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• Remote sensing data, TROPOMI and AHI
were used to quantify lockdown impact.

• NO2 experienced the highest decrease
in East Asia due to lockdowns.

• NO2 (83%) and SO2 (71%) decreased
more than HCHO (11%) and CO (4%) in
Wuhan.

• SO2 increased in Seoul and Tokyo due to
polluted air transport in 2020.

• HCHO to NO2 ratio increased from
below 1 to above 2 in East China in
February 2020.
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This study leverages satellite remote sensing to investigate the impact of the coronavirus outbreak and the
resulting lockdown of public venues on air pollution levels in East Asia. We analyze data from the Sentinel-5P
and the Himawari-8 satellites to examine concentrations of NO2, HCHO, SO2, and CO, and the aerosol optical
depth (AOD) over the BTH, Wuhan, Seoul, and Tokyo regions in February 2019 and February 2020. Results
show that most of the concentrations of pollutants are lower than those of February 2019. Compared to other
pollutants, NO2 experienced the most significant reductions by almost 54%, 83%, 33%, and 19% decrease in BTH,
Wuhan, Seoul, and Tokyo, respectively. The greatest reductions in pollutants occurred inWuhan, with a decrease
of almost 83%, 11%, 71%, and 4% in the columndensities ofNO2, HCHO, SO2, and CO, respectively, and a decrease of
about 62% in the AOD. Although NO2, CO, and formaldehyde concentrations decreased in the Seoul and Tokyo
metropolitan areas compared to the previous year, concentrations of SO2 showed an increase in these two
regions due to the effect of transport from polluted upwind regions. We also show that meteorological factors
were not themain reason for the dramatic reductions of pollutants in the atmosphere.Moreover, an investigation
of the HCHO/NO2 ratio shows that in many regions of East China, particularly in Wuhan, ozone production
in February 2020 is less NOX saturated during the daytime than it was in February 2019. With large reductions
in the concentrations of NO2 during lockdown situations, we find that significant increases in surface ozone in
East China from February 2019 to February 2020 are likely the result of less reaction of NO and O3 caused by
significantly reduced NOX concentrations and less NOX saturation in East China during the daytime.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
classified as a member of the order Nidovirales and part of the
Coronaviridae family of viruses (Richman et al., 2016). Stemming from
this family of viruses is coronavirus disease 2019 (COVID-19), first
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reported to the World Health Organization (WHO) in December 2019
(https://www.who.int/emergencies/diseases/novel-coronavirus-2019/
events-as-they-happen; last access: 5 May 2020) with the first cases
occurring in the city of Wuhan in Hubei Province, China. With the
spread of the COVID-19, countries throughout the globe have issued
lockdowns to combat the spread of the virus. Since the incipient state
of the disease, the lockdowns have affected both people and industries
during the epidemic and reduced concentrations of pollutants in the
atmosphere by a significant amount (Wang et al., 2020). Regarding
this, it is of great importance to investigate the impact of the COVID-
19 outbreak and subsequent lockdown situations on atmospheric
constituents to achieve a better understanding of the effects of the
pandemic on the atmosphere.

The major criteria pollutants in the atmosphere are sulfur dioxide
(SO2), carbonmonoxide (CO), nitrogen oxides (NOX), particulatematter
(PM), ozone (O3), and volatile organic compounds (VOCs) (Zhang et al.,
2016). Since human activity is one of the main sources releasing these
major criteria pollutants into the atmosphere, it is expected that
lockdown situations decrease concentrations of these pollutants in the
atmosphere. NOX is produced from the combustion of fossil fuels
(Choi et al., 2009), biomass burning (van der Werf et al., 2006), soil
microbial activity (Yienger and Levy, 1995), and lightning (Choi et al.,
2009). These species react with VOCs in the presence of sunlight to
form ground-level ozone. Chinese VOC and CO source contributions
originate from vehicle emissions (Wu et al., 2017), biofuel and biomass
burning, and industrial emissions (Guo et al., 2004). Themajority of SO2

emission sources within China are power plants (Lu et al., 2010);
fortunately, with the implementation of environmental regulations,
SO2 emissions have steadily decreased (van der A et al., 2017). Both
SO2 and CO are primary gas-phase pollutants (Chen et al., 2001), and
emission intensities have revealed their relationship to transition
economies (Viguier, 1999).

It is estimated that China contributes 33, 24, 31, 21, and 20% of the
global emissions of SO2, NOX, CO, Ammonia (NH3), and Methane
(CH4), respectively (Hoesly et al., 2018). Most of these pollutants are
precursors to PM and ozone, which exert harmful effects on human
health (Nuvolone et al., 2018) and agriculture (Ainsworth, 2017).
Studies have found that factors related to pollutants depend on
meteorological and climatological factors such as winter haze (Mao
et al., 2019), as well as PM10 and PM2.5 (particulate matter with an
aerodynamic diameter of b10 μm and 2.5 μm, respectively) pollution
(Baltaci et al., 2020; Song et al., 2017). In addition, analyses of
meteorological pollution have shown minor changes in anthropogenic
emissions over extended periods of time. Despite the reduction of
emissions (Richter et al., 2005; Zheng et al., 2018) and high pollution
days (Li et al., 2019), the atmospheric chemistry of some regions of
China has not improved, owing to unfavorable meteorological
conditions (Yang et al., 2016) and dust transport (Baltaci, 2017; Yu
et al., 2019). Hence, meteorological conditions also need to be
considered due to their significance (Mehdipour and Memarianfard,
2017) in atmospheric constituents. The relationship between pollutants
and the meteorological factors should be carefully investigated to draw
a solid conclusion regarding the impact of less human activities on a
decrease of pollutant levels in the atmosphere.

