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Abstract
The spread of COVID-19 during 2020 impacted the whole world and still affecting the lives of people living in some parts 
of the world. The spread of this epidemic started in the US in late March 2020 and became a major issue in April due to an 
outburst of COVID-19 cases. Most of the countries in the world imposed complete to partial lockdown, but in the US, few 
states imposed lockdowns. Even after the advisory of the various Government department, the mobility data suggest that 
there was an enhancement (10–15%) in mobility during March 2020. Later sudden drop in mobility was observed during 
April 2020. The fall in aerosols optical depth (AOD), particulate matter concentration, NO2, and Ozone are observed along 
with the positive shifts in the SO2. In some of the states, AOD shows pronounced decline during May and June (5–40.90%), 
in the month of  May more than 80% decline was observed compared to the month of June 2020. In the month of April 2020, 
up to 73.64% decline was observed in NO2, and 70–99% in the months of May and June 2020. We found a good relation-
ship between the mobility data and improvement in the air quality of the US. The changes were not significant compared to 
other countries in the world due to scattered lockdown policy, but in the US a pronounced change is observed during April 
month compared to March and May.
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Introduction

The spread of COVID-19 affected a large population of 
the world and caused huge deaths across the globe (https://​
ourwo​rldin​data.​org/, WHO 2021a). Wuhan city, China was 
the epicenter of this deadly virus and it spread due to the 
movement of people at the beginning from this city to 
other countries for business and tourism (Chauhan and 

Singh 2020, 2021; Gharehgozli et al. 2020; Rajbhandari 
et al. 2020; Singh and Chauhan 2020; Wang et al. 2020; 
Chinazzi et al. 2020; Gilbert et al. 2020; Liu et al. 2020; 
WHO 2021b). COVID-19 spreads in the US, Europe, and 
other countries slowly, no country remained safe with this 
virus (Fig. 1a). Some of the countries immediately took 
steps to mitigate the spread of COVID-19 and in this con-
nection, India and some of the European countries took 
lead to imposed lockdown. In US Universities, schools, 
private companies, and industries asked their employees 
to work remotely. The teaching started remotely, and US 
Governors advised people living in their states to maintain 
social distancing, use of sanitizer, and frequent washing 
of hands, despite efforts, people were spending time at 
the beaches and moving from one place to other places, 
even flights were operational although the frequency of 
these flights was significantly cut down. In the begin-
ning, scientists were unaware of the virus and nature of 
the virus, social distancing, use of sanitizer, and washing 
of hands were common practices to mitigate the impacts 
of COVID-19. Most of the countries, China, India, the 
UK, Italy, Spain, the USA, and many others have imposed 
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Fig. 1   a Spatial distribution of confirmed death due to COVID-19 until 19 March 2021. The maximum death occurred in US, but all the coun-
tries were affected. b Location of US EPA site of the measurement of PM2.5
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lockdown partially and completely (Chauhan and Singh 
2020, 2021; Wang et al. 2020) to minimize the spread of 
the COVID-19 virus. In India, a complete lockdown was 
observed by the Government, all the highways, education 
institutes, major industries, and private companies were 
closed. The complete lockdown helped in controlling the 
spread of the COVID-19 that improved the air quality, 
although with the complete lockdown, poor people suf-
fered greatly and migrated people living in the major cities 
returned to their villages especially in India. People lost 
their jobs with such decision though, but they were happy 
to meet their family members in this pandemic.

