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Abstract: In 2020, COVID-19 was proclaimed a pandemic by the World Health Organization, prompt-
ing several nations throughout the world to block their borders and impose a countrywide lockdown,
halting all major manmade activities and thus leaving a beneficial impact on the natural environment.
We investigated the influence of a sudden cessation of human activity on tropospheric NO2 concentra-
tions to understand the resulting changes in emissions, particularly from the power-generating sector,
before (2010–2019) and during the pandemic (2020). NO2 was chosen because of its short lifespan
in the Earth’s atmosphere. Using daily tropospheric NO2 column concentrations from the Ozone
Monitoring Instrument, the geographic and temporal characteristics of tropospheric NO2 column
were investigated across 12 regions in India, Pakistan, China, and South Korea (2010–2020). We
analyzed weekly, monthly, and annual trends and found that the NO2 concentrations were decreased
in 2020 (COVID-19 period) in the locations investigated. Reduced anthropogenic activities, including
changes in energy production and a reduction in fossil fuel consumption before and during the
COVID-19 pandemic, as well as reduced traffic and industrial activity in 2020, can explain the lower
tropospheric NO2 concentrations. The findings of this study provide a better understanding of the
process of tropospheric NO2 emissions over four nations before and after the coronavirus pandemic
for improving air quality modeling and management approaches.

Keywords: COVID-19; NO2 emissions; air pollution; Ozone Monitoring Instrument (OMI); lockdown;
spatiotemporal; nitrogen oxides

1. Introduction

Coronavirus disease (COVID-19) has been labeled the pandemic of the twenty-first cen-
tury [1]. The disease rapidly spread to 210 countries and killed more than 100,000 people
around the world in less than half a year [2]. Due to COVID-19, many countries across the
world applied strict lockdown measures that were implemented by government authorities
to reduce the further spread of the disease [3]. Isolation, quarantine, social distancing, and
community restraint were recommended to limit human-to-human transmission in most
countries. Several other countries instituted limits on public gatherings when the number
of cases and death rates were increasing [4,5].

As countries went into lockdown, the industrial activities shut down globally. Road
and air transport came to a halt, as people were not allowed, or hesitated, to travel. Not
only the transport sector but also the industrial and manufacturing sector was heavily
affected by the pandemic. Global oil demand declined drastically and prices cut down
sharply as industrial and transport sectors came to a halt worldwide [6]. COVID-19 has had
a devastating influence on human health and the global economy. The COVID-19-related
restrictions lowered particulate matter and trace gas concentrations across cities around
the world, providing a natural opportunity to study the effects of anthropogenic activities
on emissions of air pollutants [7]. Air pollution is a global problem, and its effects can be
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seen even across developed nations. Annually, 4.6 million people die worldwide due to
poor air quality [8]. Air pollutants can be divided into two forms: particulate matter (PM)
and gaseous pollutants. Gaseous pollutants, such as sulfur dioxide (SO2), nitrogen dioxide
(NO2), and ozone (O3), also play very important roles in our atmospheric environment and
are receiving increasing attention [9,10].

NO2 plays an important role in the modification of the radiative balance of the Earth’s
atmosphere by changing its oxidizing capacity and chemistry and by influencing the
lifetimes of important greenhouse gases. A high NO2 concentration in the troposphere
adversely impacts the inhabitants of the planet [11,12]. NO2 is primarily released by
anthropogenic emissions, including the industrial burning of fossil fuels such as coal, oil,
and gas, vehicle exhaust, biomass burning, and electricity generation. It is also created
during the production of nitric acid, welding, and the use of explosives, the refining
of petrol and metals, commercial manufacturing, and food manufacturing. In terms of
natural sources, it is emitted from soils through the decomposition process of nitrates
and can be produced by lightning [13]. NO2 is considered an important indicator of
environmental pollution worldwide, as breathing air with a high concentration of NO2 can
irritate the airways in the human respiratory system. NO2 exposures over short periods
can aggravate respiratory diseases, particularly asthma, leading to respiratory symptoms,
such as coughing, wheezing, or difficulty in breathing. Longer exposures to elevated
concentrations of NO2 may contribute to the development of asthma and potentially
increase the susceptibility to respiratory infections [14].

