19 on aerosol loading and air pollution, India has 
been divided into six regions namely North India (NI), South 
India (SI), West India (WI), East India (EI), Central India 
(CI) and North-East India (NEI) as shown in Fig. 1. The 
green line in Fig. 1 represents the line of Himalayan Moun-
tain Range which acts as the obstruction to the movement 
of air in the atmosphere.

WI, EI and SI are bounded by long stretch coastal 
region where sea salt aerosols may play an important role 
while NI part is bounded with the great Himalayan Moun-
tain range, which acts as a barrier, trapping the aerosols 
and air pollutants over the region. In NI, the Indo-Gangetic 
plain (IGP) (Fig. 1) is regarded as one of the most polluted 
areas, where anthropogenic activities, especially agricul-
tural burning, are mostly to blame for greater aerosol load-
ing [28]. The IGP has the highest population density in 
India and is characterized by large sources of emission 
from precursors of aerosols and air pollutants. WI com-
prises the desert area as well as the long-stretch coastal 
region where desert dust aerosol may play an important 
role. This desert dust is transported by wind also to the 
atmosphere of NI primarily during the summer season 
which contributes to higher aerosol concentration in the 
region. Due to the increase in population, urbanization 

has increased which has resulted in an increase in the con-
sumption of fossil fuel while biomass burning in the rural 
areas has led to high aerosol loading over India.

2.2 � Data used

Satellites can provide a unique opportunity to monitor and 
evaluate air quality in order to fill gaps in ground-based 
measurements, thereby improving our understanding of 
aerosol contributions to energy balances, air pollution and 
climate change. Integration of satellite-based continuous 
monitoring of aerosols and pollutants and measurements 
using in-situ surface techniques is probably the best propo-
sition to understand the impacts of aerosols on climate 
and human health. Three Earth Observation System (EOS) 
satellites MODIS Terra, Aqua and OMI Aura have made 
daily global aerosol observations over the past two dec-
ades. Because of its wide availability, the present study 
uses the MODIS Terra satellite products for AOD, OMI 
Aura for AI, Ozone, NO2, SO2 and AIRS Aqua for CO as 
given in Table 1.

The instruments assess the AOD measurements from 
reflected solar radiation, radiative transfer measurements 
and using aerosol models based on spectral responses. A 
proper collection of AOD satellite data over the region under 
consideration is necessary to correctly estimate the amount 
of aerosols over that region [29]. The AI is the difference 
between measured and estimated spectral contrast of two 
near UV wavelengths [30]. This spectral contrast is in fact 
due to differences in the response of absorbing aerosols 
and also because of phenomena like reflection, scattering, 
absorption and dispersion from the surface, gases, clouds 
and aerosols respectively [20]. This range is useful for aero-
sol detection over land as in the ultraviolet wavelengths; the 
land has low surface albedo [31]. The OMI Aura is the first 
satellite which is working on UV and visible spectrum with 
the charge-coupled device, enabling daily, global monitoring 
of Ozone, NO2 and SO2 [32, 33].

To carry out this study, satellite data of AOD, AI, CO, 
NO2, Ozone and SO2 for the period 25 th March to 3rd May 
2016–2020 has been obtained from the Giovanni portal 
of Goddard Earth Science Data and Information Services 
Centre, NASA. Satellite instruments that measure NO2 are 
sensitive to the number of molecules between the instrument 
and the Earth's surface (i.e., a Vertical Column Density or 
VCD). For NO2 typically the amount high in the atmos-
phere (in the stratosphere) is removed in order to provide an 
estimate of the column in the lower part of the atmosphere 
(the troposphere), a Tropospheric Vertical Column Density 
or TVCD. The units of VCD or TVCD are molecules per 
square centimeter or mol/cm2. The description of data prod-
ucts obtained from different satellites is given in Table 2.
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Fig. 1   Geographical location of India including 6 regions selected for study

Table 1   Description of satellite/sensor used in this study

Satellites/sensors EOS mission Year of launch Spatial resolution Temporal resolution Wavelength range

MODIS Terra and Aqua 1999 and 2002 250 m, 500 m and 1000 m 1 to 2 days 0.4 um to 14.4 um
OMI Aura 2004 13 km * 24 km 1 days 0.27 um to 0.5 um
AIRS Aqua 2002 13.5 km * 13.5 km 1 to 2 days 3.7 um to 15.7 um
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2.3 � Methodology

The overall methodology adopted to perform the analy-
sis involves spatial analysis of the satellite data described 
above to determine AOD, AI, gaseous air pollutant concen-
trations in the atmosphere for pan India. These parameters 
were determined for the lockdown period (25th March to 
3rd May 2020) and were compared with similar parameters 
determined for 2016–2019 scenarios. The steps involved in 
the methodology are as below.

