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HIGHLIGHTS

GRAPHICAL ABSTRACT

Tropospheric NO, decreased sharply
over East China in 2020 lunar new year
holiday.

These reductions of tropospheric NO,
were driven by COVID-19 lockdowns
and clean air regulations.

Relative contributions of COVID-19
lockdowns and clean air regulations
varied by region.
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We study the variation of tropospheric NO, vertical column densities (TropNO,VCDs) over East China during the
2005-2020 lunar new year (LNY) holiday seasons to understand factors on the reduction of tropospheric NO,
during the outbreak of COVID-19 in East China using Ozone Monitoring Instrument (OMI) and TROPOspheric
Monitoring Instrument (TROPOMI) observations. TropNO,VCDs from OMI and TROPOMI reveal sharp reductions
of 33%-72% during 2020 LNY holiday season and the co-occurring outbreak of COVID-19 relative to the climato-
logical mean of 2005-2019 LNY holiday seasons, and 22%-67% reduction relative to the 2019 LNY holiday season.
These reductions of TropNO,VCD occur majorly over highly polluted metropolitan areas with condensed indus-
trial and transportation emission sources. COVID-19 control measures including lockdowns and shelter-in-place
regulations are the primary reason for these tropospheric NO, reductions over most areas of East China in 2020
LNY holiday season relative to the 2019 LNY holiday season, as COVID-19 control measures may explain ~87%-
90% of tropospheric NO, reduction in Wuhan as well as ~62%-89% in Beijing, Yangtze River Delta (YRD) and
Sichuan Basin areas. The clean air regulation of China also contributes significantly to reductions of tropospheric
NO, simultaneously and is the primary factor in the Pearl River Delta (PRD) area, by explaining ~56%-63% of the
tropospheric NO, reduction there.

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

The COVID-19 disease caused by SARS-CoV-2, a novel coronavirus,
was first reported in Wuhan, capital of Hubei Province in China, in De-
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Wubhan city and surrounding areas with 258 confirmed cases on January
21, 2020 (World Health Organization, 2020). By then, confirmed cases
were also found in Japan, South Korea, Thailand and eventually world-
wide, respectively (World Health Organization, 2020). The Chinese gov-
ernment had announced a strict lockdown and shelter-in-place law in
Wuhan City on January 23, 2020 (Li et al., 2020; Tian et al., 2020).
These regulations required people to stay at home without using cars,
suspended all public transportations and closed non-essential busi-
nesses and manufacturing factories. A day later, other cities in Hubei
province also conducted similar lockdown and shelter-in-place regula-
tions (Tian et al., 2020). In the following week, the government of
China had announced mandatory “shelter-in-place” orders nationwide.
These COVID-19 control measures and consequently minimized human
activities in China and worldwide are expected to result in substantially
reduced NO, (NO, = NO+NO,) emissions due to the dominancy of an-
thropogenic NOy sources (Bauwens et al., 2020; Collivignarelli et al.,
2020; Earth Observatory NASA, 2020; Lian et al., 2020; Liu et al., 2020).

Meanwhile, the outbreak of COVID-19 happened during the 2020
lunar new year (LNY) holiday season (a.k.a. spring festival) as the
2020 LNY's day was January 25, 2020 based on the lunar calendar. The
LNY holiday season in China usually lasts for approximately 40 days
and is herein defined as 14 days before the LNY's day and 25 days
after (Fig. 1). During the LNY holiday season, the tropospheric NO,
abundance over China indicates “holiday effects” that are characterized
by two high peaks before/after the national LNY holiday and a trough in
the middle. This pattern shifts with the LNY's day on the Julian calendar
(Tan et al., 2009; Zhang et al., 2019; more in Section 2.1). The COVID-19
lockdown in China started on January 23, 2020 and lasted through the
entire 2020 LNY holiday season. As a result, studies on tropospheric
NO,, variation during the outbreak of COVID-19 shall take account of
the impacts of LNY holiday seasons and shifts of LNY days on the Julian
calendar every year (Liu et al., 2020).