Health risk assessments have shown that short-term exposure to
pollutants (e.g., ozone and particulate matter with an aerodynamic
diameter of b10 μm (PM10)) is linked to respiratory and cardiovascular
diseases (Mulenga and Siziya, 2019) that lead to increased hospital
admissions andmortalities (Brunekreef andHolgate, 2002). On average,
cardiorespiratory diseases accounted for 49% of non-accidental deaths
within Chinese cities, and PM10 concentrations were significantly
associated with these mortalities (Chen et al., 2011; Chen et al., 2012).
It is estimated that at least 50,000 people in China die from chronic
obstructive pulmonary disease (COPD) resulting from ozone
concentrations that exceed safe levels and exposure time (Liu et al.,
2018). The major ozone precursors responsible for these deaths are
VOCs, NOx, and CO (Placet et al., 2000); thus, reducing these precursors
is critical to reducing tropospheric ozone levels. While PM
concentrations originate from direct PM emissions, some PM
concentrations originate from emission precursors (e.g., SO2, VOCs,
NOx, and NH3) through secondary formation within the atmosphere
(Hodan and Barnard, 2004). Considering this, although COVID-19 is
responsible formanydeaths throughout theworld, lockdown situations
resulting from this pandemic can indirectly save lives through the
decrease of pollutants from the atmosphere.

On January 23, 2020, Wuhan and several other cities within the
Hubei Provincewere placed on lockdown,with Beijing and surrounding
cities imposing travel restrictions the following day (WHO Timeline,
2020). OnMarch 3, Japan closed primary and secondary schools, limited
the hours of operation ofmany businesses, and supported stay-at-home
work (Rush, 2020). At the same time, although a comprehensive
restriction order was not imposed within Seoul, the government
announced a voluntary stay-at-home advisory for the area at the end
of February (Kim and Denyer, 2020; Normile et al., 2020). The effects
of the mandatory shutdown of a large portion of the Chinese industry
have provided a unique opportunity to analyze atmospheric changes
that coincide with reductions in emissions and pollutants.

The last several decades havewitnessed considerable advancements
in the development of remote sensing applications in assessing,
forecasting, and managing air quality (Mhawish et al., 2018). More
specifically, satellite remote sensing instruments have provided
valuable data on the global distribution of pollutants (Gupta et al.,
2006; Martin, 2008; Lee et al., 2015), their evolution in time within
the atmosphere (Zhang et al., 2012), and long-range transport (Kim
et al., 2017;Wu et al., 2018). Such instrumentsmeasure specific features
within the surface over an unprecedented program study period such as
the Landsat program (Ghahremanloo et al., 2019; Loveland and Dwyer,
2012) or cover a vast amount of data products for diverse research
applications such as the moderate resolution imaging
spectroradiometer (MODIS) satellite program (Masuoka et al., 1998).
For instance, remote sensing data enable the identification of NOx-
sensitive or NOx-saturated regimes (Choi, 2013) and constrain NOX

emissions by NO2 column remote sensing observations (Martin et al.,
2003). Remote sensing tools provide the capability to measure
emissions and pollution where in situ measurement systems are not
readily available (Benaissa et al., 2019).

Geostationary remote sensing satellites such as the Advanced
Himawari Imager (AHI) have dramatically improved the number of
bands, spatial resolutions, and temporal frequencies and thus provide
a diverse set of data products from the surface (e.g., sea surface
temperature and vegetation) and atmospheric features (e.g., aerosols
and stratospheric ozone) in a specific region (Bessho et al., 2016;
Kramar et al., 2016; Zhang et al., 2019). Moreover, TROPOspheric
Monitoring Instrument (TROPOMI) has been developed and deployed
on the Copernicus Sentinel-5 Precursor satellite in 2017. TROPOMI,
with a sun-synchronous orbit, measures global key atmospheric
pollutants (Veefkind et al., 2012) at significantly improved spatio-
temporal resolutions (Köhler et al., 2018). The combination of such
diverse remote sensing satellites enables comprehensive remote
sensing data validation, application, and analyses (de Laat et al., 2019;
Lee et al., 2020).

The findings of significant changes in emissions provide researchers
with a unique opportunity to analyze emission and pollutant transport
within East Asia. In this study, we have leveraged the capability of
satellite remote sensing to investigate the impact of the COVID-19
outbreak and subsequent lockdowns on declining pollutant levels in
East Asia. This is the first comprehensive study investigating the impact
of the COVID-19 lockdown situations on AODand also concentrations of
NO2, HCHO, SO2, CO, and ozone in BTH, Wuhan, Seoul, and Tokyo
regions. In the following sections of the study, we first talk about the
study area, data, and instruments that were used in this research.
Then, we compare concentrations of atmospheric constituents to
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measure the effects and significance of the pandemic, both spatially and
in near real-time, of the previous year and during the initial outbreak of
the virus. We also analyze the impact of drastic changes in
anthropogenic emissions and meteorology to the significance of the
change of atmospheric constituents due to the lockdown. In addition,
we analyze the reasons for the significant increase in constituents
despite the decrease in emissions during the lockdown period.

2. Methodology

We analyzed pollutant concentrations over East Asia (21° to 46° N
and 111° to 146° E), including specific regions and cities such as the
Beijing-Tianjin-Hebei (BTH) region, the Wuhan area, the Seoul
metropolitan area (SMA), and the Tokyo metropolitan area (TMA).
The BTH (36.05° to 42.66° N and 113.45° to 119.83° E), including the
municipalities of Beijing and Tianjin and another 11 cities in the Hebei
Province is a heavily industrialized area and one of the most polluted
regions in China (Zhang et al., 2017; Zhao et al., 2018). To investigate
the effects of the COVID-19 outbreak in metropolitan areas close to
China, we selected a 3° × 3° area around the Wuhan city center and a
1° × 1° area around the SMA and the TMA. See the study area in Fig. 1.