Although the decline in anthropogenic activities during the COVID-19 pandemic had
adverse implications, such as a drop in economic development, it had some favorable
consequences in terms of air pollution levels. Studies in various parts of the world have
documented the influence of lockdowns on tropospheric NO2 concentrations. Since the
onset of the COVID-19 pandemic, NASA has published studies indicating that NO2 con-
centrations have decreased as a result of the COVID-19 lockdown measures. Several other
studies have reported that the restricted human activities during the lockdown resulted
in a significant reduction in surface NO2 emissions in Indian cities and megacities [15–17].
NO2 measured with the Tropospheric Monitoring Instrument on the Sentinel-5 satellite of
the European Space Agency revealed a 30% reduction in tropospheric NO2 concentrations
across Chinese cities [18,19].

In this study, the influence of the COVID-19 shutdown on the dynamics of tropo-
spheric NO2 concentrations in 12 locations was investigated using satellite-based (Ozone
Monitoring Instrument; OMI) NO2 data. With the aim to provide a scientific interpretation
and aid air pollution control, in this study, we investigated changes in air pollution before
and during the COVID-19 period in 12 cities in Pakistan, India, China, and Korea, using
satellite data. In particular, we focused on the most important air pollutant, NO2, which
is associated with industrial and transportation activities, and we evaluated (1) changes
in NO2 concentrations during each day of the week in 12 cities in the above-mentioned
four countries; (2) monthly changes in NO2 emissions in 2020 (compared with the previ-
ous 10 years) in the 12 cites; (3) significant changes in annual NO2 concentration trends
during 2010–2019 (before COVID-19) and 2010–2020 (including the COVID-19 period) in
Lahore, Karachi, Bahawalpur, New Delhi, Kolkata, Hyderabad, Kanpur, Beijing, Wuhan,
Shanghai, and Seoul; and (4) a possible reason for the drop in NO2 concentrations during
the pandemic.

2. Materials and Methods
2.1. Study Area

The 12 areas of interest included in the present study are located in two countries
in South Asia (Pakistan and India) and two in East Asia (China and South Korea). The
locations include three cities (Lahore, Karachi, and Bahawalpur) in Pakistan; five cities
(New Delhi, Kolkata, Mumbai, Hyderabad, and Kanpur) in India; three (Beijing, Wuhan,
and Shanghai) in China; and one (Seoul) in Korea, as shown in Figure 1. These cities were
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selected because most of them are densely populated, major cities. As one of the most
populous countries in the world, Pakistan is home to some of the world’s megacities. Its
most populous city, Karachi, is the largest in Pakistan but also the 12th most populous
city in the world, with a population that exceeds 16 million people. Pakistan’s 2nd most
populous city, Lahore, is only about half the size of Karachi, with a population surpassing
13 million, and ranks the 22nd most populous city globally. India has many large cities
that contribute to its massive population. These megacities, especially New Delhi (ranked
2nd) and Mumbai (ranked 9th), contribute millions to the global population. Shanghai is
China’s most populous city, ranking 3rd in the world, and Beijing ranks 8th. Seoul ranks 1st
in South Korea and 33rd in the world in terms of population [20]. The current population
sizes of these cities are provided in Table 1. A large population implies more anthropogenic
activities and thus, higher levels of pollution [21]. Therefore, we selected these large cities
with massive communities and substantial human-caused activities to evaluate the effect
of COVID-19 on NO2 concentrations.
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Figure 1. Eleven-year mean (2010–2020) of OMI-retrieved global tropospheric NO2 column density
in 1015 molecules/cm2 at the 12 locations included in this study (marked with boxes).

Table 1. Population sizes of the cities selected for the current research.