Also, China has begun to conduct new emission regulations since
2010, after which tropospheric NO, has been decreasing rapidly nation-
wide (de Foy et al., 2016; Lin et al,, 2019; Liu et al., 2016). These clean air
regulations may also contribute to the observed tropospheric NO- re-
duction during the outbreak of COVID-19 in China.

Significant reduction in tropospheric NO, vertical column densities
(TropNO,VCDs) was observed by satellite instruments during the
COVID-19 lockdown period (Bauwens et al., 2020; Liu et al., 2020),
which may be caused by a combination of “holiday effects” of LNY,

meteorological conditions, control measures and lockdowns due to
the COVID-19 outbreak, and the continuation of clean air regulations
in China. The LNY “holiday effects” of TropNO,VCDs can be canceled
out since this study only focuses TropNO,VCDs over LNY holiday sea-
sons. The meteorological influences on tropospheric NO, should be
small in this study because meteorological conditions were normal in
2020 LNY holiday seasons compared to the 2005-2019 climatology,
and 40-day average TropNO,VCDs smooth out most weather induced
variability (European Centre for Medium-Range Weather Forecasts,
2020; more discussions in Section 4.2).

As such, the goal of this study is to understand the variation of
TropNO,VCDs in East China during the 2005-2020 LNY holiday seasons
and quantify contributions by both COVID-19 control measures and
clean air regulations to the reduction of TropNO,VCDs during 2020
LNY holiday season in East China. We combine tropospheric NO, obser-
vations from Ozone Monitoring Instrument (OMI) with moderate spa-
tial resolutions and long-term coverage and TROPspheric Monitoring
Instrument (TROPOMI) with fine resolutions but only available in
2019-2020 LNY holiday seasons.

2. Materials and data
2.1. Lunar new year holiday season

The LNY day is set according to the lunar calendar and varies from
late January to early February on Julian calendars. Fig. 1 shows the dis-
tribution of LNY days and the official national holidays during
2005-2020. Millions of people in mainland China return to their home-
towns from working places in the beginning of the holiday season and
travel back to work sites towards the end of the holiday season (Li
et al,, 2016). The LNY holiday season with a large migration usually
lasts approximately 40 days, 14 days before the LNY's day and 25 days
after, as shown in Fig. 1. The industrial and transportation-related emis-
sions decrease before the LNY's day, stay at a relatively low level during
the LNY holiday, and then gradually increase back to normal after the
holiday. The consequent impact on air pollution levels is known as the
“holiday effect” that shifts with LNY days (Feng et al., 2016; Huang
etal, 2012; Ji et al.,, 2018; Tan et al., 2009; Yao et al,, 2019). As shown
in Fig. 1, the variation of LNY dates on the Julian calendar is blurred
since we averaged over a 40-day period. The natural emissions of NOy
are considerably small during LNY periods (January to early March)
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Fig. 1. Lunar new year (LNY) day and national holidays in 2005-2020 are marked by cyan dots and solid gray lines, respectively. Solid black lines represent LNY holiday seasons during
2005-2020. The first day of lockdown in Wuhan is marked by the orange triangle for 2020. Note that LNY national holidays in 2020 had been extended from 7 days to 10 days due to

the COVID-19.
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because of low temperature, low level of lighting and inactive biosphere
(Lin, 2012). The dominant contributor to NO, variation is anthropogenic
emission that shifts with the lunar calendar. As a result, studies on tro-
pospheric NO, variation during the outbreak of COVID-19 shall take ac-
count of the impacts of LNY holiday seasons and shifts of LNY days on
the Julian calendar every year.

2.2. OMI and TROPOMI observations

Level 2 OMI tropospheric NO, product (OMNO2 version SPv3)
(Krotkov et al., 2019) and TROPOMI Tropospheric NO, product (version
1.3.0) (European Space Agency, 2018) are used in this study.