In this study, we used satellite remote sensing data to analyze four
major pollutants and the AOD,measured at 500 nm (nm), to investigate
the intensity of emission reductions resulting from the lockdowns
enforced by officials during the COVID-19 outbreak. We analyzed
concentrations of nitrogen dioxide (NO2), formaldehyde (HCHO), sulfur
dioxide (SO2), and carbon monoxide (CO) and used NO2 and SO2 as
proxies for PM2.5. We also investigated ozone production efficiency
(OPE) and created a distribution map of the formaldehyde to nitrogen
dioxide ratio (FNR) over the study area to investigate the chemical
sensitivity of ozone production (OP) to its precursors over East Asia,
and analyzed the impact of the lockdown on the chemical sensitivity
of OP. We acquired the tropospheric column density of NO2 and
formaldehyde, along with total column densities of SO2 and CO, from
the TROPOspheric Monitoring Instrument (TROPOMI) onboard the
Copernicus Sentinel-5 Precursor (Sentinel-5P) satellite and gathered
106 swath images of TROPOMI for February 2019 and February 2020
(henceforth referred to as 2019 and 2020). Before August 6, 2019, the
spatial resolution of the TROPOMI images was 7 × 3.5 km for NO2,
formaldehyde and SO2, and 7 × 7 km for CO. After this time, the spatial
resolution was updated to 5.5 × 3.5 km and 5.5 × 7 km, respectively. To
address the difference, all of the images from 2019 and 2020 were
resampled at a resolution of 7 × 3.5 km for NO2, formaldehyde, and
SO2 and 7 × 7 km for CO.We used all the swath images with a temporal
resolution of 101.5min over the study area to create daily images for the
two months. In addition, we obtained daily AOD images for 2019 and
2020 from the Advanced Himawari Imager (AHI) onboard the
Himawari-8 satellite, a geostationary satellite over East Asia at longitude
140.7° East. In total, we analyzed 56 daily AOD images with the spatial
resolution of 5 × 5 km and obtained daily surface ozone concentrations
for the two time periods from 1428 ground stations listed on China's
Ministry of Ecology and Environment (MEE) public website (http://
beijingair.sinaapp.com; last access: 5 May 2020).

We downloaded daily meteorological data from the Global Land
Data Assimilation System (GLDAS) (https://ldas.gsfc.nasa.gov/gldas;
last access: 5 May 2020) and the Modern-Era Retrospective analysis
for Research and Applications, Version 2 (MERRA-2) (https://gmao.
gsfc.nasa.gov/reanalysis/MERRA-2; last access: 5 May 2020) for 2019
and 2020.We obtained parameters, including air temperature (referred
to in this study as “temperature”), specific humidity (referred to as
“humidity”), and surface pressure (referred to as “pressure”), with the
spatial resolution of 0.25 × 0.25°, from GLDAS and eastward and
northward components of wind speed, with the spatial resolution of
0.5 × 0.625°, fromMERRA-2. Then we performed comparative analyses
of the four pollutants, the AOD, andmeteorological parameters for 2019
and 2020 over the study area and matched pixels from satellite images
to the GLDAS grid cells nearest to their centroids. Fig. S1 shows the
flowchart representing the research methodology and Table 1 shows
the list of acronyms used in this study.

3. Results and discussion

3.1. Aerosol optical depth (AOD)

The AOD is a measure of the extinction of electromagnetic radiation
at a specific wavelength owing to the presence of particles such as
pollutants, dust, and smoke in the atmospheric column (Chudnovsky
et al., 2014). Since pollutants in the atmosphere absorb and scatter
sunlight, reductions in the pollutant levels are expected to reduce
AOD. It should be noted that pollutants are not the only factors altering
AOD. Other elements (e.g., sea salt, dust) also influence the AOD value.
Therefore, these factors can influence the direct relationship between
air pollutant concentrations and AOD levels. We used the BSC-
DREAM8b model, operated by the Barcelona Supercomputing Center
(http://www.bsc.es/ess/bsc-dust-daily-forecast/; last access: 2 August
2020) to remove dusty days from February 2019 and February 2020.
This way, we eliminated the major effects of dust on AOD levels in the
study area. Fig. 2 shows the distribution of the AOD over the study
area in 2019 and 2020. Major decreases in AOD values are observed in
regions most impacted by the COVID-19 outbreak. The monthly AOD
decreased by nearly 31% and 62% (see Table 2) in the BTH and
Wuhan, respectively, from 2019 to 2020. Moreover, there were major
reductions in the standard deviation of AOD levels within the BTH and
especially Wuhan in 2020. The differences between maximum and
minimum values of AOD levels within these two regions decreased,
resulting in more homogeneous AOD levels within BTH and especially
Wuhan. The AOD in the TMA, however, did not change dramatically
since this metropolitan area was not under major lockdown conditions
in February 2020.

Unlike BTH andWuhan regions, the SMA experienced an increase in
AOD levels. We attribute this increase to the significantly higher AOD
levels in upwind regions of the SMA in 2020 than in 2019. High AOD
levels in upwind regions of the SMA were likely due to the frequent
dust storms in the eastern part of the Gobi Desert, located in regions
northwest of the SMA. Although we removed the days with major
transport of dust from desert regions, there is usually a consistent
transport of dust to the upwind regions of SMA, making AOD levels of
these regions higher than other neighboring areas. Regarding this, the
effects of wind transport played an important role in the higher AOD
levels of SMA in 2020. Wind patterns in the study area (Fig. S3) show
that north-westerly winds were the main wind patterns affecting the
SMA in 2020. In addition, the area was not as significantly affected by
the COVID-19 outbreak and thus had less stringent lockdown situations
than BTH and Wuhan. Because of the relatively high frequency of
missing values in the daily AOD images, this study did not analyze the
relationships between the AOD and meteorological factors. Table S1
displays the correlation between each pixel showing changes in AOD
concentrations from 2019 to 2020 and its corresponding pixel showing
changes in themeteorological patterns from 2019 to 2020 over the four
regions. According to this table, only the AOD of the BTH region was
influenced by temperature changes, while the other three regions
showed no association with the meteorological factors. To validate
this assumption, however, one should investigate the relationship of
daily AOD levels to daily meteorological factors in greater detail.

