
Science of the Total Environment 776 (2021) 146027

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Spatiotemporal changes in global nitrogen dioxide emission due to
COVID-19 mitigation policies
Qian Liu a, Anusha Srirenganathan Malarvizhi a, Wei Liu a, Hui Xu b, Jackson T. Harris c, Jingchao Yang a,
Daniel Q. Duffy d, Michael M. Little d, Dexuan Sha a, Hai Lan a, Chaowei Yang a,⁎
a NSF Spatiotemporal Innovation Center, George Mason Univ., Fairfax, VA 22030, USA
b Earth System Science Interdisciplinary Research Center, University of Maryland at College Park, College Park, MD 20740, USA
c Department of Geography, Dartmouth College, Hanover, NH, 03755, USA
d NASA Goddard, Computational and Information Sciences and Technology Office, Greenbelt, MD 20771, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• The impacts of COVID-19-related inter-
ventional policies on NO2 emissions are
analyzed over different countries.

• The lockdown policy reduced the over-
all trend of NO2 emissions inmost target
countries.

• Detrending analysis is conducted to
mitigate the influences of inter-annual
trends.

• After reopening, trends of national-
mean NO2 emissions returned to nor-
mal track in most target countries.
⁎ Corresponding author at: NSF Spatiotemporal Inno
University, 4400 University Dr., Exploratory Hall, Room 22

E-mail address: cyang3@gmu.edu (C. Yang).

https://doi.org/10.1016/j.scitotenv.2021.146027
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 December 2020
Received in revised form 8 February 2021
Accepted 18 February 2021
Available online 22 February 2021

Editor: Jay Gan

Keywords:
COVID-19
Nitrogen dioxide
Lockdown
Relative difference
Spatiotemporal analysis
This paper investigates spatiotemporal changes of nitrogen dioxide (NO2) tropospheric vertical column density due
to the COVID-19 pandemic using satellite observations before, during and after the lockdown (hereafter referred as
the pre-, peri- and post-periods) in six different countries: China, South Africa, Brazil, India, the UK and the US, and
compare these periodswith 2019 aswell asmean climatology from2010 to 2019.Weobserve significant declines in
relative differences (RDs) from the pre- to peri-period (as compared with the 10-year climatology) in most study
countries including China, South Africa, India, and the UK by 15, 17, 8 and 7% respectively. The US does not demon-
strate significant decline with RD difference relatively small at just 2%. Meanwhile, although the 2020 RD of Brazil is
7% lower than 2010–2019, this trend is quite similar to that of 2019 (20%vs 23%). In the post-period of 2020, theNO2

columns rebound in most target countries: China, US, South Africa, Brazil and UK, with similar RDs relative to the
corresponding pre-period as compared with 2019 and 2010–2019. In contrast, NO in India continues to be influ-
enced by the ongoing COVID-19 crisis with pre-to-post RD 8% lower than the average of previous 10 years.

© 2021 Elsevier B.V. All rights reserved.
vation Center/George Mason
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1. Introduction

The 2019 coronavirus pandemic (COVID-19) has lasted one whole
year, tremendously impacting economies, the environment, and people's
daily lives on a global scale (Yang et al., 2020; Liu et al., 2020a, 2020b,
2020c, 2020d; Zambrano-Monserrate et al., 2020). Mitigation policies
intended to reduce the spread of the virus – such as city lockdowns, social
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Table 1
Shutdown and reopening dates in study countries, numbers in the brackets indicates the
day-of-year of these dates.

Country Shutdown start date Reopening start date

China 01/25/2020 (1 in lunar calendar) 04/09/2020 (77 in lunar calendar)
USA 03/21/2020 (81) 06/14/2020 (166)
South Africa 03/26/2020 (87) 06/07/2020 (159)
Brazil 03/21/2020 (81) 06/01/2020 (153)
India 03/24/2020 (84) 05/04/2020 (125)
UK 03/22/2020 (82) 05/14/2020 (135)
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distancing, reduction of transportation and commuting, and shutdowns
of non-essential industries–have been established in almost every coun-
try. With initial control of the COVID-19 pandemic in many countries,
reopening has been put at the forefront of government agendas globally.

Nitrogen oxide (NOx), the sum of nitric oxide (NO) and nitrogen
dioxide (NO2), plays an essential role in the composition of the earth's
atmosphere (Crutzen, 1979) and has great effects on the earth's surface
environment (Judeikis and Wren, 1978). It is one of the most crucial
indicators of air quality over urban and industrial centers due to its
importance in the catalytic production of the earth's ozone distribution
(Villena et al., 2012) and formation of secondary inorganic aerosols
(Behera and Sharma, 2011), with vital consequences for the global
climate (Brinksma et al., 2008) and human health (Atkinson et al.,
2018). The primary sources of NOx are anthropogenic fuel-
combustions, especially frommotor vehicle and industrial power plants
(Richter et al., 2005). NO2 is usually adopted as the indicator of larger
group of NOx which remains relatively close to emission sources due
to its comparably short lifetime in the atmosphere, and therefore can
be utilized to monitor both long- and short-term changes in fuel con-
sumption (Duncan et al., 2016; Lee and Koutrakis, 2014; Liu et al.,
2020a, 2020b, 2020c, 2020d). An accurate investigation and evaluation
of the changes in NO2 caused by COVID-19 over different countries is
vital for global economic loss assessment, resource rearrangement and
reopening strategy-planning. Furthermore, long-term exposure to NO2