OMI is a push room UV-VIS spectrometer that measures the Earth's
backscattered sunlight since October 2004 aboard the Aura satellite
(Levelt et al., 2006). The Aura satellite is on a sun-synchronous polar
orbit with an equator crossing time of approximately 1345 local time
(Kroon et al., 2008; Levelt et al., 2006). The swath width of OMI is
2600 km, enabling global daily coverage with aresolution of 13 km x 24 km
(along x across-track) at nadir. The OMI level 2 NO, standard product is
retrieved through a variation of differential optical absorption spectros-
copy algorithm (Bucsela et al., 2013; Krotkov et al., 2017). OMI has been
proved with considerably stable performance since the launch in 2004, al-
though OMI's global coverage and data sampling have been affected by
the “row anomaly” that was first found in 2007 (Krotkov et al., 2017).
The impacts of row anomaly on data sampling are shown in Fig. S1. As a
result, only OMI tropospheric NO, observations of rows 5-23 on clear
sky scenes (with cloud coverage less than 0.3) are used, excluding those
affected by the row anomaly, to avoid inconsistent sampling of data
(Duncan et al.,, 2016; Krotkov et al.,, 2017; Krotkov et al., 2019).

TROPOMI is the single payload aboard the Sentinel 5 Precursor (S5P)
satellite that has a sun-synchronous orbit with local overpass time of
approximately 1330 with a near-daily global coverage since April

(a) 2019 TROPOMI

2018 (Veefkind et al., 2012). The TROPOMI NO,, retrieval algorithm is
developed by the Royal Netherlands Meteorological Institute and
based on the NO, DOMINO (Dutch OMI NO2) algorithm with significant
improvements. TROPOMI measures tropospheric NO, with a pixel size
of 7 km x 3.5 km at nadir, and the resolution has been improved to
5.5 km x 3.5 km with a change in the S5P operation scenario since Au-
gust 6, 2019 (orbit 9388) (Eskes and Eichmann, 2019). Similar to OMI
data, we only use TROPOMI observations with cloud coverage less
than 0.3 (Eskes and Eichmann, 2019). Although TROPOMI recom-
mended pixels with quality assurance (QA) values greater than 0.75,
we use TROPOMI pixels with QA values greater than 0.5, which includes
good quality retrievals over clouds and over snow/ice scenes and is
“useful for assimilation and model and model comparison studies”
(Eskes and Eichmann, 2019), to add more observations to this study in
wintertime. In addition, since pixels with QA greater than 0.75 removes
cloud scenes with cloud coverage greater than 0.5 (Eskes and Eichmann,
2019), we use a stricter threshold (<0.3) for cloud coverage to remove
pixels that may be influenced by clouds and maintain sampling consis-
tency. Furthermore, the difference is small between selecting 0.5 and
0.75 for QA value thresholds with both cloud threshold (<0.3) applied
in this study as shown in Fig. S2.

Consequently, the combination of OMI and TROPOMI provides us a
long temporal coverage of TropNO2VCD observations with a moderate
spatial resolution in 2005-2020 LNY holiday seasons and a fine spatial
resolution in 2019-2020 LNY holiday seasons.

3. Methodology
3.1. Conversion of level 2 data to level 3 data

It is critical to ensure data consistency due to the use of long-term
data from two spaceborne data sources. We produce level 3 data over
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Fig. 2. Comparisons of OMI and TROPOMI observed tropospheric NO, vertical column densities (TropNO,VCDs) during 2019 and 2020 lunar new year (LNY) holiday seasons.
TropNO,VCDs observed by OMI and TROPOMI during 2019 and 2020 LNY holiday seasons are shown in panels (a), (b), (f) and (g), respectively. OMI and TROPOMI with corrections
applied are shown in panels of (c), (d), (h) and (i), respectively. Scatter plots of TROOMI tropospheric NO, vs. OMI NO, and corrected TROPOMI vs. corrected OMI tropospheric NO,
during 2019 and 2020 LNY holiday season in panel (e). Panel (j) shows a map of the mean difference between OMI and TROPOMI TropNO,VCDs averaged during 2019 and 2020 LNY