3.2. Nitrogen dioxide (NO2)

NO2 primarily enters the atmosphere from both the burning of fossil
fuels and the photochemical oxidation of nitric oxide emitted from
combustion processes, soils, plants, and so on (Choi et al., 2009;
Jacobson, 2005). Sunlight breaks the NO2 down during the morning,
which explains the lower concentrations of NO2 during the midday or
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Fig. 1.Map of East Asia, representing the study area. The black box (36.05° to 42.66° N and 113.45° to 119.83° E) represents the Beijing-Tianjin-Hebei (BTH) area in China, and purple dots
represent Wuhan, Seoul, and Tokyo.
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afternoon (Jacobson, 2005; Reed et al., 2016; Trebs et al., 2009). The
lockdown provided conditions suitable for the atmosphere and sunlight
to reduce NO2 levels in East Asia. While the NO2 column obtained from
satellite images (see Fig. 4) showed dramatic reductions in NO2

concentrations over the study area, especially in Wuhan and BTH,
where concentrations of NO2 declined nearly 54% and 83%, respectively,
it showed only a moderate reduction of about 33% and 19% in the SMA
and the TMA, respectively (see Table 3 for details). The extent of the
reductions in NO2 levels in these four regions is consistent with the
severity of the COVID-19 outbreak and lockdown situations within
these areas. It is worth noting that South Korea and Japan, like many
other countries, enforced strict surveillance measures at airports,
seaports, and border crossings to prevent the spread of COVID-19 into
their countries. Management strategies that reduced travel
(e.g., restricting air travel and enforcing airport lockdowns) contributed
Table 1
List of acronyms.

AHI Advanced Himawari Imager
AOD Aerosol Optical Depth
BTH Beijing-Tianjin-Hebei
CMAQ Community Multiscale Air Quality
COPD Chronic Obstructive Pulmonary Disease
COVID-19 COronaVIrus Disease of 2019
FNR Formaldehyde to Nitrogen dioxide Ratio
GLDAS Global Land Data Assimilation System
MEE Ministry of Ecology and Environment
MERRA-2 Modern-Era Retrospective analysis for Research and Applications,

Version 2
MODIS MODerate resolution Imaging Spectroradiometer
OP Ozone Production
OPE Ozone Production Efficiency
PM Particulate Matter
PM10 Particulate Matter with an aerodynamic diameter of b10 μm
PM2.5 Particulate Matter with an aerodynamic diameter of b2.5 μm
Sentinel-5P Sentinel-5 Precursor
SMA Soul Metropolitan Area
TMA Tokyo Metropolitan Area
TROPOMI TROPOspheric Monitoring Instrument
VOC Volatile Organic Compound
WHO World Health Organization
to the fewer infections and fewer lockdowns. Highly stringent
lockdowns represent a significant determinant of major reductions in
NO2 concentrations in BTH andWuhan.Wuhan was themost impacted
region in East Asia, which experienced the most stringent lockdown
situations compared to other regions of the study area. In this regard,
the most reductions of the NO2 concentrations happened in this region.
Moreover, according to Table 3 and Fig. 4, the standard deviation of NO2

concentrations in East China, especially in Wuhan, has decreased
significantly, indicating that all areas within the Wuhan region have
experienced a relatively clean atmosphere compared to February
2019. Other studies also reported significant reductions in NO2

concentrations in Wuhan and different regions of the world, due to
the COVID-19 outbreak and its resulting lockdown situations. According
to Zambrano-Monserrate et al. (2020), NO2 was decreased by 22.8 μg/
m3 and 12.9 μg/m3 in Wuhan and China, respectively, due to the
quarantine. They also reported dramatic reductions of NO2 over Rome,
Madrid, and Paris, the first cities in Europe to enforce strict quarantine
measures. Moreover, Otmani et al. (2020) found a dramatic decrease
of NO2 in Salé, Morocco, where NO2 concentrations decreased by 96%
percent during the COVID-19 lockdown period compared to the days
before the lockdown.

Fig. 3 displays theNO2 daily trends in the four regions over the study
area. The trends of daily averages show significant reductions in the
concentration levels of NO2 in BTH and especially in Wuhan. Regarding
the SMA, the first few days saw no major reductions in the daily
averaged NO2 concentrations from the previous year. Major differences,
however, appeared during the last 15 days of February, indicating a
delay in the COVID-19 outbreak in the SMA (from that in BTH and
Wuhan) and subsequent stay-at-home strategies. In the second half of
February, with a stronger COVID-19 outbreak in South Korea, fewer
activities took place in the SMA, resulting in fewer emissions of NO2.
Among the four regions investigated in this study, the TMA experienced
the lowest reduction in NO2 from 2019 to 2020. This is consistent with
the extent of the COVID-19 outbreak and its resulting stay-at-home
strategies in the four regions of the study area.

Table 4 shows relatively high correlations between daily NO2

concentrations and daily temperature, pressure, and humidity in the
four regions in 2019, but most of the correlations have decreased in



Fig. 2.Map of East Asia showing the aerosol optical depth (AOD) averaged over February 2019 and February 2020 over the study area. (a), (b), (c), and (d) refer to BTH,Wuhan, SMA, and
TMA regions, respectively. The aerosol optical depth (AOD) is unitless.
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2020, indicating that lockdowns were the main factor responsible for
the decrease in NO2 levels. For example, while the daily temperature
and daily NO2 concentrations in Wuhan were strongly correlated in
2019, their correlation was nearly zero in 2020. In 2020, the
temperature in Wuhan was much higher than it was in 2019, but it
showed no significant changes in other regions (see Table 4 and
Fig. S4). Normally, as temperature increases, concentrations of H2O
increase, which results in increased OH concentrations. The increased
OH partly expedites the formation of nitric acid from NO2 and OH,
which reduces the lifetime of NO2. Moreover, an increase in the
temperature can promote the upward motion of the air (Yang et al.,
2017), which leads to more efficient diffusion conditions and decreases
NO2 levels. The slight correlation between daily temperature and daily
NO2 levels inWuhan indicates thatmeteorological factors had very little
impact on reducing the NO2 levels of Wuhan in 2020.
Table 2
Mean, standard deviation, maximum, and minimum values of the aerosol optical depth
(AOD) calculated during February 2019 and February 2020 over the BTH, Wuhan, SMA,
and TMA regions. The AOD is unitless.