is considered to be one of themost important contributors to high fatal-
ity rates caused by COVID-19 (Ogen, 2020), and even short-term expo-
sure may increase the risk of infection (Zu et al., 2020; Zhu et al., 2020).
Therefore, analysis on the trends and patterns of NO2 densities are also
crucial for the understanding of COVID-19 spread and fatality.

Efforts have been made to address the impacts of COVID-19 mitiga-
tion policies on air quality and, by extension, human activities usingNO2

observations. Abrupt declines of NO2 emissions were observed in many
parts of the world during the pandemic (Liu et al., 2020c; Liu et al.,
2020d; Baldasano, 2020; Otmani et al., 2020). Using satellite observa-
tions, Bauwens et al. (2020) found unprecedented NO2 decreases over
China, South Korea, western Europe, and the United States during the
pandemic as compared with the same period in 2019. Liu et al.
(2020c) found significant reduction of NO2 columns over major power
plants and roads with seasonal variations considered and excluded in
the analysis of NO2 patterns over California, USA. However, with the in-
fluence of climate change (Krotkov et al., 2016) and emission regula-
tions over the past several years (Shou et al., 2020), inter-annual
trends during the study period could introduce uncertainties and errors
to the analysis and results. Furthermore, whether declines were due to
COVID-19 mitigation policies or seasonal/periodical trends has rarely
been addressed through previous studies. Liu et al. (2020d) utilized
model simulations with constant NO2 emissions before and during the
lockdown to rule out the potential influences introduced by changes
in meteorological conditions in the study over China and found that
these influences are relatively small as comparedwith prolonged reduc-
tions. Whether the same conclusion can be found in other parts of the
world is still up for debate. Furthermore, with city-reopenings imple-
mented all over the world, whether NO2 emissions have completely re-
covered to baseline levels still needs to be confirmed.

Previous studies have shown that the variations in NO2 tropospheric
vertical column densities (TVCDs) are generally consistent and reflect an-
thropogenic NOx emission variations (Li andWang, 2019). This study uti-
lizes spaceborneNO2 TVCDobserved by theOzoneMonitoring Instrument
(OMI) aboard Aura satellite to analyze and compare the changes of NO2

emissions before, during and after the 2020 COVID-19 lockdowns in
China, theUnited States, South Africa, Brazil, India andUKwith 2019 levels
as well as the means of the same periods during 2010 to 2019 (hereafter
referred to as 2010–2019). We compare the temporal trend of NO2 TVCD
in 2020 with both the preceding year, 2019, and long-term climatology
trends (2010–2019) to conduct a comprehensive analysis examining
whether the pandemic has caused extraordinary changes. Furthermore,
2

when investigating the spatial patterns of the NO2 TVCD changes due to
COVID-19, the linear inter-annual trend of each pixel is ruled out by
performing detrending analysis on 2020 data before comparing it with
2019 data to mitigate the possible influences of other factors such as cli-
mate change and emission regulation policies on NO2 emission. We also
adopt anomalies to cancel out the seasonal cycles and reveal a relative
pure pattern caused by COVID-19.

The remainder of this paper is organized as follows: the study area,
datasets and analysis methods are introduced in Section 2; the results
are described in Section 3; further discussion is offered in Section 4;
and conclusions are given in Section 5.

2. Material and methods

2.1. Study area and data

The study aims at investigating and comparinghowNO2 emissionpat-
terns were (are) influenced by COVID-19 mitigation policies all over the
world. Therefore, the study countries were selected from different conti-
nents with varying COVID-19 spread rates and economic conditions.
These countries include China, where the first cases were reported, the
US, which has the largest confirmed case numbers in the world (Dong
et al., 2020) at the time of writing (December 2020); Brazil and India,
which are among the countries with top confirmed-case numbers;
South Africa, which has the most confirmed cases on the African conti-
nent (Dong et al., 2020); the United Kingdom (UK), which has the most
deaths due to COVID-19 in Europe at the time of writing (Dec. 2, 2020).

TheNitrogenDioxide Product (OMNO2d) of theOzoneMonitoring In-
strument (OMI) aboard NASA's Earth Observing System's (EOS) Aura sat-
ellite is used to analyze NO2 TVCD in the pre-, peri- and post-period of
target countries for both 2020 and 2010–2019. It is a level-3 gridded
product where pixel-level data of good quality are binned and averaged
into 0.25° global grids at a daily temporal resolution (Krotkov et al., 2016).