holiday seasons (i.e., c(ij) in Eq. 1).
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LNY holiday seasons by averaging level 2 data to a common, regular
0.125° x 0.125° grid and apply corrections to these regridded level 3 tro-
pospheric NO, data. We use the physical oversampling method by Sun
et al. (2018) to average temporally and spatially level 2 satellite obser-
vations to level 3 grid. Two-dimensional super Gaussian functions are
used to represent the spatial response functions of satellite sensors. In
comparison with conventional approaches that only consider the pixel
corners, this method gives considerable advantages of visualizing the
distribution and local gradients of trace gases and for scenarios with
short temporal windows (Sun et al., 2018). We directly regrid OMI
level 2 data to the 0.125° x 0.125° grid, while we regrid TROPOMI
level 2 data to 0.01° x 0.01° first and then aggregate them to
0.125° x 0.125° through area-weighted averaging (Sun et al., 2018;
Zhu et al,, 2017). This is because the physical oversampling method as-
sumes that the sensitivity of a satellite observation is represented by a
continuous spatial response function, which is feasible when the grid
size is not significantly larger than the satellite footprint.

3.2. Corrections applied to OMI and TROPOMI level 3 data

The overpass times of OMI and TROPOMI are 1345 and 1330 local
time, respectively (Levelt et al., 2006; Veefkind et al., 2012). It is reason-
able to assume that OMI and TROPOMI have similar observations on tro-
pospheric NO,, since the lifetime of NO, in the troposphere is much
longer than 15 min (Shah et al.,, 2020). OMI TropNO,VCDs during
2019 and 2020 LNY holiday seasons (Fig. 2 (b) and (g)) are higher
than TROPOMI TropNO,VCDs (Fig. 2 (a) and (f)). Both years combined,
OMI is higher than TROPOMI by 0.02 Dobson unit (DU) with 0.07 DU
standard deviation as shown in panel (e) of Fig. 2. These biases are con-
siderably higher over polluted areas, e.g., major metropolitan areas and
the North China Plain. The regression slope between OMI and TROPOMI
level 3 data is 1.71 (Fig. 2(e)). A similar difference between OMI and
TROPOMI on tropospheric NO, was also found over China in January
2019 (Cheng et al., 2019). These discrepancies may be caused by
many factors, including spectral fitting algorithms, atmospheric mass
factor (AMF) calculation, and spatial sampling discrepancies due to dif-
ferent pixel size and OMI's row anomaly (OMI and TROPOMI spatial
sampling on selected days in 2020 are shown in Fig. S3) (Cheng et al.,
2019; Griffin et al., 2019; Krotkov et al.,, 2017). As a result, a correction
should be applied to OMI and TROPOMI level 3 data to reconcile the
discrepancies.

Since we focus on spatially regridded and temporally averaged
TropNO,VCDs over LNY holiday seasons in China instead of individual
retrievals, we apply a simple correction to OMI and TROPOMI level 3

(b)20 Corr. OMI minus
05-19 Mean Corr. OMI

TropNO,VCDs. We obtain mean differences between OMI and
TROPOMI level 3 data during 2019 and 2020 LNY holiday seasons as:

c(i, j) = 0.5 x [(OMI019(i, j) + OMIxg0(i, j)) )
—(TROPOMI5019(i, j) + TROPOM I 0201, j))]

where i, j are latitude and longitude grid indices, respectively. OMl5g;g,
OMl5020, TROPOMI419 and TROPOMI g5 represent level 3 TropNO,VCDs
measured by OMI or TROPOMI during 2019 and 2020 LNY holiday sea-
sons, respectively. The correction term c(i,j) accounts for the potential
sampling and algorithm biases between the OMI and TROPOMI NO,
products, which are assumed to be steady over all LNY holiday seasons.
Therefore, we apply the same corrections to both OMI and TROPOMI
level 3 data as follows: corrected OMI TropNO,VCDs in LNY of year yi
are defined as

corr.OMI,;(i, j) = OMIi(i, j)—0.5 x c(i, j), 2)

and corrected TROPOMI TropNO,V(Ds are defined as

corr. TROPOMI,; (i, j) = TROPOMI,; + 0.5 x c(i, j), 3)