BTH Wuhan Seoul Tokyo

2019 2020 2019 2020 2019 2020 2019 2020

Mean 1.26 0.87 1.63 0.62 0.68 0.76 0.48 0.49
Std. deviation 0.54 0.40 0.84 0.33 0.24 0.31 0.22 0.37
Max value 4.99 4.71 4.99 2.8 2.51 2.06 1.89 4.3
Min value 0.01 0.09 0.03 0.1 0.3 0.19 0.17 0.01
Percent change −30.9 −62.2 +12.46 +1.38

Table 3
Mean, the standard deviation,maximum andminimum values of the tropospheric column dens
BTH, Wuhan, SMA, and TMA regions. All units for the mean, max, and min values are in molec

BTH Wuhan

2019 2020 2019 202

Mean 9.3E+15 4.3E+15 1.5E+16 2.5E
Std. deviation 6E+15 2.2E+15 3.4E+15 7.2E
Max value 4.1E+16 1.4E+16 3E+16 7.2E
Min value 2.3E+14 5.2E+14 7.2E+15 1.4E
Percent change −53.71 −82.55
3.3. Formaldehyde (HCHO)

Formaldehyde is released into the atmosphere by both
anthropogenic and natural sources. Anthropogenic formaldehyde
sources are mostly vehicle exhaust/emissions, different stationary
combustion sources, and industrial emissions while natural sources
include live and decaying plants, biomass burning, and other organic
matters (Luecken et al., 2012; Pan et al., 2015; Shim et al., 2005).
Responses to the COVID-19 outbreak influenced tropospheric
concentrations of formaldehyde. As shown in Table 5, formaldehyde
levels in East Asia decreased by 13% in BTH, 10% in Wuhan, 22% in the
SMA, and 8% in the TMA. Table 4 also shows that the temperature in
Wuhan increased by about 5° from February 2019 to February 2020.
Temperature increase leads to increases in the number of biogenic
emissions and oxidation processes to form formaldehyde from
anthropogenic emissions of VOCs,which could explain the less dramatic
decrease in formaldehyde levels in Wuhan after the lockdown. Because
of the relatively high frequency of missing values in the daily
measurements of the tropospheric column of formaldehyde within
the four regions of the study area, we did not analyze the daily trends
of formaldehyde together with their corresponding relationships with
daily meteorological factors. Fig. 5, which represents the distribution
of the tropospheric column density of formaldehyde over the study
area, depicts noticeable reductions in the tropospheric column density
of formaldehyde over the regions of the study area from 2019 to 2020.
Table S2 displays the correlation between each pixel showing the
changes in formaldehyde concentrations from 2019 to 2020 and its
corresponding pixel showing changes in the meteorological patterns
from 2019 to 2020 over the four regions. The table shows no significant
ity of nitrogen dioxide (NO2) calculated during February 2019 and February 2020 over the
ules/cm2.

SMA TMA

0 2019 2020 2019 2020

+15 1.6E+16 1E+16 9.8E+15 7.9E+15
+14 5E+15 3.7E+15 2.1E+15 2.4E+15
+15 3.1E+16 2.1E+16 1.5E+16 1.5E+16
+15 5.1E+15 3.4E+15 5.3E+15 3.5E+15

−33.05 −19.23



Fig. 3. Trend lines for the daily average of the tropospheric column density of nitrogen dioxide (NO2) over the BTH,Wuhan, SMA, and TMA regions in February 2019 and February 2020. All
units are in molecules/cm2.
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correlations between formaldehyde levels (2020–2019) and changes in
the meteorological factors (2020–2019) within the four regions of the
study area. One explanation for these low correlations is that
Fig. 4.Map of East Asia showing the average tropospheric column density of nitrogen dioxide (
the BTH, Wuhan, SMA, and TMA regions, respectively. All units of the tropospheric column den
meteorological factors such as temperature and anthropogenic sources
of formaldehyde counteract one another and affect formaldehyde
concentrations through a series of conflicting processes. For example,
NO2) in February 2019 and February 2020 over the study area. (a), (b), (c), and (d) refer to
sity of nitrogen dioxide (NO2) are in molecules/cm2.



Table 4
Monthly mean values for air temperature, surface pressure, and specific humidity calculated during February 2019 and February 2020 over the BTH, Wuhan, SMA, and TMA regions. The
abbreviations Cor., Temp, Press, and Hum refer to correlation, air temperature (k), surface pressure (hPa), and specific humidity (kg/kg), respectively.

BTH Wuhan SMA TMA

2019 2020 2019 2020 2019 2020 2019 2020

Temp 270.3 272.5 277.9 283.2 274.2 275.2 281.2 282.1
Cor. temp & NO2 0.23 0.43 −0.70 −0.05 0.50 0.32 0.27 0.14
Press 955.9 955.2 1010.1 1009.8 1012.2 1011.5 1013.0 1013.2
Cor. press & NO2 −0.07 −0.14 0.52 −0.23 −0.21 0.41 −0.61 0.07
Hum 0.0014 0.0022 0.0040 0.0056 0.0018 0.0028 0.0034 0.0035
Cor. hum & NO2 0.38 0.41 −0.42 0.05 0.32 0.11 0.60 0.28

Table 5
Mean, standarddeviation,maximum, andminimumvalues of the tropospheric columndensity of formaldehyde (HCHO) calculated during February 2019 and February 2020 over the BTH,
Wuhan, SMA, and TMA regions. All units for the mean, max, and min values are in molecules/cm2.