1.	 The above satellite retrieval daily data of aerosol and 
gaseous pollutants for the period of 25th March to 3rd 
May 2016–2020 has been averaged over India and also 
for the selected six regions using raster calculator tools 
in the ArcGIS environment.

2.	 To study the impact of the lockdown during COVID-19 
on different regions of India, spatio-temporal maps of 
AOD, AI and air pollutants over India as well as bar 
charts have been plotted for each region during the lock-
down period of 2020 and 2016–2019.

3.	 The percentage change analysis of air pollutants between 
the year 2020 and the average of 2016–2019 from 25th 
March to 3rd May has been carried out to observe the 
impact of the lockdown on these pollutants. During 
lockdown periods, heavy to light precipitation has been 
observed over a major part of India. Hence, to analyse 
the impact of precipitation on aerosol concentration in 
the atmosphere, a time area average map is generated for 
AOD, AI and precipitation.

4.	 In the atmosphere, gaseous air pollutants have the ability 
to react with each other which may affect the concentra-
tion of other pollutants. The atmospheric chemistry of 
air pollutants also leads to the formation of fine aerosol 
particles. A spatial correlation study of aerosol variables 
(AOD and AI) and air pollutants (Ozone, CO, NO2 and 
SO2) has been performed for the lockdown period using 
Giovanni tools.

3 � Results and discussion

3.1 � Spatial variation of AOD and AI over India 
during lockdown period

The average MODIS Terra AOD at 550 nm from 25th March 
to 3rd May for the 2016–2019 average and 2020 is repre-
sented in Fig. 2. This spatial map illustrates that, during 
the lockdown period, MODIS Terra recorded lower AOD 
values (0.15–0.40) over NI. It may clearly be observed in 
Fig. 2, that AOD values are very high over NI relative to 
other regions during 2016–2019. The Indo-Gangetic plain in 
NI is a highly polluted region, where anthropogenic aerosols 
are dominant, but due to complete lockdown with no human 
activities, significantly low AOD values (0.33) have been 
observed primarily over NI and also over other regions of 
India. The AOD values have been observed over NI (0.33), 
CI (0.29), WI (0.26), SI (0.34), EI (0.46) and NEI (0.47). 
Present study shows that significantly lower AOD values 
have been observed for the first time in last five years. The 
percentage reduction in last 5 years in overall AOD values 
across India is 26.67% while reduction was 25% and 29.41% 
in CI and EI respectively.

NEI showed relatively higher AOD values (0.40–0.70) 
during lockdown relative to other regions. These higher 
AOD values during lockdown may be due to the wind 
direction and velocities which bring aerosol particles from 
other places to the atmosphere of NEI. SI and WI also show 
relatively lower AOD values 0.34 and 0.46 respectively. For 
the last two to three decades, anthropogenic aerosols are a 
major concern and IPCC has also mentioned in its assess-
ment report the impact of aerosols on Earth’s climate system 
and their uncertainties [36]. The present study also gives a 
clear picture of how anthropogenic activities are majorly 
responsible for the deterioration of air quality; IGP in NI is 
a strong example of this.

Similarly, average AI maps have been generated for the 
40 days (25th March to 3rd April) lockdown period for 

Table 2   Properties of satellite data products of aerosols and air pollutants obtained from Giovanni

* DAOS (Differential Optical Absorption Spectroscopy): Algorithm use to derive total ozone column from OMI Aura satellite [34]
* BRD (Band Residual Difference Algorithm): Used for retrieval of SO2 data in planetary boundary layer from OMI Aura [35]
* DA (Daytime/Ascending): In this study DA of CO used at 850 hpa where ascending means equatorial crossing South to North @1:30 PM

Satellite/Sensor Parameter Grid Temporal 
resolution

Wavelength Product level Unit Remark

MODIS-Terra AOD 1° Daily 550 nm MOD08_D3_v6.1 Unitless Dark Target algorithm
OMI-Aura AI 1° UV OMTO3_v003 Unitless –