In the US, COVID-19 severely affected the major popula-
tion. About 562,526 people were demised and 30,962,803 
people were infected with COVID-19 (https://​www.​world​
omete​rs.​info/​coron​avirus/​count​ry/​us/; Accessed on 16 
March 2021). In some of the major cities such as New York, 
a large population was badly affected due to the COVID-
19. In the beginning, people who were using masks were 
considered a stranger and, in the US, people were moving 
freely without any mask. Even beaches were open, and, on 
some days, beaches were overcrowded. With the growing 
COVID-19 cases, some of the states have issued advisories 
to the people to stay home and keep social distancing. It has 
been observed that people have followed the social distanc-
ing regulations in some states, whereas in others the regu-
lations were not heeded. Even in China, travel and move-
ment restrictions were strictly followed which has helped to 
reduce the spread of the COVID-19 in the early months of 
the outbreak especially due to international travel (Chinazzi 
et al. 2020). Kraemer et al. (2020) found that human mobility 
was reduced that helped in the early outbreak of COVID-19 
spread. The COVID-19 lockdown shows a positive effect on 
air quality mainly due to the movement of vehicles as some 
of the local companies initiated work from home orders. In 
the northwestern US, Seattle city was among the few cities 
which were affected by COVID-19 in the beginning, some of 
the IT companies asked their employees to work from home 
that helped to reduce the traffic.

Recently, Elshorbany et al. (2021) studied the impacts 
of the pandemic-related lockdown on air quality in the US 
using remote sensing products for tropospheric column 
nitrogen dioxide (NO2), atmospheric column carbon mon-
oxide (CO), tropospheric column ozone (O3), and aerosol 
optical depth (AOD). They focused only on five major cities, 
New York (NY), Illinois (IL), Florida (FL), Texas (TX), and 
California (CA). They found improvements in air quality 
associated with the traffic volume in these cities in 2020 
compared to the average values for the periods 2015–2019. 
Acharya et al. (2021) found pronounced changes in aero-
sol optical depth, tropospheric column density of NO2 and 
SO2 from satellite observations during lockdown periods 

(2020) compared to earlier years in India, Europe, and the 
US. Blumberg (2020) found a 30% drop in air pollution in 
the northeast US region during COVID-19. Berman and 
Ebisu (2020) found the real-time impact of the COVID-19 
pandemic on measured U.S. air pollution using the federal 
air monitoring network. They found a sharp decrease in fine 
particulate matter (PM2.5) and NO2 during the COVID-19 
pandemic January 8–April 21, 2020, associated with the 
decline in traffic and restriction in business closures. Few 
studies were carried out using ground and satellite data for 
limited periods during COVID-19 and found improvement 
in air pollution with the reduction in traffic in the US (Burke 
et al. 2020; Chakrabarty et al. 2021; Chen et al. 2020; Xiang 
et al. 2020; Zangari et al. 2020).

We have analyzed various atmospheric parameters over 
19 capital cities of the US states (covering major parts of 
the US) during the COVID-19 lockdown. We have car-
ried out an analysis of the various atmospheric parameter 
derived from the MODIS Terra, Aqua, and AIRS satellites 
from January to June 2020 and compared these data with 
the same period from 2017 to 2019. The analysis is cover-
ing major capital cities of the US (19 cities) for the analysis 
of AOD, NO2, Ozone, PM2.5, and SO2. As in the US, the 
lockdown period was not uniform, and the policies of the 
different states were different. So, it was required to analyze 
the change on monthly basis with broad spatial coverage 
which was still missing with other analyses done by previ-
ous researchers. The analysis suggested a decline in AOD 
and NO2 which can be since some of the US’s capitals have 
strictly followed social distancing and some of the states 
ignored it and as a result, the COVID-19 cases have surged 
in many cities. We have studied PM2.5 using the published 
data from the Environmental Protection Agency (EPA) and 
the total column of ozone from OMI satellite data available 
through the NASA Giovanni portal.

Data used

For the current study, we have used various satellite, remote 
sensing, and ground observation data. The details of the data 
used have been provided here.

Mobility data

In the current study, we have used the mobility data provided 
by Google in Google Community Mobility Reports. The 
datasets are later averaged and plotted using ArcGIS Pro and 
it is available at https://​www.​google.​com/​covid​19/​mobil​ity.

https://www.worldometers.info/coronavirus/country/us/
https://www.worldometers.info/coronavirus/country/us/
https://www.google.com/covid19/mobility
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MODIS data

MODIS or Moderate Resolution Imaging Spectroradiometer 
is one of the main instruments aboard the Terra and Aqua 
satellites. These satellite missions provide information on 
atmospheric aerosols and other remote sensing datasets. We 
have carried out the analysis of aerosol optical depth (AOD) 
using Aqua and Terra MODIS datasets and we take the aver-
age of these datasets. The spatial resolution of the datasets 
is 1° × 1°. The datasets are downloaded through the NASA 
Giovanni portal (https://​giova​nni.​gsfc.​nasa.​gov/​giova​nni/) 
for detailed analysis of various cities in US.