BTH Wuhan Seoul Tokyo

2019 2020 2019 2020 2019 2020 2019 2020

Mean 7.4E+15 6.5E+15 7.3E+15 6.5E+15 5.8E+15 4.5E+15 3.9E+15 3.5E+15
Std. deviation 3.7E+15 2.4E+15 3.7E+15 1.5E+15 1.3E+15 1.4E+15 1.2E+15 9.7E+14
Max value 2E+16 1.4E+16 2.6E+16 1.2E+16 1E+16 8.5E+15 7.9E+15 7.1E+15
Min value −4.3E+15 −6.5E+15 −1.1E+16 1.3E+14 2.6E+15 −2.1E+14 −3.7E+14 −5.2E+13
Percent change −13.04 −10.38 −22.09 −8.42
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elevation in temperature can increase biogenic emissions of
formaldehyde, but less human activity reduces emissions of
anthropogenic formaldehyde. However, to reach a more valid
conclusion regarding the impact of meteorological factors on
formaldehyde, one should analyze the relationship between daily
formaldehyde levels and daily meteorological factors in greater detail.
Different studies also reported a decrease in VOC concentrations due
to the COVID-19 outbreak and its resulting lockdown situations. For
example, Li et al. (2020) investigated changes in pollutant levels in the
atmosphere of the Yangtze River Delta in China. They found a 37–57%
decrease in VOC concentrations in level 1 (24 January to 25 February
2020) and level 2 (26 February to 31 March 2020) response periods,
respectively, compared to 2019.
Fig. 5.Map of East Asia showing the tropospheric column density of formaldehyde (HCHO) aver
the BTH, Wuhan, SMA, and TMA regions, respectively. All units for the tropospheric column de
3.4. Sulfur dioxide (SO2)

Major sources of SO2 emissions are coal-fired power plants,
industrial sections, automobile tailpipes, and volcanoes (Hand et al.,
2012; Mishra et al., 2016; Speight, 2017; Wei et al., 2014). Table 6
shows that Wuhan is the only region (of the four main study regions)
that experienced significant reductions (almost 71%) in the column
density of SO2 from the previous year while both the SMA and the
TMA showed an increase in SO2 levels. Moreover, the column density
of SO2 over BTH remained unchanged in 2020. As mentioned before,
BTH is one of the most industrialized regions in China. As Fig. S5
shows, BTH has 27 coal-fired power plants while Wuhan has only
three. Although the COVID-19 outbreak and the following lockdown
aged in February 2019 and February 2020 over the study area. (a), (b), (c), and (d) refer to
nsity of formaldehyde (HCHO) are in molecules/cm2.



Table 6
Mean, standard deviation, maximum, andminimum values of the total column density of sulfur dioxide (SO2) calculated in February 2019 and February 2020 over the BTH,Wuhan, SMA,
and TMA regions. All units for mean, max, and min values are in molecules/cm2.

BTH Wuhan Seoul Tokyo

2019 2020 2019 2020 2019 2020 2019 2020

Mean 1.3E+16 1.3E+16 3.9E+15 1.1E+15 8.2E+15 1.1E+16 2.7E+15 9.4E+15
Std. deviation 1.4E+16 1.1E+16 2.3E+16 8.1E+15 9.8E+15 8.4E+15 8.1E+15 8E+15
Max value 8.1E+16 7.3E+16 1.2E+17 4.2E+16 4.3E+16 4.2E+16 2.5E+16 3.4E+16
Min value −5.4E+16 −4.4E+16 −1.3E+17 −2.8E+16 −2.6E+16 −1.6E+16 −2.2E+16 −1.2E+16
Percent change −0.01 −71.48 +38.14 +243.43
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significantly decreased SO2 emissions from vehicle exhaust, the high
number of coal-fired power plants and industrial sections in BTH
could explain why SO2 levels remained unchanged. It is also worth
mentioning that because of the lockdown and stay-at-home advisory,
residents remained in their homes, which increased electricity usage
during cold days. The increased demand forced power plants to produce
more electricity, resulting in higher emissions of SO2. Unlike in BTH, in
Wuhan, several industrial sections either shut down or worked with
limited capacity (Esfandiari and Morris, 2020; Kawakami and Tabeta,
2020). SinceWuhan is home to only three power plants, industry rather
than coal-fired power plants is the main source of SO2 emissions in
Wuhan (Li et al., 2017; Qian et al., 2016). Thus, we attribute the
significant reductions in SO2 levels in Wuhan to the shutdown of the
industrial sections and the stoppage of full-scale production of many
industries (Esfandiari and Morris, 2020; Kawakami and Tabeta, 2020),
the main sources of SO2 emissions in Wuhan. In addition, fewer vehicle
emissions also partially decreased levels of SO2 in Wuhan. Fig. 6 shows
the distribution of the total column density of SO2 over the study area
in February 2019 and February 2020. Previous studies also reported
significant reductions of SO2 concentrations due to the lockdown
down situations. Otmani et al. (2020) reported a 49% decrease of SO2

levels in Salé, Morocco, during the COVID-19 lockdown period,
compared to the days before the lockdown. Kanniah et al. (2020) also
found a 9–20% decrease in SO2 levels in urban regions of Malaysia
during the lockdown situations, compared to the same periods in
2018 and 2019.

As mentioned before, the total column density of SO2 in the SMA
and the TMA was 38 and 243% higher in 2020 than it was in 2019.
Fig. 6.Map of East Asia showing the total column density of sulfur dioxide (SO2) averaged in Fe
Wuhan, SMA, and TMA regions, respectively. All units for the total column density of sulfur diox
upwind regions of the TMA and the SMA, respectively.
Figs. S6 and S7 show few coal-fired power plants in these areas,
indicating other possible reasons for their dramatic increase in SO2

levels. Fig. S3 displays the wind patterns in the study area and
upwind regions of the SMA and the TMA. The wind patterns,
displayed in Fig. 6, reveal that upwind regions of these areas in
2020 were much more polluted than they were in 2019. Considering
the velocity of wind emanating from upwind regions (Fig. S3) and
the one to three days lifetime of SO2 in the atmosphere (Lee et al.,
2011; Rotstayn and Lohmann, 2002), along with the close proximity
of their upwind regions, we conclude that SO2 was transported from
the polluted upwind regions, resulting in a dramatic increase in SO2

levels in these two areas. Furthermore, Fig. S3 displays only surface
wind speeds; wind speeds at higher altitudes, however, are expected
to be much higher. Thus, owing to the relatively high frequency of
missing values in the daily measurements of the total column
density of SO2 within the four regions, we did not analyze the daily
trends of SO2. Table S4 displays the correlation between each pixel
showing the changes in SO2 concentrations from 2019 to 2020 and
its corresponding pixels showing changes in the meteorological
patterns from 2019 to 2020 over the four regions. It also shows
that meteorological factors are not the determining factors of
changes in the SO2 levels in each region. To reach a more valid
conclusion, one should investigate the relationships between daily
SO2 levels and daily meteorological factors in a detailed analysis.
Moreover, standard deviation of SO2 concentrations in Wuhan
decreased dramatically in 2020, compared to 2019, indicating a
more homogeneous levels of SO2 in all areas within the Wuhan
region in 2020.
bruary 2019 and February 2020 over the study area. (a), (b), (c), and (d) refer to the BTH,
ide (SO2) are inmolecules/cm2. The purple and green arrows show thewinddirection from



Table 7
Mean, standarddeviation,maximum, andminimumvalues of the total columndensity of carbonmonoxide (CO) calculatedduring February 2019 and February 2020over theBTH,Wuhan,
SMA, and TMA. All units for mean, max, and min values are in molecules/cm2.