A map of the correction term c(i,j) is shown in the panel (j) of Fig. 2.
TropNO,VCDs during 2019 and 2020 LNY holiday seasons after applying
corrections are plotted in panels of (c), (d), (h) and (i) of Fig. 2, respec-
tively. OMI TropNO,VCDs after applying corrections shows significantly
better agreement with TROPOMI observations with a mean bias of
0.00 +/— 0.03 DU as in panel (e) of Fig. 2.

4. Results

4.1. Distribution of tropospheric NO, during LNY holiday seasons in East
China

Mean OMI TropNO,VCDs during 2005-2019 LNY holiday seasons
with corrections applied are plotted in panel (a) of Fig. 3. The panel
(a) reveals large hotspots of TropNO,VCDs over the North China plain
and other metropolitan areas as labeled in the plot. High TropNO,VCDs
are seen over China. The mean TropNO,VCDs are up to 0.47 DU and 0.68
DU in Pearl River Delta (PRD) and Yangtze River Delta (YRD) areas, re-
spectively. The Beijing, Sichuan Basin and Wuhan areas show slightly
lower TropNO,V(Ds as 0.25 DU, 0.16 DU and 0.37 DU, respectively.

Both OMI and TROPOMI with correction applied observed 0.1-0.4
DU reductions over East China in 2020 LNY holiday season relative to
means of 2005-2019 LNY holiday seasons, as shown in panels (b) and

(c)20 Corr. TROPOMI minus
05-19 Mean Corr. OMI
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Fig. 3. (a) Climatological (2005-2019) tropospheric NO, vertical column density (VCDs) observed by OMI during lunar new year (LNY) holiday seasons in East China. (b) Tropospheric NO,
reductions in 2020 observed by OMI relative to the 2005-2019 climatological mean from OMIL. (¢) Same as (b) but using TROPOMI 2020 data. All OMI/TROPOMI level 3 data are corrected

using Egs. (1)-(3).
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(c) of Fig. 3, respectively. TropNO,VCDs have decreased by 55%-72%
over PRD, YRD and Wuhan metropolitans in 2020 LNY holiday season rel-
ative to mean TropNO,VCDs of 2005-2019 LNY holiday seasons, while a
smaller decrease of 33%-58% is observed in Beijing and Sichuan Basin.
Both OMI and TROPOMI observations show that tropospheric NO, reduc-
tions occur mainly in the North China Plain and other metropolitan areas
that are highly polluted with concentrated industrial and transportation
sectors (Liu et al.,, 2016). Ground NO, concentrations have also been re-
ported to decrease sharply during COVID-19 lockdowns globally
(Collivignarelli et al., 2020; Lian et al., 2020; Tobias et al., 2020). This im-
plies these tropospheric NO, reductions are strongly associated with the
decline of industrial activities of COVID-19 lockdowns.

4.2. Characteristics of tropospheric NO, trends during LNY holiday seasons

TropNO,VCDs had been increasing dramatically in China during the
first decade of 21st century due to the rapid development of economy
and industry (Richter et al., 2005; Zhang et al., 2018). Since 2010, the
Chinese government has strengthened pollution control measures to re-
duce national emissions of nitrogen oxides by 10% by 2015 compared
with 2010 NOy emissions (de Foy et al., 2016; Hou et al., 2019; Zhang
et al,, 2018). TropNO,VCDs in China started to decrease after reaching
maximums around 2011-2012, depending on regions (Hou et al.,
2019; Lin et al.,, 2019). These decreasing trends of TropNO,VCDs in
China were mainly caused by the clean air regulations, while the contri-
bution of meteorological factors was negligible (<1%) (Lin et al., 2019).
As result, the time series of TropNO,VCDs over China indicate a “con-
cave” shape with a peak around 2011-2012.