Country City Population

Pakistan
Lahore 13,542,000
Karachi 16,840,000

Bahawalpur 895,000

India

New Delhi 32,066,000
Kolkata 15,134,000
Mumbai 20,961,000

Hyderabad 10,534,000
Kanpur 3,190,000

China
Beijing 21,333,000
Wuhan 8,592,000

Shanghai 28,517,000

South Korea Seoul 9,976,000
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Air pollution conditions in all 12 cities were assessed by measuring NO2 levels.
Figure 1 shows the mean annual distribution of NO2 over the study area by using the
OMI/Aura NO2 Cloud-Screened Total and Tropospheric Column Level 3 Global Gridded
(0.25◦ × 0.25◦) product. The daily data were averaged into monthly data, and the monthly
data were averaged into yearly data to observe the annual variation in NO2 over the study
area. The figure indicates maximum NO2 concentrations over China and South Korea
due to enormous population growth, emissions from vehicles and industrial sites, and
additional emissions from house heating during winters. Considerable variability in NO2
column levels was observed over the Indian and Pakistani regions. The moderate levels of
NO2 in Pakistan and the Indian Indo-Gangetic Plain are attributed to large populations,
heavy industries, and large urban areas. The southern parts of India and Pakistan showed
low NO2 concentrations, mostly because these regions have a hotter and more humid
climate, leading to higher OH concentrations, which contributes to the reduction in NO2
through enhanced photolysis. Strong winds from the Arabian Sea also contribute to the
lower NO2 pollution in the southern parts.

2.2. Data Collection

Satellite-based remote sensing allows the monitoring of different pollutants in the
atmosphere on a global scale, which facilitates the study of the spatiotemporal distribution
of air pollutants [22]. The OMI is onboard NASA’s Aura satellite, which was launched
in October 2004. It is in a sun-synchronous ascending polar orbit with a local equator
crossing time of 13:45 [23]. In the nominal global operation mode, the OMI ground pixel
size varies from 13 km × 24 km at the true nadir to 28 km × 150 km on the edges of the
swath [24]. The main monitoring targets of OMI are various trace gases, including O3,
NO2, SO2, and CH2O. The tropospheric column concentration products of OMI that can
effectively reflect the NO2 pollution emission characteristics are mainly based on spectral
information in the visible wavelength range of 405–465 nm, obtained via the differential
optical absorption spectroscopy (DOAS) inversion method [25]. In this study, we used OMI
Cloud-Screened Total and Tropospheric Colum Level 3 Product OMNO2d daily data (OMI-
NO2) from NASA, which are stored in HDF-EOS5 format, and the file contains tropospheric
NO2 column concentration (TropNO2) and total NO2 column concentration (TotNO2) data,
with a spatial resolution of 0.25◦ × 0.25◦ [26]. The main criteria used to generate the
OMNO2d data product were solar zenith angle < 85◦, terrain reflectivity < 30%, and cloud
fraction < 30% (for cloud-screened fields). We gathered OMNO2d data from 1 January 2010
to 31 December 2020. Data from 2010 to 2019 were used to profile tropospheric NO2 be-
fore the pandemic, whereas data from 2020 allowed for the monitoring of NO2 changes
throughout the epidemic. The daily values were averaged over various timeframes, as
mentioned in the Results Section. To analyze the association between fossil fuel usage and
NO2 emissions before and after COVID-19, we retrieved data on coal, oil, and natural gas
consumption from bp Statistical Review of Worlds Energy 2021 (https://www.bp.com/
accessed on 15 February 2022). First published in 1952, the Statistical Review has provided
a constant source of objective, comprehensive, and, most importantly, trusted data to help
industries, governments, and commentators make sense of the developments in the global
energy markets. The Statistical Review provides globally consistent data time series. The
statistics published in this review were collected from government sources and published
data and are very reliable [27]. The population data for the different cities included in this
study, shown in Table 1, were obtained from https://www.macrotrends.net/ accessed on
20 February 2022.