BTH Wuhan SMA TMA

2019 2020 2019 2020 2019 2020 2019 2020

Mean 3.23E+18 2.98E+18 3.51E+18 3.38E+18 2.95E+18 2.77E+18 2.51E+18 2.48E+18
Std. deviation 8.10E+17 6.43E+17 3.74E+17 1.87E+17 9.14E+16 9.09E+16 7.54E+16 5.35E+16
Max value 6.36E+18 5.46E+18 4.84E+18 3.99E+18 3.19E+18 2.99E+18 2.71E+18 2.69E+18
Min value 1.78E+18 1.68E+18 2.24E+18 2.77E+18 2.68E+18 2.54E+18 2.27E+18 2.34E+18
Percent change −7.76 −3.75 −6.41 −1.15
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3.5. Carbon monoxide (CO)

As amajor source of CO in the atmosphere is incomplete combustion
by automobiles, trucks, and airplanes. Other important sources are
wood and grass burning (Choi et al., 2010; Jacobson, 2005). Similar to
the total column density of the three pollutants and the AOD, CO also
decreased by about 8% in BTH, 4% in Wuhan, 6% in the SMA, and 1% in
the TMA (see Table 7). Fig. 7 shows the distribution of the column
density of CO over the study area in February 2019 and February
2020. One explanation for the smaller decrease in CO concentrations is
that like HCHO, anthropogenic CO emissions resulting from less
human activity declined; however, biogenic isoprene emission
increased because of the increases in temperature, particularly in
Wuhan. The rise in temperature resulted in the oxidation of more
biogenic VOC emissions, which increased concentrations of HCHO and
CO. Another is that CO has a moderate lifetime of almost two months
in the atmosphere (Choi et al., 2010; Lelieveld et al., 2002; Pouyaei
et al., 2020). Although emissions of CO decreased significantly, it
would take about two months for CO concentrations in the atmosphere
to begin to decrease. Table S4 displays the relationship between each
pixel showing changes in CO concentrations from 2019 to 2020 and
its corresponding pixel showing changes in themeteorological patterns
from 2019 to 2020 over the four regions. Although the low correlations
indicate a weak relationship between CO levels and meteorological
factors, validating this argumentwould require amore detailed analysis
of the relationship between daily CO levels and daily meteorological
factors. Because of the relatively high frequency of missing values in
the daily measurements of the total column density of CO within the
four regions, we did not analyze the daily trends of CO. Moreover,
Fig. 7.Map of East Asia showing the total columndensity of carbonmonoxide (CO) averaged in F
Wuhan, SMA, and TMA regions, respectively. All units for the total column density of carbon m
Table 7 shows that the standard deviation of the CO concentrations
decreased in all the four regions of the study area, particularly in
Wuhan in 2020, compared to 2019. This indicates that CO
concentrations are more equally distributed in all the four regions,
especially in Wuhan in 2020, compared to 2019. Previous studies also
showed decrease in CO levels during the lockdown situations. As an
example, Kanniah et al. (2020) reported 25–31% decrease in CO
concentrations in urban regions of Malaysia during the lockdown
situations, compared to the same periods in 2018 and 2019. They also
found notable reductions of CO concentrations in industrial, suburban,
and rural regions of Malaysia.

3.6. Formaldehyde to nitrogen dioxide ratio (FNR) and chemical regimes

TROPOMI data showed that the decrease in nitrogen dioxide (NO2)
and formaldehyde (HCHO) concentrations during the lockdown period
significantly influenced the sensitivity of ozone formation to ozone
precursors, nitrogen oxides (NOx = NO + NO2), and volatile organic
compounds (VOCs). Several studies (Duncan et al., 2010; Haagen-
Smit, 1952) have found that in the presence of sunlight, NOx, and
VOCs are the pollutants most responsible for the formation of high
ozone concentrations. The photochemical oxidation of VOCs leads to
the production of hydroperoxyl (HO2) and organic peroxy radicals
(RO2), which in turn increase the rate of the catalytic cycling of NO to
NO2 and the formation of high concentrations of ozone at ground
level. The cycle is terminated by the oxidation of NO2 to nitric acid
(HNO3) and the conversion of RO2 to peroxides (Witte et al., 2011).
Ozone production efficiency (OPE) can be defined as the total number
of ozone molecules produced when a molecule of NOx is oxidized and
ebruary 2019 and February 2020 over the study area. (a), (b), (c), and (d) refer to the BTH,
onoxide (CO) are in molecules/cm2.



Table 8
Monthly mean values for surface ozone concentrations calculated in February 2019 and
February 2020 over East China, BTH, and Wuhan regions along with the correlations
between daily ozone and dailymeteorological factors. The abbreviations Cor., Temp, Press,
and Hum refer to correlation, air temperature (k), surface pressure (hPa), and specific
humidity (kg/kg), respectively. All units for ozone concentrations are in microgram/m3.

East China BTH Wuhan

2019 2020 2019 2020 2019 2020

O3 concentrations 48.5 58 47.3 55.3 37.1 55.6
Cor. O3 & temp −0.09 −0.03 −0.07 0.08 0.09 0.19
Cor. O3 & hum −0.14 −0.16 −0.11 −0.08 −0.12 −0.14
Cor. O3 & press −0.03 0.09 −0.15 −0.06 −0.09 0.09
O3 percent change +19.6 +16.9 +49.8

Fig. 8.Map of East Asia showing the ozone surfacemeasurements for February 2019 and February 2020 over the study area. (a) and (b) refer to the BTH andWuhan regions, respectively.
All units for ozone surface measurements are in microgram/m3.
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has a nonlinear relationship with concentrations of its precursors so
that ozone concentrations depend on both the absolute and relative
concentrations of NOx and VOCs (Duncan and Chameides, 1998; Jeon
et al., 2014).