Time scales of weather patterns are approximately 1-2 weeks or less
(Seinfeld and Pandis, 2016). The stochastic patterns imposed by weather

(a)Predicted 2019-2020

(b)2019-2020 Changes

systems will be averaged out in this study since we are averaging
TropNO,VCDs consistently over 40 days of LNY holiday seasons
(European Centre for Medium-Range Weather Forecasts, 2020). Further-
more, to investigate the effect of meteorology on the reduction of
TropNO,VCDs, meteorological and climatological data of 2005-2020 LNY
holidays have been investigated. These data include temperatures at
2 m above ground level (T2m) and 10 m (T10m), wind speed at 10 m
above ground level (WS10m) from ERA5 (Hersbach et al.,, 2018) and
MERRA-2 (Modern-Era Retrospective analysis for Research and Applica-
tions, Version 2) (Gelaro et al., 2017), wind speed at 100 m above ground
level (WS100m) from ERA5 and wind speed at 50 m above ground level
(WS50m) from MERRA-2. Meteorological conditions were normal during
2020 LNY holiday season, compared to climatological data of 2005-2019
LNY holiday seasons, as shown in Figs. S4-S9. For example, the median
T2m is approximately 285 K over Wuhan in 2020 LNY holiday seasons
as in Fig. S4, which is close to the median T2m of LNY holiday seasons in
any year in 2005-2019. Consequently, meteorological and climatological
conditions are assumed to have no significant influences on the reduction
of tropospheric NO, over East China during 2020 LNY holiday season.

To capture the aforementioned “concave”-shape interannual vari-
ability, a quadratic regression model (y = ax?> + bx + c) is utilized to
fit the TropNO,VCDs time series of 2005-2019 LNY holiday seasons,
where x and y represent the year and TropNO,VCDs averaged over
LNY holiday season of that year. The expected TropNO,VCDs during
the 2020 LNY holiday season, without COVID-19 influence, can be pre-
dicted by linearly extrapolating the 2019 values with a slope of
2ax + b, where x = 2019.

The predicted 2019-2020 changes of TropNO,VCDs, calculated as
the difference between 2019 values and predicted 2020 values, are plot-
ted at the level 3 grid using OMI data in the panel (a) of Fig. 4. This
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Fig. 4. Tropospheric NO, vertical column density (TropNO,VCD) changes and variations over East China during lunar new year (LNY) holiday seasons by OMI and TROPOMI (with correc-
tions applied). Panel (a) shows the predicted TropNO,VCD changes during 2019-2020 LNY holidays, and panels (b) and (c) plot tropospheric NO, reductions over East China during
2019-2020 LNY, respectively, based on OMI and TROPOMI observations. Panel (d) shows temporal variations of TropNO,VCDs during 2005-2020 LNY holiday seasons, with a zoom-in
view for 2019-2020, in major metropolitan areas marked by different colors accordingly. The solid lines with solid dots and triangles represent TropNO,VCDs in LNY holiday seasons ob-
served by OMI and TROPOMI with correction applied, respectively. The dashed line with different colors represents tropospheric NO, regressions by the quadratic regression model in

different metropolitan areas, accordingly.
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change map indicates that TropNO,VCDs have negative trends over East
China, especially in the highly polluted North China Plain and other
metropolitan areas, due to the clean air regulations of China. The real re-
ductions of tropospheric NO, in 2019 and 2020 LNY holiday seasons, as
observed by OMI and TROPOIMI, are ~1-9 times greater than the corre-
sponding predicted changes (Fig. 4 (b)-(c)). Tropospheric VCDs de-
clines by 22%-67% in the 2020 LNY holiday season relative to the 2019
LNY holiday season. These negative changes indicate that COVID-19
control measures and clean air regulations both contribute to reduc-
tions of tropospheric NO, in 2020 LNY holiday season over East China.
The relative contributions by COVID-19 control measures and emission
control varies over specific regions.