Ozone 0.25° UV OMDOAO3_v003 DU *DAOS
SO2 0.25° 310–340 nm OMSO2e_v003 DU *BARD
NO2 0.25° 405–465 nm OMNO2d_v003 mol/cm2 30% cloud screened

AIRS CO 1° 4.6 um AIRS3STD_v006 ppbv *DA @850 hpa
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2020 and 2016–2019 as shown in Fig. 3. Since the effect of 
aerosols and the atmospheric process in UV bands is more 
intense, the AI is considered as an indication of UV absorb-
ing aerosols like soot and desert sand particles [20]. In all 
the years, the entire India shows an AI value of greater than 
zero i.e., no negative value. AI values are observed posi-
tive for absorbing aerosols (smoke and dust) and negative 
for non-absorbing aerosols (sulphate and sea salt). It means 
that non-absorbing particles are not dominant in India [37].

In the year 2020, results clearly show that entire India 
shows low AI value (AI < 1) than the average of 2016–2019 

where AI values of more than 1 are also observed over some 
parts of India mainly over NI (IGP). Over NI and NEI, an 
AI value of greater than 1.5 (Fig. 3) has also been observed 
in past years. This may be due to the dust aerosol particles 
over the region transported by wind from the Thar region, 
or the dust particles originating through wind erosion and 
the absorbing aerosols like black carbon or organic carbon 
generated by anthropogenic activities.

During the lockdown period, all possible sources of 
black carbon and soot emissions such as industrial activi-
ties, transportation and biomass burning were suspended in 

Fig. 2   Variation of MODIS AOD @ 550 over India during 25 March to 3 May 2020 (lockdown period) and average of 2016–2019 for same 
period

Fig. 3   Variation of OMI Aura UV AI over India during 25 March to 3 May 2020 (lockdown period) and average of 2016–2019 for same period
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the country,, hence lower values of AI were recorded com-
pared to previous years. These parameters of aerosol load-
ing clearly show a record low value of aerosol over India 
during the lockdown period compared to other years which 
indicates a clear sky without fine or coarse particulate matter 
primarily over NI and EI.

3.2 � Regional variations of AOD and AI 
during lockdown period

Bar charts histograms have been generated (for AI and 
AOD) over all six regions of India during the lockdown 
period of 2020 and the same period during 2016–2019. It 
is clearly observed that AI is decreased over all the regions 
except NEI during lockdown period as shown in Fig. 4. It 
may be due to wind patterns that transport dust, sea salt 
and other types of aerosols from NI and EI as well as from 
the neighbouring countries. During the lockdown period, AI 
values of 1.03(NI), 1.17(CI), 1.26(WI), 1.14(EI)), 0.87(SI) 
and 1.07(NEI) have been observed compared to 1.42(NI), 
1.55(CI), 1.56(WI), 1.58(EI), 1.10(SI) and 0.96(NEI) in 

2016–2019 (Fig. 4). Average AI value of 1.09 (2020) has 
been observed over India relative to 1.36 (2016–2019), 
which indicates approximately 19.85% reduction. Among 
all regions, average AI values over NI (1.03) and SI (0.87) 
are lower than India's average (1.09).

Similarly, all regions show lower AOD values during the 
lockdown period compared to an average of 2016–2019. It 
is clearly observed from Fig. 4 that average AOD values 
over EI (0.44) and NEI (0.48) are higher compared to other 
regions. Nearly a 21.3% reduction in average AOD value 
has been observed due to the lockdown compared to val-
ues in 2016–2019. The average AOD in India is 0.36(2020) 
compared to 0.44 in previous years. NI (0.33), CI (0.29), WI 
(0.26) and SI (0.34) show lower values compared to India's 
average AOD (0.36) whereas EI (0.46) and NEI (0.47) show 
higher AOD values. Each region gives a clear picture of how 
human-induced aerosols play a significant role in polluting 
the environment. The results of the AOD estimated from 
MODIS data has been validated with AERONET data for 
Kanpur City. The results show that the average AOD of Kan-
pur city for the years 2016–2019 is 0.575 while the average 

Fig. 4   MODIS AOD @ 550 nm and OMI Aura UV AI variation over NI, CI, WI, EI, SI, NEI during lockdown period and horizontal line indi-
cates India’s average for AOD and AI
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AOD of Kanpur for April 2020 which was lockdown month 
was 0.440. This shows that AERONET data is also indicat-
ing reduction in AOD value for North India [38].