2.2. Analytical method

The study adopts the Government Response Stringency Index (GRSI,
Hale et al., 2020), as shown in Fig. A.1, to generate lockdown and
reopening dates corresponding to each target country. Lockdown dates
are selected when the GRSI rises above 70, while reopening dates are
elected when the stringencies significantly decline from the GRSI peak.
Note that there is no arbitrary threshold selected for the reopening
dates because mitigation policies differ across countries; these dates
reflect the major conditions of those countries, but some cities and
industries may have already been shut down or reopened before the
dates. Table 1 presents detailed shutdown and reopening dates of target
countries. The study adopts day-of-year for all the dates in order to
avoid the leap year issue in the calculation of long-term climatology.

Analysis for China is based on lunar dates because the outbreak pe-
riod overlapped with Chinese New Year (CNY) which has critical influ-
ence onNO2 emission due to national holidays (Jie et al., 2016). The start
dates of the study are 20 days before CNY for China and January 1 for all
the other countries; the end date is 165 days after CNY for China and
June 30 for others.
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The USA was struck by large wildfires starting in May 2020 with ap-
proximately 2.2 million more acres burned than the 10-year average
and almost double the acreage burned in the 2019 season as of Nov.
10 (CDP, 2020). In order to avoid the influence of wildfires, the end of
peri-period for the USA is set as April 30.

We calculate the climatology of global NO2 TVCD and pixelswith an-
nual means smaller than 1×1015 molec/cm2 are not considered to be
dominated by anthropogenic sources, thus are not included in the
whole procedure of spatiotemporal analytics.

2.2.1. Timeseries analysis
To investigate changes of spatial patterns in 2020 caused by COVID-

19 related actions, the paper compares the NO2 TVCD time series of
2020 with 2019. Through the comparison with long-term climatology
and the adjacent year, annual patterns are removed in order to isolate
changes potentially caused by COVID-19 mitigation measures. Detailed
procedure is conducted through the following steps:

1) For each country, dailymeanNO2 TVCD is calculated by averaging all
data in every day-of-year over the study period for 2019, 2020 and
2010–2019 using Eq. (1). Part of the single-pixel uncertainties of
raw data will be canceled out by spatiotemporal averaging.

TVCDt ¼
∑m

i¼1 ∑
n

j¼1
TVCDi,j,t

m� n
, t ¼ 1, 2, 3, . . . , Tstudy ð1Þ

where t is the day-of-year, TVCDt is themean NO2 TVCD on day t; (i, j) are
the coordinates of thepixels;m×n is thenumber of available observations
over this target country; Tstudy is the last day-of-year in the study period.
For 2019 and 2020, all observations are averaged for each day throughout
the study period. For 2010–2019, all available measurements from a spe-
cific day-of-year are averaged. Take day 1 as an example: day 1 observa-
tions of 2010, 2011, 2012, 2013, 2014, 2015, 2016, 2017, 2018 and 2019
are averaged as the daily mean value of day 1 in 2010–2019. So as for all
other dates. Day-of-year is used instead of date due to the leap year issue.

2) The values generated from step 1 are normalized to the mean of
their corresponding pre-period to make the trend of the three
timeseries (2019, 2020 and 2010–2019) comparable using Eq. (2):

NTVCDt ¼ TVCDt

TVCDpre
ð2Þ

where NTVCDt is the normalized daily concentration of each air pollut-
ant, TVCDpre is the mean values of pre-periods in 2019, 2020 and
2010–2019 which is calculated based on Eq. (3):

TVCDpre ¼ ∑npre
t¼1TVCDt

npre
ð3Þ

where npre is the number of days in the pre-period of each country.

3) Timeseries of the 7-daymoving average are then calculated for 2019,
2020 and 2010–2019 to smooth out daily fluctuations.

2.2.2. Spatial analysis
Spatial patterns are analyzed as follows:

a) For each country, the periodical (pre-, peri- and post-period) mean
TVCD of each covered pixel (i,j) are calculated for 2019 and 2020
using Eq. (4):

TVCDi,j ¼
∑

Tperiod end

t¼Tperiod start

TVCDi,j,t

Tperiod
, i∈m, j∈n ð4Þ
3

where t is the day-of-year, TVCDi,j is themeanNO2 TVCD of the target pe-
riod (pre-, peri- and post-period); (i, j) are the coordinates of the pixels;
m × n is the number of available observations over this target country;
Tperiod start and Tperiod end are the first and last day-of-year in the target
period.

b) To rule out the potential influence of inter-annual trend between
data of 2020 and 2019 on the spatial patterns, the study also
performs detrending analysis on each pixel in the target countries
for 2020 according to their specific ranges of the pre-, peri- and
post-period respectively. Detrended TVCD of pixel (i, j), DTVCD
(2020)i, j, can be derived using Eq. (5):