Rainfall data

The rainfall data analysis for 2017–2020 was carried out with 
the NASA Global Precipitation Measurement (GPM) product. 
The Multi-Satellite Retrievals for GPM (IMERG) algorithm 
uses a multi-satellite precipitation dataset across the world. We 
have used the latest Version 6 datasets with spatial resolution 
0.1° × 0.1°, which were downloaded through NASA Giovanni 
for the US region.

OMI data

The Ozone Monitoring Instrument (OMI) is part of the NASA 
Aura A-train satellite mission and provided the concentration of 
various atmospheric trace gases along with the atmospheric aer-
osols at different wavelengths. We have carried out the analysis 
of tropospheric NO2 and Ozone using OMI data. The temporal 
resolution of these datasets is 1 day, and the spatial resolution is 
0.25° × 0.25°. We have downloaded the data using the NASA 
Giovanni portal for the long time series of the NO2 and Ozone,

AIRS data

We have carried out the analysis of surface temperature over 
the US for the periods January–June 2020 using Atmospheric 
Infrared Sounder (AIRS) satellite datasets. AIRS satellite is 
part of NASA A-train satellite mission, measures various 
meteorological parameters and trace gases concentration in 
the vertical column of atmosphere. For our analysis, we have 
used the average of ascending mode (daytime) and descending 
mode (nighttime) data over the whole area of interest for better 
temporal coverage.

Air quality data

The air quality is monitored in every country throughout the 
world. The concentration of Particulate matter is the best indi-
cator of air quality. The higher PM2.5 concentration affects 

human health, especially the respiratory system. We have 
analyzed PM2.5 concentration over various locations in US 
Capital cities using US EPA datasets (https://​www.​epa.​gov/​
outdo​or-​air-​quali​ty-​data/​downl​oad-​daily-​data). The coordinate 
of these locations (Fig. 1b) is provided in Table 1.

Results and discussion

Traffic emissions are a primary source of carbon monox-
ide (CO), nitrogen oxide (NO), and nitrogen dioxide (NO2). 
While CO and NO are emitted directly from vehicle emis-
sions, NO2, Ozone (O3), and secondary organic and inor-
ganic aerosols are mainly photochemical products, and their 
atmospheric concentration and lifetime depend on the non-
linear chemistry of O3, NOx (NOx = NO + NO2), and vola-
tile organic compounds (VOCs) in addition to the oxidant’s 
levels, meteorology, and solar radiation. For our analysis, we 
have used various remote sensing datasets.

Meteorological analysis

In Fig. 2, we have shown the spatial variation of monthly 
mean surface temperature for (a) 2017–2019 and (b) 2020. 
During January–March, the temperature of the study 

Table 1   Locations of US EPA stations

S. No. Capital city West South East North

1 Montgomery, Alabama − 86.42 32.25 − 86.07 32.44
2 Phoenix, Arizona − 112.46 33.26 − 111.68 33.64
3 Little Rocks, Arkansas − 92.52 34.63 − 92.15 34.82
4 Sacramento, California − 121.56 38.44 − 121.36 38.69
5 Denver, Colorado − 105.11 39.61 − 104.60 39.91
6 Tallahassee, Florida − 84.38 30.35 − 84.13 30.59
7 Atlanta, Georgia − 84.55 33.65 − 84.29 33.89
8 Boise, Idaho − 116.37 43.51 − 116.10 43.69
9 Baton Rouge, Louisiana − 91.24 30.34 − 91.00 30.56
10 Annapolis, Maryland − 76.54 38.94 − 76.47 39.00
11 Jefferson City, Missouri − 92.29 38.52 − 92.04 38.62
12 Trenton, New Jersey − 74.82 40.18 − 74.73 40.25
13 Santa Fe, New Mexico − 106.11 35.59 − 105.89 35.75
14 Raleigh, North Carolina − 78.82 35.71 − 78.47 35.97
15 Bismarck, North 