3. Results and Discussion
3.1. Weekly Variation in NO2 Concentrations

As human activities are planned according to the weekly cycle, it is crucial to investi-
gate the effect of weekly cycles on anthropogenic emissions. The OMI NO2 column data
capture day-to-day variabilities as effectively as ground-based measurements. Figure 2

https://www.bp.com/
https://www.macrotrends.net/
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shows the weekly cycles of NO2 from satellite observations for the 12 cities and reveals
that air quality improved in 2020. Human activities during the week are high during the
working days (Monday to Friday), whereas they decline over the weekends [28]. This is
termed the weekend effect. As expected, and in agreement with previous satellite-based
evaluations, during the COVID period (dotted green line in the results), large column
decreases were observed on Saturday in Kolkata and Wuhan and, especially, on Sunday
in Lahore, New Delhi, Kanpur, Beijing, and Seoul, whereas the other locations showed a
dip in NO2 amounts during weekdays. From 2010 to 2019, the average NO2 emissions on
all weekdays did not fluctuate substantially in the five Indian cities (New Delhi, Kolkata,
Mumbai, Hyderabad, and Kanpur), as well as in Wuhan and Shanghai. During the COVID
period, numerous fluctuations and dips in NO2 concentrations were observed during the
working days in all 12 cities, similar to previous results reported for Shanghai [29], where
the variation in daily mean NO2 on different days of the week was evidently very low, with
no definite weekend effect when compared with the normal weekly cycle before the COVID
period. Beijing and Lahore showed opposite trends on Sundays, i.e., high NO2 values
before COVID and low values during COVID-19. It can be clearly seen that, for nearly
all regions, on all days of the week, NO2 concentrations were reduced in 2020, except for
Bahawalpur, which showed high NO2 concentrations from Tuesday to Friday, and Kanpur,
which showed high NO2 concentrations on Thursday, compared with the pre-COVID
period. More uncertainty during the week was observed in Bahawalpur, Kanpur, Beijing,
Wuhan, and Shanghai, whereas standard deviation values in the other areas were relatively
low. In a previous study [30], NO2 concentrations were reduced mostly on weekends in
most regions of Asia, including China, Korea, and India, but the weekly cycles in this study
showed dips also on weekdays, because of the reduced emissions from car traffic and
industrial activity [31] on weekdays during the COVID period.

3.2. Monthly Variation in NO2 Concentrations

Figure 3 shows the monthly surface NO2 concentration and corresponding standard
deviations at the 12 selected sites. For most cities (i.e., Karachi, Kolkata, Mumbai, Beijing,
Wuhan, Shanghai, and Seoul), in the pre-COVID period, the fluctuations in monthly
averaged NO2 concentrations were U-shaped, with peaks in the winter (December and
January) and dips in the summer (July and August), as is also clear from Table 2. In these
areas, uncertainty was high in winter and low during the summer months. The high NO2
concentrations during the cold season were due to weak winds, dry weather conditions,
and the heavy use of biomass fuel for wintertime home cooking, as well as a lack of UV
radiation to initiate photolysis reactions that break down NO2 [32,33]. The reduced levels
of pollutants such as NO2 and carbon monoxide in the summer months can be attributed
to the contribution of these compounds to photochemical reactions occurring under the
influence of solar radiation, which result in ozone formation, and presumably, less traffic
activity due to reduced social and educational activities during the very hot summer [34].
As for the emission source, coal-fired heating emissions and more natural gas usage in
winter should be important contributing factors [35,36]. In addition, the lifetime of NO2 is
several times longer in winter than in summer [37]. The same trend was observed in the
above-mentioned cities in the COVID period, but with reduced NO2 emissions, especially
during the lockdown periods. In winter, less radiation reaches the Earth’s surface, and the
boundary layer substantially decreases, causing the build-up of near-surface air pollutants
and thus, more serious air pollution [38]. In the other cities (Lahore, Bahawalpur, New
Delhi, and Kanpur), NO2 emissions showed a bimodal pattern, with a flat “W” shape
because of high NO2 amounts in January, December, and May. The December and January
peaks in these areas are mainly due to biomass burning for domestic heating, stable winds,
fewer daily sun hours, and low temperatures, and the surge in NO2 in May was associated
with large-scale crop residue burning in wheat fields in neighboring rural areas [39]. The
standard deviation was roughly the same for all months in these locations. Hyderabad
showed a different pattern from the other regions, with high NO2 and standard deviation
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values in March and May. The maximum difference in NO2 before and during the pandemic
was observed in Chinese cities, especially in Beijing, and the minimum difference was
observed in Bahawalpur.Atmosphere 2022, 13, 986 6 of 14 
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Table 2. Minimum and maximum monthly NO2 concentrations in the 12 cities and differences before
and during COVID-19.