DTVCD 2020ð Þi,j ¼ TVCD 2020ð Þi,j−ai,ji∈m, j∈n

ai,j ¼ slope TVCDð Þ2010–2019i,j, x
ð5Þ

where TVCD 2020ð Þi,j is the mean TVCD of pixel (i,j) in 2020 during a
specific period (pre, peri or post); TVCD(2010 − 2019)i, j encompasses
every observation of the pixel during the target period in 2010–2019;
x is an array containing consecutive integers from 1 to the total number
of days in the period for the 10 years (2010–2019); ai, j is the inter-
annual trend of pixel (i, j) which is also the slope of the linear regression
between TVCD(2010 − 2019)i, j and x.

c) To further eliminate the influences of seasonal/periodical cycles
among the pre-, peri- and post-period, for a specific period, we cal-
culate the spatial distribution of anomalies by subtracting the 10-
year climatology from the 2020 (detrended) and 2019 data for
each pixel as shown in Eq. (6):

Ai,j ¼ TVCD i, jð Þp,y−TVCD i, jð Þp,2010−2019, p∈pre−, peri−and post−period, y ¼ 2019, 2020

ð6Þ
where (i,j) is the coordinate of the pixel.

3. Results

Table 2 shows the overall relative differences (RDs) between the
peri- and pre-period, and the post- and peri-period for 2020, 2019 and
2010–2019 in each country. RDs are calculated through Eq. (7):

RD ¼ TVCDperiod2−TVCDperiod1

TVCDperiod1
� 100% ð7Þ

where TVCDperiod2 and TVCDperiod1 are the average TVCD for the former
and latter periods respectively in 2020, 2019 or 2010–2019. Major por-
tions of the remaining systematic error will be canceled out by applying
RD calculations (Bauwens et al., 2020).

Details are discussed in Sections 3.1 to 3.6.

3.1. China

The first few confirmed COVID-19 cases were reported in China's
Wuhan city in December 2019. By the end of January 2020, all Chinese
provinces initiated the highest response level to the public health emer-
gency (Zu et al., 2020). In the pre-period, the daily time series of 2020
reveals a continuous decrease, reaching the minimum around January
25, the Chinese New Year (CNY), due to the gradual shutdown of indus-
try prior to the country's biggest holiday, which is consistent with the
data of 2019 and 2010–2019. A rebound is observed in the previous
10 years aswell as 2019 around 1week after CNY, when the holiday pe-
riod ended. However, in 2020, the time-series does not display such a
rapid uptick; NO2 TVCDs stay at lower values until about 20 days after
CNY and return to normal trends at a much slower rate as compared
with 2019 and 2010–2019, 60 days after CNY when most cities and in-
dustries are gradually reopened in China. This low-emission period was



Table 2
Overall RD between the peri- and pre-period, and the post- and peri-period in different countries for 2020, 2019, and 2010–2019. Uncertaintieswithin parentheses are the standard errors.

Relative difference between peri- and pre-period (%) Relative difference between post- and pre-period (%)

2020 2019 2010–2019 2020 2019 2010–2019

China −53(±11) −39(±8) −38(±3) −65(±11) −62(±8) −67(±3)
USA −41(±5) −40(±3) −39(±2) −48(±4) −47(±3) −53(±2)
South Africa 43(±6) 75(±8) 60(±3) 93(±12) 76(±10) 79(±4)
Brazil 20(±3) 23(±3) 27(±2) 27(±3) 23(±3) 36(±1)
India −11(±3) −1(±4) −3(±1) −14(±3) −6(±3) −6(±2)
UK −34(±4) −9(±7) −27(±3) −54(±4) −46(±6) −55(±2)

Fig. 1. Daily variations in 7-day moving averages of the NO2 TVCD over China. The x-axis
shows days relative to ChineseNewYear. Points represent themidpoint of the 7-day inter-
val. Values are normalized to themean of the pre-period. The shadows represent standard
errors. The two vertical lines divides the timeseries in to the pre-, peri- and post-periods.
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prolonged for more than 40 days in 2020. As shown in Table 1, NO2

TVCD declines by 53% through pre- to peri-period in 2020, which is far
severer than in the same period of 2019 (−39%) and 2010–2019
(−38%); after reopening in 2020, the reduction of NO2 columns show
a similar level as compared with 2019 and 2010–2019 (−65% vs
−62% and 67%), which indicates that the unusual decline was sup-
pressed in 2020, potentially due to urban and industrial reopening.
Fig. 2. Spatial patterns of NO2 TVCD anomalies for pre-, peri- and post-period over China. (a)–(
and Guangzhou. Pixels with annual means smaller than 1×1015 molec/cm2 are not plotted in t
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These results on time series analysis and overall statistics over China
are consistent with the study of Liu et al. (2020d) (Fig. 1).

Fig. 2 shows NO2 TVCD anomalies for pre-, peri- and post-period
over China. We deem pixels with annual mean NO2 TVCD smaller than
1×1015 molec/cm2 as not dominated by anthropogenic sources, thus
they are not plotted in all spatial results. In the pre-period, the 2020
data has higher values over most parts of China than 2019 (Fig. 2a and
d), which rules out the possibility that 2020 has an initial lower NO2

emission. However, during the peri-period of 2020, lower NO2 TVCDs
spreads to more surface area than in 2019. Wuhan city, where the first
few confirmed cases were reported, shows an unprecedented low value
in 2020 which cannot be observed in 2019. Other major cities such as
Beijing and Guangzhou also present considerably lower TVCDs than
previous year. These column reductions are likely due to the declines of
traffic and vehicle use which is the dominate source of NO2 emissions
in cities.