Dakota
− 100.85 46.75 − 100.69 46.87

16 Columbus, Ohio − 83.21 39.81 − 82.77 40.16
17 Oklahoma City, Okla-

homa
− 97.83 35.29 − 97.12 35.67

18 Salem, Oregon − 123.12 44.85 − 122.93 45.01
19 Harrisburg, Pennsyl-

vania
− 76.92 40.24 − 76.84 40.33

20 Nashville, Tennessee − 87.05 35.97 − 86.52 36.41

https://giovanni.gsfc.nasa.gov/giovanni/
https://www.epa.gov/outdoor-air-quality-data/download-daily-data
https://www.epa.gov/outdoor-air-quality-data/download-daily-data
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Fig. 2   The monthly mean Surface temperature during January–June a 2017–2019 and b 2020
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region lies between below zero and 30  °C. The mean 
monthly temperature falls below 0 °C mostly in the region 
covering 39°–51° N of the US during January–March. The 

Fig. 3   The monthly mean rainfall during January–June a 2017–2019 and b 2020

temperature rises in the months April–June. The temper-
ature of the south-western part of the US lies between 
20 and 30 °C during January, May, and June months. On 
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comparing both years  (Fig.  2a and Fig. 2b), no major 
changes are observed till April but in 2020, the surface 
temperature varies in the range 30–40 °C. In Fig. 3, we 
have shown the spatial variation of monthly mean rainfall 
for (a) 2017–2019 and (b) 2020. The total rainfall during 
2020 is a bit higher side in respect to the average value 
from 2017 to 2019. But significant fall in rainfall is seen 
over the western parts during 2020 yet rise is seen in the 
eastern and central parts of USA.

Impact of lockdown on human activities

Further, we have considered the average google mobility 
data for each month for different states. For representation 
purposes, we have used a different set of colors based on 
the average mobility of the state. In Fig. 4, we have shown 
the average monthly mobility (corresponds to median val-
ues) over the USA. A sharp decline in mobility is observed 
during 2020. During January 2020, the mobility in major 
states declines up to 12–14%. In Feb, an increase in mobil-
ity is observed compared to January, still shows a fall up to 
3–12%. Similarly, the rise is observed in the major states 
during March, but a sudden drop is observed in the month 
of  April up to 15% mobility across the whole study area 

which remains lower in the month  May 2020, but in some 
states, an increase in mobility is observed in the month of  
June at Washington, Oregon, Michigan, Ohio, Pennsyl-
vania, New Jersey, Maine, and other northeastern states. 
These data show a higher degree of agreement with the 
COVID-19 spread in the US. The cases of COVID-19 were 
suddenly increased  in the US in the month of  April, some 
states imposed the partial lockdown and strictly imple-
mented social distancing rules to stop the spread.

Variations in aerosols optical depth

AOD variability depends on various atmospheric and mete-
orological parameters, season, local source, and long-range 
transportation. We have carried out the monthly mean 
analysis of AOD for 19 capital cities of US states for Janu-
ary–June from 2019 to 2020. Figure 5a shows the variation 
of monthly mean AOD during 2019–2020 with color repre-
sents index AOD ranges. The highest monthly mean AOD 
was 0.72 in the month of June 2019 and 0.43 in the month 
of June 2020 for Missouri. AOD values are lower during 
January–February and later some rise is observed in monthly 
mean values. During 2020, the color contrast is lower for the 
winter to summer months in comparison to 2019 (Fig. 5a). 