Histogram displaying frequency and OMI @UV-AI has 
been generated for the period 25th March to 3rd May for 
2020 and 2019 over India (Fig. 5). During the lockdown 
period, more frequency has been observed for AI range of 
0.5–1.5 compared to 0.5–2 in 2019. Nearly zero frequency 
is observed for AI value beyond 2.5 in 2020 compared to 
3.5 in 2019 (Fig. 5). In spite of the maximum value (4.05) 
of AI observed during the lockdown period, it shows a low 
mean (1.15) and standard deviation (1.10) compared to 2019 
(3.83, 1.34 and 1.28).

3.3 � Temporal variation of AOD, AI and precipitation 
during lockdown period

Average time series plots of AOD, AI and precipitation 
(precipitation data has been obtained from GPM satellite 
during the lockdown period at a spatial resolution of 0.1 
degree) over pan India has been generated during the lock-
down period. Results clearly show that during the first week 
of lockdown, a sharp drop in AOD values is observed while 
AI shows relatively low constant values (Fig. 6). This sudden 
drop in AOD value is due to both lockdown and heavy rains 
(around 25th March, 18th April and 26th April an average 
rainfall of 7 mm, 6 mm and 6.5 mm respectively is observed) 
(Fig. 7) which cleaned the aerosols from the atmosphere. 
But after rainfall events, it is observed that the AOD value 
gradually increases (till 18th April) but it never goes beyond 
0.5 except on 15th April as shown in Fig. 6.

Gradual increase in AI is also observed over India from 
30th March to 18th April. After the 18th of April, both AOD 

and AI show a drastic decrease in their values till the 21st of 
April and after that, both parameters gradually increase. The 
fitted line for AOD during lockdown also illustrates a lower 
and nearly constant value of 0.35 over India but AI show's 
slightly increasing pattern.

During the 40 days lockdown period of 2020, AOD was 
almost zero two times precisely on 29th March and 21st 
April. In the time period during which AOD and AI val-
ues are lower, high precipitation was also observed at some 
places over India where aerosols were washed out or rain 
out with rain droplets. After the rainfall events in such areas, 
there was less increase in aerosol loadings over India which 
leads to better atmospheric conditions. This lower value of 
AI over India is mainly due to the lockdown and partially 
due to rainfall events during the lockdown over some parts 
of India primarily over NI, EI and SI as shown in Fig. 7.

3.4 � Spatio‑temporal variation and change analysis 
of Ozone, CO, NO2 and SO2

Spatio-temporal variation maps of CO, Ozone, NO2 and 
SO2 has been generated for 25th March to 3rd May 2020 
and an average of 2016–2019 to analyse the variation of air 
pollutants. During the lockdown period, NO2 (Fig. 8a) has 
significantly decreased over all regions of India such as NI 
(− 20%), CI (− 16%), WI (− 13%), SI (− 19%), EI (− 18%) 
and NEI (− 3%) (Table 3). Among all six regions, EI shows 
a higher concentration of NO2 (5.085 × 1015  mol/cm2) 
whereas, over NEI, a lower concentration of 4.26 × 1015 mol/
cm2 has been observed (Table 3).

Similarly, SO2 also shows a significant decrease in values 
over all regions as mentioned in Table 3. Volcanic SO2 is 
frequently pumped into the atmosphere above the planetary 

Fig. 5   Histogram map of OMTO3d.003: UV Aerosol Index illustrating frequency of AI value during lockdown period
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Fig. 6   Time area average map over India of AOD, AI and Precipitation which describe the variation during lockdown period and impact of pre-
cipitation on aerosols
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boundary layers at high altitudes, while anthropogenic SO2 
emissions predominate in or just above the planetary boundary 
layers. From the spatial map of SO2 which is recorded by OMI 
in the planetary boundary layer, it may be clearly observed that 
EI is mostly influenced by SO2 pollutants and it may be due to 
high coal-related activities over the region [39]. The highest 
reduction in SO2 concentration has been observed during the 
lockdown period over WI (− 47.38%) followed by CI (− 31%) 
and EI (− 27.85%) (Table 3).