The decreases in some industrial regions such as parts of Shanxi and
Shandong province, where located large numbers of coal power plants
(Boren, 2015; Fig. A.2), are potentially caused by the shutdown of
non-essential industries and reducing of power plants' emissions.

In the post-period, columns in most parts of the southeastern and
central China recover and even exceed the 2019 data. The observed in-
creases are likely due to the recovery of industrial production and traffic
emissions. However, themetropolises of Beijing andWuhan still demon-
strate lower emissions than usual, possibly due to the second outbreak in
Beijing in June 2020 and more cautious reopening strategies in Wuhan.

3.2. USA

The first confirmed case in the US was reported on January 20, 2020
and 11 days later, the U.S. declared a public health emergency
c) anomalies for 2019; (d)–(f) anomalies for 2020. Red circles are cities of Beijing, Wuhan
he maps.



Fig. 3. Daily variations in 7-day moving averages of the NO2 TVCD over USA. The x-axis
shows day-of-year. Points represent the midpoint of the 7-day interval. Values are
normalized to the mean of the pre-period. The shadows represent standard errors. The
two vertical lines divides the timeseries into the pre-, peri- and post-period.
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(Riechmann, 2020). Throughout March and early April, most state gov-
ernments issued stay-at-home orders to stem the spread of the virus
(Norwood, 2020). As shown in Fig. 3, the 2020 timeseries of daily NO2

TVCD over the US is quite similar to that of 2019 and 2010–2019 from
the pre- to peri-period; and the overall statistic listed in Table 2 also re-
veals similar reductions over these two periods in 2020, 2019 and
2010–2019 (−41%, −40% and −39% respectively) with differences
smaller than the standard errors. After the reopening, an uptick in the
timeseries of NO2 columns can be observed for both 2020 and 2019,
and the overall reductions are smaller in the recent years as compared
to the 10-year climatology. In conclusion, COVID-19 related actions have
not substantially influenced overall NO2 emissions in the US.

According to Fig. 4, regions where the first COVID-19 breakouts oc-
curred in the US, such as Washington state, California, New York and its
neighboring states, Vermont and New Hampshire (Fig. 4b, red circles),
show decreasing changes from the pre- to peri-period in 2020 as
compared with 2019. In order to slow the spread, these states imple-
mentedmitigation policies including curfews, travel bans, transportation
Fig. 4. Spatial patterns of NO2 TVCD anomalies for pre-, peri- and post-period over theUSA. (a)–
1×1015 molec/cm2 are not plotted in the maps.
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restrictions and industrial closures (Moon, 2020;McMichael et al., 2020).
These declines are most likely due to the reduction of traffic emissions
caused by these policies. Another NO2 reduction evidence can be found
along the national highway between Los Angeles and San Francisco.
The anomalies are quite similar between 2020 and 2019 during pre-
period, but obviously lower in 2020 during the peri-period. The reduction
of traffic emission should account for this change. Eastern Texas also pre-
sents a decreasing trend which cannot be seen in 2019. This region is an
industrial area concentrated with power plants (Fig. A.3). This reduction
may largely be due to the closure of non-essential industries.

Aforementioned reasons also explain the declines over southeastern
areas. However, regions circled in green in Fig. 4b show increasing
changes during peri-period with extreme low values in the pre-period
of 2020 compared to 2019. These significant positive changes counter-
act the declines and make the national average comparable with previ-
ous years.

After the economic reopening, NO2 columns in most areas rebound
and show similar values as 2019, indicating the recovery of industrial
and traffic emissions. However, exceptions can still be found in the
green-circled region, possibly due to low initial values in the pre-period.

3.3. South Africa

The first COVID-19 case in South Africa was reported on March 5,
2020 (South African Government, 2020a, 2020b). On March 26, 2020,
a national lockdown was issued (Businesstech, 2020). As shown in
Fig. 5, the trend of NO2 columns in 2020 is generally lower than those
of 2019 and 2010–2019 during peri-period especially for the first
20 days when the government announced a 21-day national lockdown.
This coincidence indicates the influence of COVID-19 on industrial pro-
duction and emission. The overall increase of NO2 columns declines sig-
nificantly in 2020 as compared with 2019 and 2010–2019 (43% vs 75%
and 60%, Table 2) from the pre- to peri-period, reflecting an unusual re-
duction in NO2 emissions. The increasing trend bounces back in the
post-period with a RD of 93% compared with the pre-period, which is
higher than both 2019 (76%) and 2010–2019 (79%). These patterns
are due to the lockdown and reopening strategies established by the
South African government to fight against COVID-19.