Fig. 4   The monthly average mobility (corresponds to the median values) of US during January–June 2020
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Fig. 5   a Difference (2020–2019) in monthly mean AOD concentra-
tion in US states during January–June. b Difference (2020–2019) in 
spatial variations of AOD over US during January–June. c Spatial 

variation of AOD. The left-side images show each month's aver-
age values for 2017–2019, whereas the right-side images show the 
monthly mean values during 2020
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Fig. 5   (continued)
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We have also carried out the spatial analysis of the difference 
in AOD values over the US during 2020. For this, first, we 
have averaged the morning and afternoon time AOD values 
over the whole US (average of Terra and Aqua MODIS data) 
and then taken the difference for the periods 2019 and 2020 
to find the changes at the time of COVID-2020 (Fig. 5b). 
The values more than 0 show that there is a rise in AOD 
during 2020 and the region with AOD less than 0, shows 
a decline in AOD during 2020. During January 2020, the 
AOD values are higher in Southern, Central, and Eastern 
States compared to 2019. During February 2020, the higher 
values shift towards the western and south-western parts of 
the US along with the central parts. During March, a sig-
nificant rise in AOD values is observed (more than 0.1) in 
eastern to south-eastern parts of the USA, and a rise of more 
than 0.5 is observed in the western states of the USA. No 
major data points are available in the Northern parts of the 
US from January to February.

In the northern parts, a pronounced decline in AOD val-
ues is observed in the month of March 2020 in comparison 
to 2019. Similarly, increase in AOD shifts from the lower 
half of the US to the upper half in the month of  April 2020. 
But we found a pronounced fall (less than 0 and 0.5) dur-
ing May 2020 which was the peak time of the spread of the 
COVID-19 in the USA and lower AOD was observed in June 
2020 compared to 2019, but this was higher than May 2020 
and this observation is supported from the mobility data of 
US, mobility shows an increase in June. Hence the lockdown 
in the USA affected the AOD concentration in 2020. On 
comparing the data of 2019 and 2020, we have also seen that 
the AOD values are relatively lower during 2020. Louisi-
ana, Maryland, Missouri, North Carolina, and North Dakota 

show a decline in the overall AOD during 2020 to large 
extent. For long-term analysis, we have also compared the 
monthly mean AOD values average for 2017–2019 and 2020 
(Fig. 5c). In comparison to the mean values of 2017–2019, 
we found decline in AOD values in the Central, Eastern, and 
Southern parts of the US from March to June 2020. But in 
the Northern and western parts of the US, the AOD values 
remained higher in 2020 compared to long-term average.

Change in air quality

We further investigated the changes in PM2.5 concentration 
at various capital cities of major US states as the impact of 
lockdown is directly impacted the particulate matter con-
centration in various parts of the world and well reported 
for India, China, and Europe. This time, we have carried 
out the analysis of changes in PM2.5 concentration prior, and 
after the COVID-19. As in the US, few states have imposed 
the partial lockdown, but many people moved from one city 
to other cities during the shutdown of offices, educational 
institutions, and industries.

Later, due to the sudden rise in COVID-19 cases in the 
USA, major populations started following the social dis-
tancing rules along with the effective lockdown. In Fig. 6, 
we have shown the changes in the monthly mean PM2.5 
concentration over nineteen cities of the US. The positive 
shifts show the increase in PM2.5 concentration during 2020 
whereas the negative shifts show the decline in the con-
centration of PM2.5 during 2020. First, the negative shifts 
are statistically higher than the positive shift in most of the 
states. During the whole study period, we found an overall 

Fig. 6   Difference (2020–2019) in monthly mean PM2.5 concentration in US states during January–June
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decline until May, and afterward, a rise is seen in June 2020. 
The lockdown in the US is implemented in various stages 
means some state follows in a major way, whereas some 
states implemented partially. In Alabama, the negative 
shifts are seen in April only. Arizona, Colorado, Georgia, 

Louisiana, Maryland, New Jersey, North Carolina, North 
Dakota, Ohio, and Tennessee show a negative shift during 
April and May, that show decline in the PM2.5 concentra-
tion  at these locations during 2020. Alabama, Florida, 
Idaho, Missouri, and Oregon have shown no decline in 