Fig. 4(d) shows temporal characteristics of LNY holiday season
TropNO,VCDs observed by OMI and TROPOMI with correction applied
over major metropolitan areas. Table 1 lists predicted and observed
2019-2020 LNY holiday season changes by OMI and TROPOMI averaged
over each region. Time series of TropNO,VCDs indicate turning points
after the conduction of clean air regulations of China over Beijing, Si-
chuan Basin and Wuhan metropolitan areas. TropNO,VCDs are pre-
dicted to decrease by 0.022 DU, 0.017 DU and 0.027 DU in Beijing,
Sichuan Basin and Wuhan metropolitan areas, respectively, between
2019 and 2020 LNY holiday seasons. In the PRD and YRD areas,
TropNO,VCDs show faster decreasing trends during LNY holiday sea-
sons after the conduction of clean air regulations. TropNO,VCDs are pre-
dicted to decrease by 0.049 DU and 0.041 DU in the PRD and YRD areas
during 2019-2020 LNY holiday seasons, respectively.

Percentage contribution from the clean air regulations can be calcu-
lated as the predicted 2019-2020 tropospheric NO, changes divided by
the observed 2019-2020 tropospheric NO, changes from OMI or
TROPOMIL. The percentage contribution from COVID-19 control mea-
sures is calculated as 100% minus percentage contribution from clean
air regulations, since we assume the reduction of TropNO,VCD is caused
by COVID-19 control measures and clean air regulations. The ratios of
emission control-caused and COVID-19 control measure-caused NO, re-
ductions may reveal the impacts of COVID-19 lockdowns and control
measures on tropospheric NO, variation in East China as shown in
Table 1. In the Wuhan area, the first epicenter of the world, only ~10%
(OMI) to 13% (TROPOMI) of the observed LNY tropospheric NO, reduc-
tion can be explained by the clean air regulations, while ~87%-90% of
tropospheric NO, reduction is caused by the COVID-19 lockdowns be-
cause Wuhan had conducted the strictest lockdown and shelter-in-
place regulations in the world (Tian et al., 2020). In the Beijing area,
~11%-32% and ~ 68%- 89% of the tropospheric NO, reduction is caused
by the clean air regulations and COVID-19 control measures, as Beijing
city has conducted considerably strict control measures (Beijing
Municipal Health Commission, 2020). ~77%-84% and ~62% of the NO,
reduction in YRD and Sichuan Basin is caused by the COVID-19 control
measures, as cities of YRD (e.g., Shanghai City) and Sichuan Basin
(e.g., Chengdu City and Chonggqing City) had conducted similar control
measures as Beijing city (Health Commission of Sichuan Province,
2020; Shanghai People's Government, 2020). In the YRD area, however,
only ~37%-44% of the reduction is caused by the COVID-19 measures
with the remaining ~56%-63% explained by the clean air regulations,
due to less strict control measures (Health Commission of Guangdong
Province, 2020). Overall, the ratio of NO, reduction caused by clean air
regulations and COVID-19 control measures is associated with how
strict the local COVID-19 control measures were conducted.

5. Discussions and conclusions

We studied the variation of TropNO,VCDs in East China during the
2005-2020 LNY holiday seasons and the outbreak of COVID-19 by
using OMI and TROPOMI tropospheric NO, observations. We have con-
verted level 2 data of OMI and TROPOMI to 0.125° x 0.125° grid level 3
data by using the physical oversampling method (Sun et al., 2018) and
applied corrections to OMI and TROPOMI NO, level 3 data to obtain a

consistent dataset for this study. The corrections were obtained through
the mean difference between OMI and TROPOMI tropospheric NO, in
the 2019 and 2020 LNY holiday seasons.