Through the results of the spatial analysis shown in Fig. 6, we notice
that the significant decreases in NO2 TVCDs from pre- to peri-period are
mainly distributed over the city of Emalahleni, the legislative capital,
Cape Town and the national boundary with Eswatini. These regions
mostly showed increases in 2019. Transportation between the two
countries was reduced due to the travel restriction announced by both
(c) anomalies for 2019; (d)–(f) anomalies for 2020. Pixels with annualmeans smaller than



Fig. 5.Daily variations in 7-daymoving averages of theNO2 TVCDover South Africa. The x-
axis shows day-of-year. Points represent the midpoint of the 7-day interval. Values are
normalized to the mean of the pre-period. The shadows represent standard errors. The
two vertical lines divides the timeseries in to the pre-, peri- and post-periods.

Fig. 7. Daily variations in 7-day moving averages of the NO2 TVCD over Brazil. The x-axis
shows day-of-year. Points represent themidpoint of the 7-day interval. Values are normal-
ized to the mean of the pre-period. The shadows represent standard errors. The two ver-
tical lines divides the timeseries in to pre-, peri- and post-periods.
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countries (South African Government, 2020b; The Government of the
Kingdom of Eswatini, 2020). The declines in NO2 TVCD may have a
strong connection with these COVID-19 mitigation measures. More-
over, the decrease around Cape Town can also be explained by the traf-
fic reduction under the country-wide lockdown order (Businesstech,
2020).

Furthermore, Emalahleni city and its surrounding regions is the
most important coal-mining center of the country (Pollet et al., 2015;
Fig. A.4), so the decreasing pattern also reflects the significant reduction
of industry production in this area. After economic reopening, the spa-
tial patterns of NO2 TVCDs return to a similar level as the previous
Fig. 6. Spatial patterns of NO2 TVCD anomalies for pre-, peri- and post-period over South Africa.
than 1×1015 molec/cm2 are not plotted in the maps.
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year for most areas, indicating that both industrial production and
transportation have returned to normal levels.

3.4. Brazil

The COVID-19 virus was first confirmed in Brazil on February 25,
2020 (Ministerio da Saude, 2020) and had spread to every state in
Brazil by March 21st (Charner, 2020). By the end of March, most state
governments had imposed quarantine policies to slow the spread
(BBC News, 2020). Fig. 7 shows the timeseries of normalized daily
NO2 TVCDs in 2020, 2019 and 2010–2019. The 2020 data shows a slight
decrease as compared with 2019 and 2010–2019 during the lockdown
(20% vs 23% and 27%). The trend of 2020 remains lower than the previ-
ous 10-years' climatology for a 20-day period after the end of lockdown.
(a)–(c) anomalies for 2019; (d)–(f) anomalies for 2020. Pixels with annual means smaller



Fig. 8. Spatial patterns of NO2 TVCD anomalies for pre-, peri- and post-period over Brazil. (a)–(c) anomalies for 2019; (d)–(f) anomalies for 2020. Pixels with annual means smaller than
1 ×1015 molec/cm2 are not plotted in the maps.

Fig. 9. Daily variations in 7-day moving averages of the NO2 TVCD over India. The x-axis
shows day-of-year. Points represent themidpoint of the 7-day interval. Values are normal-
ized to the mean of the pre-period. The shadows represent standard errors. The two ver-
tical lines divides the timeseries in to pre-, peri- and post-periods.
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However, similar phenomenon is observed in 2019 data. The overall in-
crease is lower in 2020 and 2019 than 2010–2019 with RD of 27% and
23% versus 36%. Therefore, COVID-19 related shutdown and reopening
orders do not have obvious influence on the overall NO2 emissions of
Brazil.

Fig. 8 shows spatial patterns of NO2 TVCD anomalies for the pre-,
peri- and post-period over Brazil. From the pre- to peri-period, despite
the NO2 columns increase over most target pixels in 2019, the 2020
data shows declines, especially over major cities like Rio de Janeiro, Vi-
toria and Sao Paulo. Lockdown-induced reduction of traffic emissions is
the most likely reason for this phenomenon. Meanwhile, declines of
NO2 over rural areas are not significant considering the systematic er-
rors and slightly lower initial emissions in the pre-period as compared
with 2019. Therefore, the influence of COVID-19 on industrial produc-
tion is not obvious in Brazil.

In the post-period, spatial patterns of NO2 TVCDs are similar in the
2 years for most pixels and some of the southern parts such as Santa
Maria city even has higher columns in 2020 than 2019, which indicates
a rebound of the vehicle usage and traffic emissions after the shutdown
order is lifted. Although the spatiotemporal average in this country does
not show significant differences during the lockdown, the emissions in
big cities are still thought to be highly influenced by the pandemic.