Fig. 7   a Spatial variations of NO2 over USA. The left-side images 
show average of each monh   for 2017–2019, whereas the right-side 
images show the monthly mean values during 2020. b Difference in 

monthly mean NO2 concentration over different US states during Jan-
uary–June 2020
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PM2.5 concentration. California and Tennessee have shown 
a regular decline in PM2.5 concentration during 2020 com-
pared to 2019. Other locations show mixed changes in PM2.5 
concentration due to various lockdown policies in various 
states. The tropospheric NO2 is one of the short-lived gases 
and is considered as one of the key indicators for the local 
to regional air quality indicator. The changes in the tropo-
spheric NO2 are shown in Fig. 7a and b. In Fig. 7a, we have 
shown the monthly mean NO2 concentration. The left plane 
of the image shows monthly mean values during each month 
and averaged for 2017–2019 and the right plane shows the 
monthly mean values during 2020. During January 2020, 
no major reduction is observed in tropospheric ozone con-
centration. During February, Kansas, Missouri, Alabama, 
and Georgia have undergone a significant reduction of NO2 
concentration. During March and April, a significant fall 
is observed over major states of the US except for most 
eastern states. But during May and June, a significant fall 
in NO2 concentration is observed. For further analysis, we 
have calculated the average tropospheric NO2 concentrations 
over the individual state (Fig. 7b). In Fig. 7b, the differ-
ence between 2020 and 2019 is shown for individual cit-
ies. The changes show the reduction in NO2 concentration 
especially during March–May and these months, we found 
mostly the negative shifts (Fig. 7b). But these results are 
not comparable with the changes in PM2.5, as many loca-
tions show an overall decline in NO2 concentration, and the 
same location is not showing an overall decline in the PM2.5 
concentrations. The concentration of particulate matter is 

not only affected by anthropogenic sources but also during 
hot weather, the concentration is also affected by various 
natural sources like dust. The monthly mobility and decline 
in tropospheric NO2 show a good relation.

Variability of ozone and SO2

In Fig. 8a, we have shown the total ozone column difference 
during 2020–2019 for each month January–June. The total 
ozone shows seasonal and latitudinal changes. During Janu-
ary month, we found an enhancement in the total ozone col-
umn over major parts of the US. In the northwestern parts, 
the ozone concentration is found to be higher in the range 
60–90 DU, whereas in most of the regions, ozone concentra-
tion is found to be higher up to 60 DU. During February, we 
found a decline in ozone concentration in the northwestern 
regions over Washington state (− 30 to 0), Oregon (− 30 
to 0), Ohio (− 15 to 0), Nevada, California, Montana, and 
North Dakota. In other regions, we observe an increase of up 
to 60 DU, especially in the central and eastern states. During 
March, the change is found to be opposite from February, 
this time major fall in ozone concentration is observed. The 
eastern and northern regions show a decline (− 30 to 0), 
which is also observed in the eastern regions of the US. 
During April, again the ozone concentration bounced back, 
and decline is observed in Texas, New Mexico, Arizona, and 
Washington states. Further, in May, a pronounced decline 
is observed. This time all the western, central, and most 

Fig. 7   (continued)
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northern regions show a decline, an increase is seen in half 
of the eastern regions of the US. During June, we found a 
decline in Ozone concentration in large areas of the US.

This time, a small region of Florida shows an increase 
in Ozone concentration. The variability of ozone shows the 
same relationship with the average values of 2017–2019 
(Fig. 8b) When we average total column ozone over various 
states, the results show quite an important pattern (Fig. 8c). 
The Ozone concentration (Fig. 8c) in all the cities remained 
quite similar during February except Idaho and Oregon. But 
we found a major decline in Ozone concentration during 
March which further recovered in April, and we found nega-
tive shifts for New Mexico in April. In May, many states 
show a negative shift, in June 2020, a sudden decline is 
observed in all the states except Florida and Louisiana. The 
decline in tropospheric NO2 concentration during May and 
June is related to a reduction in anthropogenic activities, and 
during this period PM2.5 increase due to dust pollution that 
decline the tropospheric ozone concentration in many major 
cities of US states.