Compared to previous years, in lockdown period of 2020, 
Ozone concentration has increased over all the regions primar-
ily over NI (5.07%) and NEI (4.62%) (Table 3). NO2 plays an 
important role in the formation of Ozone; NO2 shows decreas-
ing values over all the regions, but ozone shows increasing 
values (Fig. 8b and Table 3). This may be another factor that 
affects the formation of Ozone in the atmosphere [40]. Burn-
ing of agricultural residue and biomass generates CO, but 
this 40-day lockdown has not allowed such activities. Despite 
lower values, EI and CI show more concentration compared 
to previous years (Fig. 8b and Table 3). Of all the regions, 
more reduction in CO concentration has been observed over 
NI (5.14%). This lower concentration may be due to fewer 
biomass-burning activities during lockdown as NI is strongly 
known for such types of activities [41].

3.5 � Spatial correlation of aerosols and gaseous air 
pollutants during lockdown period

3.5.1 � Relation between AOD, AI and SO2

AI and AOD are critical variables in the estimation of aero-
sols in the atmosphere, estimating the intensity of atmos-
pheric pollution and examining their impacts on climate. 
Both parameters measure aerosol concentration at different 
wavelengths. In the spatial correlation map between AOD 
and AI (Fig. 9) over India during the lockdown period, WI 
and EI show a positive correlation with an average correla-
tion coefficient of 0.60 while NEI and CI show a negative 
correlation, while average correlation coefficient of 0.63 has 
been observed over India. This spatial correlation variation 
of AOD and AI over different regions may be due to atmos-
pheric dynamics, atmospheric chemistry, types of aerosols 
and wavelength at which satellite sensors recorded these 
variables.

In India, major sources of SO2 in the atmosphere are coal 
power plants where black carbon and soot particles are also 
released along with SO2 which is measured in the form of 
AOD and AI and particulate matter. In both the spatial cor-
relation maps (AOD vs. SO2 and AI vs. SO2), it is clearly 
observed that entire India does not show a positive correla-
tion (Fig. 9). A positive correlation is observed at a par-
ticular location where mostly coal power plant is situated 
or coal activity is observed. SO2 is also responsible for the 
generation of fine secondary aerosols through atmospheric 
chemistry in the atmosphere [42].

3.5.2 � Relation between Ozone, NO2 and CO

NO2 is crucial for the formation of ozone through photo-
chemical oxidation. The spatial correlation map clearly 
illustrates that the IGP region in NI and SI shows a positive 
correlation (Fig. 9; NO2 vs. Ozone). IGP is a highly pol-
luted region in India that is mostly polluted by anthropo-
genic activities where a higher concentration of NO2 is due 
to vehicular emission and biomass burning. Since, NO2 in 
the stratosphere play a critical role in ozone layer depletion 
by itself, it has been observed in the present study that there 
is an increase in ozone concentration from 2016 to 2019 
average concentration when compared to 2020 lockdown 
period concentration (Fig. 8b). It is also observed that there 
is a decrease in the NO2 concentration from 2016 to 2019 
average concentration when compared to 2020 lockdown 
period concentration (Fig. 8a).

The average correlation coefficient of 0.62 has been 
observed between NO2 and CO over the IGP region during 
the lockdown period (Fig. 9; NO2 vs. CO). CO is mostly 
released from agricultural residue or biomass burning and 
vehicular pollution. Strong biomass burning, high industrial 

Fig. 7   Time averaged map of daily accumulated precipitation over 
25th March to 3rd April 2020
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Fig. 8   a Spatio temporal varia-
tion of OMI SO2 and OMI NO2 
over India during lockdown 
period. b Spatio temporal vari-
ation of OMI ozone and AIRS 
CO over India during lockdown 
period
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activities and heavy vehicular movements lead to higher 
concentrations of NO2 and CO in the IGP region [43]. Due 
to this, a strong positive correlation has been observed in 
the region. A positive average correlation coefficient of 0.54 
has also been observed over the NEI. It may be due to a 
higher concentration of CO which is transported by wind 
from neighboring regions. NI shows a positive correlation 
between ozone and CO during the lockdown period. Ozone 
in the Tropospheric mostly depends on the concentration 
of NO2.

4 � Conclusions

The aerosol and air Pollution analysis conducted in the 
present study over pan India indicates that air quality was 
improved during the lockdown imposed due the COVID-
19 pandemic. Overall, the COVID-19 lockdown had 
reduced human activity due to which, lower air pollutants 
concentration has been observed over pan India, espe-
cially in NI. At the early stage of the lockdown period, the 

Central Pollution Control Board (CPCB) of India has also 
reported that, after a long time, major cities in the country 
have shown good air quality index. From the study, it can 
be concluded that;

1.	 Aerosol loading in the atmosphere as those represented 
by AOD and AI retrieval from MODIS Terra and OMI 
show relatively lower values during the lockdown period 
compared to its value in the same period in previous 
years. Thus, lower values of AOD and AI during the 
lockdown period indicate that anthropogenic activity is 
mainly responsible for aerosol loading over pan India. 
Hence, this study corroborates this hypothesis through 
spatial analysis of satellite derived data.