3.5. India

COVID-19 was first reported in India on January 30, 2020 (Ray,
2020). As the threat increased, the primeminister ordered a nationwide
lockdown onMarch 24th (Withnall, 2020). As shown in Fig. 9, the 2020
trend of NO2 TVCDs are consistent with both 2019 and 2010–2019 in
the pre-period and even higher during February (days 43–67), possibly
due to the high biomass burning, forest fires, vegetation, and agricul-
tural crop emissions this year (Gautam et al., 2020). However, the
2020 data is generally below the curves of 2019 data and 10-year clima-
tology in the peri-period. According to Table 2, the decline between the
7

pre- and peri-period is 11% for 2020 data which is considerably sharper
than 2019 and 2020 which are 1% and 3% respectively. Accordingly, the
lockdown has significantly reduced theNO2 emission in India indicating
its negative impacts on the economy and people's activities. The un-
usual decline does not rebound to normal trends even after the
reopening in 2020 with a RD between post- and pre-period of −11%
compared to −3% for both 2019 and 2010–2019. In conclusion, eco-
nomic production and transportation are impeded by the COVID-19
mitigation policies in India and have not recovered even after the lock-
down orders are lifted.

As can be observed from the spatial patterns shown in Fig. 10, thema-
jority of middle and northern India shows declines from the pre- to peri-
period in 2020. These regions are populated cities and transportation
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hubs such as Raj Nandgaon, Balaghat, Gadchiroli and Patnar, that are
mainly located at the junctures of two states, near major power plants
in India (World Resources Institute, 2019; Singh and Richmond, 2016;
Fig. A.5). Compared to the increasing changes over these regions in
2019 for the same period, the decreasing patterns are most possibly due
to the shutdown of transportation and industrial production in those
cities.

Emissions bounce back in the western states, whereas decreases in
some eastern regions, such as Dhanbad and Durgapur, are still signifi-
cant compared to 2019. These regions are state borders with national
highways and highly active transportations (NHAI, 2020), and due to
the ongoing spread of COVID-19, traffic in these regions is still under
great influence even after the lockdown is relieved.
Fig. 11.Daily variations in 7-daymoving averages of the NO2 TVCD over theUK. The x-axis
shows day-of-year. Points represent the midpoint of the 7-day interval. Values are
normalized to the mean of the pre-period. These shadows represent standard errors.
The two vertical lines divide the timeseries in to pre-, peri- and post-periods.
3.6. United Kingdom

On January 31, 2020, UK's first casewas confirmed (Wikipedia, 2020).
COVID-19 mitigation policies, such as curfews and lockdowns, were is-
sued in most regions in the country by March 23, 2020 (ITV News,
2020). As can be seen in Fig. 11, with an emission trend similar to the
2019 and historical data before the lockdown, the NO2 time series falls
lower than previous years during the peri-period in 2020, especially for
the first 3–4 weeks. The decrease is extremely significant compared to
2019 (−34% vs −9%), reflecting negative impacts of COVID-19 on eco-
nomic activities and NO2 emissions. After industrial and city reopenings
in 2020, the trend of NO2 columns rebounds to a similar trend as com-
pared with previous years. The average decline between the post- and
pre-period is −54% compared to −46% and −55% for 2019 and
2010–2019 (Table 2), which is not significant considering the standard
errors. The abnormal drop and uptick of NO2 TVCD in 2020 of UK is coin-
cident with the dates of COVID-19 lockdown and reopening orders, indi-
cating their influences on economic productions and vehicle utilizations
in the country.
Fig. 10. Spatial patterns of NO2 TVCD anomalies for the pre-, peri- and post-period over India.
than 1 ×1015 molec/cm2 are not plotted in the maps.
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From the pre- to peri-period of 2020, the NO2 columns show a de-
creasing change in central England (Fig. 12a, b), especially within the
circled areas. The upper circle is concentrated with major coal-
consumption power stations, such as Drax, Ratcliffe-on-Soar, Cottam
and Ferrybridge (Global EnergyMonitor, 2020). The lower circle locates
the capital of the UK, London, surrounded by a number of power sta-
tions, such as Didcot and Beckenham. Most of these regions present in-
creasing trends (Fig. 12d, e) during the same periods in 2019. The most
possible explanation for these decreases is the shutdown of non-
essential industries and the decline of transportations in cities. In
small part, the closure of a few stations in these regions may also ac-
count for the reductions (UK Government, 2020). In the post-period of
(a)–(c) anomalies for 2019; (d)–(f) anomalies for 2020. Pixels with annual means smaller



Fig. 12. Spatial patterns of NO2 TVCD anomalies for pre-, peri- and post-period over theUK. (a)–(c) anomalies for 2019; (d)–(f) anomalies for 2020. Pixels with annualmeans smaller than
1×1015 molec/cm2 are not plotted in the maps.
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2020, the NO2 columns show similar levels as 2019, indicating the re-
bound of the emissions thus the recovery of the economy.

4. Discussion

The paper analyzes the spatiotemporal patterns of NO2 TVCDs be-
fore, during and after the pandemic triggered lockdown over different
countries in 2020, comparing them with 2019 and the means of
2010–2019. We utilize relative differences, normalized timeseries, and
spatial patterns of anomalies throughout the study tomitigate potential
seasonal variations and data uncertainties which are not caused by
COVID-19. To further rule out the inter-annual variations, the paper per-
formsdetrending analysis to exclude the linear trendbetween 2020 and
2019 in the three separate periods.