City Min
2010–2019 Min 2020 Max

2010–2019 Max 2020 Mean
2010–2019 (A)

Mean 2020
(B)

Difference
(A–B)

Lahore 2.61 (August) 2.07 (March) 6.21
(December)

4.79
(January) 4.20 3.59 0.61

Karachi 0.85 (July) 0.81 (May) 2.16
(December)

2.18
(December) 1.41 1.38 0.03

Bahawalpur 1.52
(September)

1.59
(October)

2.36
(December) 2.31 (June) 1.94 1.94 0

New Delhi 1.89 (August) 1.54 (August) 5.39
(December)

4.65
(January) 3.48 3.17 0.31

Kolkata 1.32 (August) 1.04 (August) 3.89
(December)

4.56
(January) 2.41 2.22 0.19

Mumbai 0.35 (July) 0.31 (July) 2.48
(December)

2.66
(December) 1.45 1.35 0.10

Hyderabad 0.87 (July) 0.84 (July) 2.76 (May) 2.60 (May) 1.77 1.65 0.12

Kanpur 1.39 (August) 1.22 (August) 2.93 (May) 2.70
(November) 2.25 2.10 0.15

Beijing 5.49 (July) 3.90 (August) 27.71
(November)

23.57
(December) 15.13 10.83 4.30

Wuhan 2.92 (July) 2.25 (July) 15.83
(December)

12.61
(December) 7.22 5.64 1.57

Shanghai 6.50 (July) 5.52 (July) 29.04
(December)

24.42
(December) 16.25 13.10 3.15

Seoul 3.05 (July) 2.03 (August) 15.80
(January)

13.49
(December) 8.97 6.95 2.02

3.3. Annual Mean Trends in NO2 Concentrations

The annual variations in the 12 cities exhibited different change patterns, as shown in
Figure 4. Over the entire period, maximum NO2 concentrations were observed in Beijing
and Shanghai, and minima were observed in Karachi and Mumbai. During the 11-year
period, a decreasing trend in NO2 concentrations was observed in Lahore, New Delhi,
Beijing, Wuhan, Shanghai, and Seoul. The other cities—namely, Karachi, Bahawalpur,
Kolkata, Mumbai, Hyderabad, and Kanpur—showed an increasing trend. As shown in
Table 3, for the period 2010–2019, a maximum percentage decrease in NO2 concentrations
of 5.07% per year was observed in Beijing and a minimum of 0.24% per year in Lahore.
In the same period, the maximum percentage increase per year was observed in Hyder-
abad (2.14%) and the minimum in New Delhi (0.04%). During the 2010–2020 period, a
maximum decrease in NO2% of 5.23% per year was observed in Beijing, and the minimum
decrease in Delhi (0.38%). The maximum increase during this period was observed in
Hyderabad (1.31%) and the minimum increase in Kanpur (0.28%). The largest fluctuation
was observed in Hyderabad and the lowest in Shanghai. Overall, it can be seen that, due to
the inclusion of the COVID period, the trends declined in all locations, compared with the
pre-COVID period.
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Table 3. Percentage NO2 increase or decrease per year from 2010 to 2019, and from 2010 to 2020, as
well as the differences for the 12 locations.

City Yearly Trend
(2010–2019)

Yearly Trend
(2010–2020) Difference

Lahore −0.24% −0.85% −0.61%
Karachi 1.39% 0.94% −0.45%

Bahawalpur 0.78% 0.60% −0.18%
New Delhi 0.04% −0.38% −0.42%

Kolkata 0.62% 0.11% −0.51%
Mumbai 1.26% 0.63% −0.63%

Hyderabad 2.14% 1.31% −0.83%
Kanpur 0.78% 0.28% −0.50%
Beijing −5.07% −5.23% −0.16%
Wuhan −3.51% −3.70% −0.19%