We have also analyzed the variability of total col-
umn SO2 over the US. The spatial variations of SO2 are 
quite complex in comparison to total column ozone and 

tropospheric NO2. We have shown  difference of  monthly 
mean  column SO2 (Fig.  9a). During January, central, 
northern and eastern regions show enhancement in total 
column SO2 during 2020 due to the positive shift (0-0.75 
DU), whereas the negative shifts are also observed in 
some locations. In the western, northern, and southern 
regions, the variations are quite low. High and low shifts 
are observed in some regions. The pattern is almost similar 
in February. During March 2020, a decline in SO2 concen-
tration is observed and the number of pixels with orange 
to red is lower in comparison to other pixels. From April 
to June, we found an increase in the negative shift over 
major parts of the US. On comparing the concentration 
of total column SO2 during 2020 with the monthly mean 
concentration during 2017–2019, we found increase in 
SO2 concentration from January to March 2020 but dur-
ing April to June 2020, the western parts show an overall 
reduction, but the eastern states show a rise in monthly 
mean SO2 concentration. We did not find major changes 
in SO2 concentration during 2020 since major sources of 
SO2 in the US are Thermal power plants, Smelters, Gas, 
and Oil fields (Fioletov et al. 2016) which were not closed 
during lockdown periods.

Fig. 8   a Difference (2020–2019) in spatial variations of Total Col-
umn Ozone over US during January–June. b Spatial variations of 
total column Ozone over USA. The left-side images show each month 
average values for 2017–2019, whereas the right-side images show 

the monthly mean values during 2020. c Difference   (2020-2019) 
in monthly mean total Column Ozone over 19 different cities in US 
states during January–June 2020
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Conclusion

In this deadliest pandemic of twenty-first century COVID-
19, a large number of people were killed and many of the 
families lost family member and lost their jobs across the 

globe and still, the spread is continuous. Now the world is 
seeing, second and third waves of this pandemic in some 
parts of the world. To stop the spread of the virus, lockdown 
and social distancing were followed by some of the countries 
as the first line of defense. India, China, and major European 

Fig. 8   (continued)



3173Modeling Earth Systems and Environment (2022) 8:3159–3176	

1 3

countries followed strict lockdown and benefited from the 
improvement in air quality. In the US, the lockdown policies 
were not followed initially but with the rise in the number 

of positive cases and death, the major population shows its 
concern. These changes are seen with the fall in mobility 
during April and May 2020. This affected the air quality 

Fig. 8   (continued)

Fig. 9   a Difference   in 2020-2019 in   total column of  SO2 over US 
during January–June. b Spatial variation of total column SO2 over 
USA. The left-side images show average values for each month dur-

ing 2017–2019, whereas the right-side of images show the monthly 
mean values during 2020
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of the US. We found a decline in the aerosol loading that 
shows the decline in the aerosol’s optical depth during May 
and June 2020. During March 2020, many cities show a rise 
in AOD (up to 136%) whereas, during May and June, up to 

40% and 80% decline were observed. Significant changes 
are observed in the PM2.5 concentration over major locations 
and improvement in PM2.5 concentration during March–May 
2020. But particulate matter concentration shows no major 

Fig. 9   (continued)
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changes due to less dependence on anthropogenic emis-
sions in comparison to most Asian countries. The changes in 
NO2 are quite prominent as tropospheric NO2 concentration 
decline, low (− 1 to − 6 × 1015 cm−2) during March–April 
at major locations. Only three states show a positive shift in 
NO2 concentration during April–May, and other locations 
show a negative shift. We found positive changes in the 
total ozone concentration. But a sudden decline in Ozone 
concentration is seen during June 2020. These results show 
that the decline in tropospheric NO2 leads to a decline in 
tropospheric Ozone concentration and the total ozone col-
umn shows negative values during May and June 2020. The 
concentration of SO2 shows a positive shift especially in 
eastern parts during 2020 in comparison to long-term means 
as major emission of SO2 depends on Thermal power plants, 
Smelters, Gas, and Oil fields in the US. In the US, not much 
improvement in air quality and atmospheric aerosol optical 
depth was observed as was seen in India, China, and other 
countries. The reason could be that the lockdown was not 
strictly followed, the number of flights was cut down, but 
they were not stopped. People did not follow the rules imple-
mented in different states, which shows US people are more 
relaxed, and they do not much care about their life, this could 
be because of economic conditions and indirectly show the 
social bonding among people compared to other countries 
especially in developing counties.
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