The economic lockdown and stay-at-home orders reduced the
general NO2 emissions in most study countries due to the shutdown
of non-essential industries and reductions in transportation. After
these policies were lifted, NO2 emissions gradually rebounded to nor-
mal levels as work and industrial production resumed. However, de-
spite similar overall trends in most study regions, the distributions of
NO2 patterns are dissimilar because of different geographical conditions
(Naemura et al., 2001), varying travel and living habits, and local
COVID-19 prevention policies. Brazil and the US did not present the
decrease-and-uptick pattern as other countries on a national level.
Nevertheless, regions of some populated cities, transportation hubs
and major power plants follow this trend in these two countries. As a
conclusion, lockdown and reopening orders due to COVID-19 influence
the transportation and industrial production, thus the NO2 emissions in
all the study countries.

Fuel-burning from everyday domestic activities, such as the use of
heaters and stoves, is an important source of NO2 emissions in
residential areas (Lee et al., 2002) (Kousa et al., 2001). It can be intuited
that citizens spent more time staying in residential areas during the
peri- period due to the stay-at-home orders and social distancing policies
9

and would likely produce more NO2 in their daily lives, which may also
partially account for the patterns of NO2 columns in some regions. On
the other hand,meteorological variabilities and regulationmeasurements
also influence the NO2 columns in small part. These factors need to be an-
alyzed separately using model simulations. Due to the data availability
and study scope, they are not quantitatively calculated in this paper.
Other explanations that may introduce errors are as follows:

1) The detrending analysis conducted by this paper only focuses on the
linear trends, but the actual inter-annual signals in NO2 emissions
are more complex (Mahajan et al., 2015).

2) The selections of shutdown and reopening dates are estimations
based on the policy stringencies of the overall condition for each tar-
get country. However, the actual starting point may vary for differ-
ent regions in the same country, which may cause errors when
calculating the RDs and changes.

3) The paper considers the seasonal variations and inter-annual trends
during the study periods, however, factors such as wildfires, local
transportations, climate and geographical changesmay also contrib-
ute to the changes of patterns.

4) Errors from the raw NO2 TVCD observations (Ionov et al., 2008).
Previous studies also illustrated changes in NO2 emissions in different

countries. Bauwens et al. (2020) reported reductions in NO2 columns by
up to 40% for the US regions and 40–60% in Chinese cities during the lock-
down. Similarly, our study reveals a 41% decrease for the US and 53% de-
crease for China. Liu et al. (2020d) observed a 48% decline in NO2 TVCD
from the pre- to peri-period for entire China in 2020 compared to 53%
from our study, which only focuses on the anthropogenic-dominated
pixels. Despite the effort made by this study and all the other related re-
search, more work needs to be done highlighting the various impacts of
COVID-19 mitigation efforts, including:

1) Conducting detailed and quantitative analysis to explain spatiotem-
poral patterns at a regional or local scale, by considering more local
features such as mitigation policies of counties/cities/states/
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provinces, regional environment and weather, wildfires, residents'
habits and customs, locations of roads and power/industrial plants,
topography, etc.

2) Performing more comprehensive detrending analysis on the long-
term historical data.

3) Including other potential parameters which may influence the pat-
terns and trends of NO2 emissions, such as human mobilities,
inner-city transportation, climate and geographical changes, to iso-
late the influence of COVID-19 mitigation efforts more accurately;

4) Investigating the impacts of COVID-19 in other parts of the world.
5) Estimating the impacts of COVID-19 related policies on global

economy.

5. Conclusions

Through the spatiotemporal patterns of NO2 TVCD derived from the
experiments and analysis, this paper concludes the following:

1) The COVID-19 lockdown and economic reopening policies have had
crucial influences on the NO2 emissions of most study countries in
both spatial and temporal dimensions. These impacts are distinct
in different countries in terms of duration, response speed, severe-
ness of influence, and spatial distribution.

2) For the anthropogenic-sources-dominated pixels, meanNO2 TVCDs of
most target countries, including China, South Africa, India and UK, sig-
nificantly decreased during the lockdown compared to 2019 and
2010–2019. However, the changes in RDs over Brazil and the US are
relatively small and according to Bauwens et al. (2020), uncertainties
of the OMNO2d product are larger than±5% over most of their study
cities during this period. Therefore, the overall NO2 emissions have no
obvious change in Brazil and the US. However, NO2 columnswere ob-
served to be reduced over their metropolises, national capitals and
power plants despite overall patterns, indicating the negative influ-
ence of COVID-19 on traffic volume and industrial production.

3) After the reopening, the NO2 emissions rebounded to similar levels as
the pre-period inmost target countries except India. TheNO2 columns
in India stay at a lower level compared to previous years, indicating
that industrial production has not yet recovered from the pandemic.
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