Several studies (Choi et al., 2012; Duncan et al., 2010; Witte et al.,
2011) used the FNR to determine the chemical sensitivity of ozone
production (OP) by using models such as the Community Multiscale
Air Quality (CMAQ) model. They found that FNR b 1, an FNR between
1 and 2, and FNR N 2 can refer to VOC-sensitive, mixed, and NOx-
sensitive regimes, respectively. The reason for selecting these
thresholds is that in VOC-sensitive conditions, an increase (or a
decrease) in VOC (NOx) leads to an increase in ozone concentrations;
in NOx-sensitive conditions, however, ozone increases as NOx levels
increase. Moreover, an FNR between 1 and 2 (mixed regime) reflects
the transition between regimes, in which both NOx and VOCs can
change the OP. In this study, we also used the FNR to investigate the
chemical sensitivity of the OP to its precursors even though it was not
feasible to use satellite images to determine the specific boundaries of
the FNR describing VOC-sensitive, mixed, and NOx-sensitive regimes.
Moreover, when the column density of NO2 is b1 × 1015 molecules
cm−2, typical of regions remote to anthropogenic sources, calculating
the FNR is not feasible (e.g., Choi et al., 2012; Martin et al., 2006;
Russell et al., 2010). As shown in Table S5 and Fig. S8, The FNR
significantly increased in the BTH (75%) and Wuhan (398%) regions
between 2019 and 2020. Despite increasing dramatically in BTH and
Wuhan, the FNR did not do so in either the SMA (16%) or the TMA
(20%). East China, especially Wuhan and BTH, imposed more stringent
lockdown situations, reducing NOx and VOC emissions. As described in
Sections 3.2 and 3.3, the NO2 levels decreased by 83% in Wuhan and
54% in BTH in 2020; formaldehyde levels, however, decreased by only
10% in Wuhan and 13% in BTH. This finding indicates that NO2 was the
main factor responsible for the change in the chemical regimes in the
BTH and Wuhan regions.

Fig. S9 shows that values of the FNR in most parts of East China,
especially in Wuhan, changed from below 1 to above 2, indicating that
ozone production in most of these regions became less NOx saturated
in February 2020. Interestingly, ground measurements showed that
despite the reductions in NO2 and formaldehyde concentrations in
2020, surface ozone increased in most parts of East China (Fig. 8),
suggesting that the reductions in NOx and formaldehyde in February
2020 were not sufficiently high to decrease ozone concentrations.
Studies (Gao et al., 2020;Ma et al., 2020; Zhu et al., 2017) have reported
increases in surface ozone concentrations in recent years, underscoring
the challenge that China has faced while attempting to reduce surface
ozone. Table 8 shows the surface ozone concentrations in East China,
BTH, and Wuhan regions for 2019 and 2020 and the relationship
between daily ozone and daily meteorological factors. As shown,
ground-level ozone concentrations increased by 19.6% in East China,
16.9% in BTH, and 49.8% in Wuhan. These results show that increases
in surface ozone in East China, especially inWuhan, were not associated
with changes in meteorological factors but that they were due to other
factors.

4. Conclusion

During the COVID-19 outbreak, there was a dramatic decrease in
human activities, resulting in significant reductions in pollutant levels
in the atmosphere. In this study, we used satellite remote sensing to
investigate the impact of the COVID-19 outbreak on atmospheric
concentrations of pollutants, including NO2, formaldehyde, SO2, and
CO. In this regard, we compared levels of pollutants and the AOD in
February 2019 and February 2020. Of the four pollutant concentrations,
NO2 concentrations decreased themost from 2019 to 2020: 54% in BTH,
83% in Wuhan, 33% in the SMA, and 19% in the TMA. Results showed a
delay in NO2 reductions in the SMA resulting from the delay in the
COVID-19 outbreak and subsequent stay-at-home strategies in the
SMA compared to the BTH and Wuhan. As expected, compared to the
other three regions, Wuhan experienced the greatest reductions in
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pollutant levels with 83%, 11%, 71%, and 4% decreases in the column
density of NO2, formaldehyde, SO2, and CO, respectively, in February
2020. The AOD also decreased by about 62% in Wuhan. Although SO2

decreased dramatically in Wuhan, it remained relatively unchanged in
BTH, due to the larger number of power plants and industrial sections,
some of the main sources of SO2 that remained open in BTH. All of the
pollutants except for SO2 in the SMA and the TMA decreased in 2020.
The reason for the increase in SO2 levels of 30% in the SMA and 243%
in the TMA was the effects of transport from polluted upwind regions,
which were much more polluted in 2020 than in 2019. Transport from
upwind regions was also responsible for the 20% increase in AOD levels
in the SMA.

Analyses showed that the mean FNR increased dramatically in BTH
(75%) and Wuhan (398%) from 2019 to 2020, while the SMA and the
TMA did not experience major changes, a moderate 16% increase in
the SMA and 20% in the TMA. This increase in the FNR suggests that
OP in all four regions, especially in BTH and Wuhan, became more
sensitive to NOx in 2020. We also investigated surface ozone
concentrations in eastern China. Despite the reductions in ozone
precursors, NOx, and formaldehyde, the surface ozone levels in 2020
measured increases of nearly 20% in East China, 17% in BTH, and 50%
in Wuhan, suggesting that reductions in NOx and formaldehyde in
2020 were not high enough to decrease ozone concentrations over
East Asia. As investigations of meteorological data revealed that
meteorological factors were not strongly correlated with the column
density of NO2 and the surface measurements of ozone, they were not
the main factors responsible for changes in NO2 and surface ozone
levels. In addition, we assume that PM levels also decreased from
2019 to 2020 because of reductions in the atmospheric precursors of
PM, including SO2, VOCs, and NOx.
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