TropNO,VCDs had decreased sharply during 2020 LNY holiday sea-
son and the outbreak of COVID-19 in East China, especially in the
North China Plain and other metropolitan areas. TropNO,VCDs declines
by ~33%-72% in 2020 LNY holiday seasons relative to 2005-2019 LNY
holiday seasons and by 22%-67% relative to the 2019 LNY holiday sea-
son in East China. The meteorological contribution may be small be-
cause (1) meteorological conditions are normal in 2020 LNY holiday
season, compared to climatological values of 2005-2019 LNY holiday
seasons, and (2) our 40-day averaged TropNO,VCDs have already aver-
aged out stochastic patterns by weather systems. The impacts of NO,
emission changes during LNY holiday seasons have been canceled out
since the focus of this study is tropospheric NO, during LNY holiday sea-
sons. Consequently, COVID-19 control measures and the clean air regu-
lations of China are primary reasons for the reduction of TropNO,VCDs
over East China during the outbreak of COVID-19.

As the first epicenter, the Wuhan metropolitan area recorded
~54-64% tropospheric NO, reduction during 2020 LNY holiday season
observed by TROPOMI and OM], relative to the mean of 2005-2019
LNY holiday seasons. 2020 LNY holiday season TropNO,VCDs in Beijing,
YRD and PRD metropolitan areas are ~32%-72% less than the mean of
2005-2019 LNY holiday seasons, while the TropNO,VCD in Sichuan
Basin area during 2020 LNY holiday season is ~41% less than the mean
value of 2005-2019.The reductions of tropospheric NO, in 2020 LNY
holiday season relative to the 2019 LNY holiday season caused by the
clean air regulations can be estimated by a quadratic regression model
and 2005-2019 OMI TropNO,VCDs. The clean air regulations have con-
tributed to the reduction of TropNO,VCDs by ~10%-63% over East China
between 2019 and 2020 LNY holiday seasons. COVID-19 control mea-
sures are the primary factor for the reduction of tropospheric NO, and
in most areas, while the clean air regulations are the primary factor in
specific areas. The lockdowns of COVID-19 and clean air regulations
has caused ~87%-90% and ~ 10%-13% of the tropospheric NO, reduction
in the Wuhan area. COVID-19 control measures have caused ~68%-89%,
~77%-84% and ~62% of the tropospheric NO, reductions in Beijing, YRD
and Sichuan Basin areas, respectively. The clean air regulations are the
primary factor in the PRD area as the clean air regulations may explain
~56%-63% of the tropospheric NO, reduction. Overall, the primary and
secondary factors for tropospheric NO, reduction are associated with
how strict the COVID-19 control measures were conducted locally.

The COVID-19 control measures are the primary factor that causes a
sharp reduction of tropospheric NO, in East China during the outbreak
of COVID-19, while the contribution by the clean air regulations cannot
be ignored. In specific areas, e.g. PRD area, the clean air regulation is the
primary factor for the reduction of tropospheric NO,. This study has fo-
cused on the variation of TropNO,VCDs over specific periods of
2005-2020 when meteorological conditions were similar. However,
NOy emissions and atmospheric chemistry conditions may be different.
Further studies are needed to understand changes of NO, emissions and
atmospheric chemistry as consequences of the COVID-19 pandemic.
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Table 1

Predicted and observed (OMI and TROPOMI) changes of tropospheric NO, vertical column densities (TropNO,VCDs) during 2019-2020 LNY holiday seasons over major metropolitan areas
and corresponding percentage of tropospheric NO, reductions caused by the clean air regulations based on TROPOMI and OMI.

Predicted 19-20 19-20 Changes by  19-20 Changes

Percentage of tropospheric NO, reduction caused by  Percentage of tropospheric NO, reduction caused

Changes (DU) TROPOMI (DU) by OMI (DU) clean air regulations based on TROPOMI (%) by clean air regulations based on OMI (%)
Beijing  —0.022 —0.068 —0.195 32 11
PRD —0.049 —0.087 —0.078 56 63
Sichuan —0.017 —0.045 —0.045 38 38
Wuhan  —0.027 —0.211 —0.28 13 10
YRD —0.041 —0.179 —0.263 23 16
Acl(nowledgments retrospective analysis for research and applications, version 2 (MERRA-2). ]. Clim.
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