2.	 Even North India's most polluted region IGP also dis-
plays remarkably lower AI during the lockdown period. 
The lower value of AI in India is mainly due to the lock-
down and partially due to rainfall events during the lock-
down over some parts of India primarily over NI, EI and 
SI. It can also be concluded that due to lockdown dur-
ing COVID-19, AOD has decreased by approximately 

Table 3   Percentage change in 
the value of CO, Ozone, NO2 
and SO2 during lockdown 
period over different regions 
of India compare to average of 
2016–2019

* Due to interference of two absorption signal when matching measured spectrum with absorption cross 
sections of SO2 and ozone and low concentration of SO2 results negative SO2 slant column values, with an 
error of the same magnitude. Hence for such cases results has been omitted

Region Parameter Mean Standard Deviation % Change (Mean)

2016–2019 2020 2016–2019 2020

NI CO 133.744 126.867 74.090 3.264 − 5.14
NI Ozone 284.839 299.282 4.407 4.954 5.07
NI NO2 5.438E+15 4.341E+15 1.575E+15 1.137E+15 − 20.17
NI* SO2 1.988E−04 − 1.963E−02 6.428E−02 9.441E−02 − 
CI CO 132.221 135.624 10.746 7.575 2.57
CI Ozone 275.499 285.315 2.519 3.787 3.56
CI NO2 5.799E+15 4.857E+15 1.230E+15 9.043E+14 − 16.26
CI SO2 9.196E−02 6.341E−02 1.026E−01 1.085E−01 − 31.05
WI CO 120.576 125.062 11.368 11.655 3.72
WI Ozone 276.100 285.400 4.734 6.551 3.37
WI NO2 4.800E+15 4.164E+15 7.422E+14 5.073E+14 − 13.26
WI SO2 4.191E−02 2.205E−02 7.300E−02 8.089E−02 − 47.38
SI CO 135.318 134.573 8.013 10.670 − 0.55
SI Ozone 267.809 274.474 2.990 4.475 2.49
SI NO2 4.440E+15 3.578E+15 8.132E+14 5.967E+14 − 19.41
SI SO2 6.942E−02 6.872E−02 6.793E−02 9.575E−02 − 1.01
EI CO 145.287 139.790 5.125 6.887 − 3.78
EI Ozone 278.890 288.802 5.083 6.255 3.55
EI NO2 6.271E+15 5.085E+15 1.108E+15 9.243E+14 − 18.91
EI SO2 1.264E−01 9.122E−02 1.173E−01 1.278E−01 − 27.85
NEI CO 151.972 149.536 4.531 5.948 − 1.60
NEI Ozone 281.303 294.312 4.240 5.826 4.62
NEI NO2 4.435E+15 4.268E+15 6.525E+14 8.022E+14 − 3.76
NEI* SO2 − 1.673E−03 − 4.669E−03 6.075E−02 1.054E−01 − 
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Fig. 9   Spatial correlation of aerosol variable and gaseous pollutant during lockdown period (23 March to 3 May 2020)
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26.65% over NI followed by 18% (WI) and 17% (SI) and 
less reduction is observed over CI (7 %).

3.	 The present study also shows that aerosol parameters 
such as AOD, AI and air pollutants CO, SO2 and NO2 
recorded lower values during the lockdown except 
ozone which shows increasing value primarily over NI 
and NEI. Higher reduction in NO2 has been observed 
over NI (20.17%), CI (16.26%) and EI (18.91%) whereas 
reduction in SO2 over CI (31%), WI (47%) and EI (27%). 
From the spatial correlation map, it can be concluded 
that there is a considerable variation in the values of all 
air pollutants during the lockdown period when com-
pared to these values in period 2016–2019 mainly over 
the NI where more human activities are observed. The 
present study related to aerosol concentration estimation 
during lockdown period of COVID-19 concludes that 
anthropogenic activities are primarily responsible for the 
deterioration of air quality over different parts of India. 
Therefore, control measures can lead to a better climate 
and environment.
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