Shanghai −3.71% −3.73% −0.02%
Seoul −1.30% −2.04% −0.74%

3.4. A Possible Reason for the Reduced NO2 Emissions during the COVID-19 Period

Fossil fuel combustion and anthropogenic alterations to soils through fertilization or
livestock management are the primary sources of NO2 in many parts of the world [40]. A
substantial decrease in human activities that require the use of fossil fuels, such as indus-
trialization and transportation, can lead to a considerable decrease in NO2 emissions [41].
Since NO2 emissions are largely anthropogenic, it is expected that the spatial and temporal
trends in NO2 should be closely associated with the energy consumption structure and
exhaust emissions in the study areas. If we study the percentage consumption of oil, coal,
and natural gas in China in 2020 in Table 4, it clearly shows a 3.6% decrease in oil consump-
tion, a 1.2% decrease in coal consumption, and a 6.2% decrease in natural gas consumption,
compared with the previous years. Limited anthropogenic activities and lower use of fossil
fuels in 2020 resulted in lower NO2 concentrations over the area, which is in line with the
trend results in Beijing, Wuhan, and Shanghai, where the NO2 % per year was reduced
when the COVID period was included. In India, the consumption of oil, coal, and gas also
decreased by 7.0%, 12.2%, and 3.9%, respectively, and this lower consumption resulted in
reduced NO2 emissions during the COVID period, as indicated for New Delhi, Kolkata,
Mumbai, Hyderabad, and Kanpur in Table 3. All non-renewable energy source percentages
tended to decline during the COVID period, compared with the previous years, except for
coal in Pakistan, which increased by 0.5% because primary energy production by coal rose
from 0.56 exajoules in 2019 to 0.62 exajoules in 2020. Overall, because of the lockdown,
social distancing rules, and work restrictions, industrial activities, transportation, and other
human activities declined during the COVID period and so did the NO2 emissions.

Table 4. Percentage consumption of oil, coal, and natural gas each year during 2009–2019 and in 2020,
as well as the difference.

Country Oil Coal Natural
Gas

2009–2019 2020 Difference 2009–2019 2020 Difference 2009–2019 2020 Difference

Pakistan 0.2% −2.5% −2.7% 10.5% 11.0% 0.5% 2.5% −7.5% −10.0%
India 4.5% −9.9% −14.4% 4.7% −6.0% −10.7% 1.9% 0.3% −1.6%
China 5.3% 1.7% −3.6% 1.5% 0.3% −1.2% 13.1% 6.9% −6.2%
South
Korea 1.7% −5.3% −7.0% 1.8% –12.2% −14.0% 4.7% 0.8% −3.9%

4. Conclusions

We conducted a satellite, remote sensing-based assessment of NO2 emissions as-
sociated with the nonrenewable energy consumption during and before the COVID-19
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restrictions in Pakistan, India, China, and Korea. The main findings of this comparison
are as follows: (1) NO2 levels were lowered mostly on weekends in most Asian countries
before COVID-19 and high or fluctuating on weekdays, but the weekly cycle during the
pandemic showed drops in NO2 amounts on weekdays. (2) Monthly emissions showed
the same trend as before the pandemic, i.e., high NO2 concentrations in winter months
(January and December) and low concentrations in July and August, but NO2 levels were
reduced in 2020. (3) Over the entire study period, some of the cities showed an increasing
trend, whereas others showed a decreasing trend, but nearly all cities showed a percentage
decrease in NO2 emissions in the COVID period, due to which trend results declined in all
locations. (4) Since the percentage of fossil fuel consumption was reduced in 2020, com-
pared with the pre-COVID period, NO2 emissions were also reduced during the COVID-19
period. It can be concluded that a significant reduction in human activities that involve
the use of fossil fuels, such as industrialization and transportation, during a pandemic
can result in a significant reduction in NO2 emissions. This favorable influence on the
environment may only be temporary, but authorities should take note of how to minimize
pollution on a long-term basis using the experience of the lockdown period. The present
study’s findings may aid in the development of better air pollution control strategies as
well as improved air quality modeling and forecasting for the benefit of human health and
the environment.
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