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Abstract: Since the COVID-19 outbreak in 2020, China’s air pollution has been significantly affected
by control measures on industrial production and human activities. In this study, we analyzed
the temporal variations of NO, concentrations during the COVID-19 lockdown and post-epidemic
era in 11 Chinese megacities by using satellite and ground-based remote sensing as well as in
situ measurements. The average satellite tropospheric vertical column density (TVCD) of NO, by
TROPOMI decreased by 39.2-71.93% during the 15 days after Chinese New Year when the lockdown
was at its most rigorous compared to that of 2019, while the in situ NO, concentration measured by
China National Environmental Monitoring Centre (CNEMC) decreased by 42.53-69.81% for these
cities. Such differences between both measurements were further investigated by using ground-based
multi-axis differential optical absorption spectroscopy (MAX-DOAS) remote sensing of NO, vertical
profiles. For instance, in Beijing, MAX-DOAS NO, showed a decrease of 14.19% (versus 18.63% by in
situ) at the ground surface, and 36.24% (versus 36.25% by satellite) for the total tropospheric column.
Thus, vertical discrepancies of atmospheric NO; can largely explain the differences between satellite
and in situ NO; variations. In the post-epidemic era of 2021, satellite NO, TVCD and in situ NO,
concentrations decreased by 10.42-64.96% and 1.05-34.99% compared to 2019, respectively, possibly
related to the reduction of the transportation industry. This study reveals the changes of China’s
urban NO; pollution in the post-epidemic era and indicates that COVID-19 had a profound impact
on human social activities and industrial production.

Keywords: NO,; COVID-19; air pollution; satellite remote sensing; TROPOMI

1. Introduction

Atmospheric nitrogen dioxide (NO;) is an important atmospheric pollutant. NO; has
a significant impact on human health [1,2]. In addition, NO; plays an important role in
the formation of ozone and secondary aerosols. Fossil fuel combustion is an important
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source of tropospheric NO; concentration [3], which is therefore generally higher near
cities. China is one of the most polluted countries in the world in terms of air pollution [4].
With the implementation of new emission regulations in 2011, the NO, concentrations
in China have rapidly decreased as seen from the long-term satellite and ground-based
measurements [5-8].

Due to the COVID-19 outbreak in China in late 2019, China adopted strict lockdown
measures on human and industrial activities. The restricted policies showed significant ef-
fects on air pollution. Various previous studies using satellite remote sensing, ground-based
observations, and model simulations demonstrated reductions of atmospheric pollutants
in China in early 2020 [9-16]. Compared to the 2019 Chinese New Year holiday, NO,
TVCD from TROPOspheric Monitoring Instrument (TROPOMI) decreased by 22-67% dur-
ing the 2020 Chinese New Year in East China [17]. The downward trend is mainly due
to the reduction in NOx emissions caused by the lockdown, by a total reduction of 36%
in China from traffic sources [18-20], electricity and industrial sector [18]. Many previ-
ous studies have isolated the impact of COVID-19 lockdown on NO; trends by chemical
transport model simulations or statistics models [19,21]. However, there are systematic
differences of NO; variation between satellite and in situ measurements, e.g., 57% by in situ
in He et al., 2021 [22] and 32% for satellite in Field et al., 2021 [23] during the lockdown pe-
riod in 2020 compared to the overall mean of 2015-2019 in China. Additionally the current
studies do not explain such difference well [24], possibly due to the lack of measurements
of NO, vertical profile.

With the advancement of medical aid and epidemic prevention measures, industrial
production and social activities in China largely returned to normal in May 2020 and
China entered the post-epidemic era [25]. There are limited studies that address the NO,
concentrations in the post-epidemic era. The changes of atmospheric NO; concentration in
the post-epidemic era compared with the pre-epidemic era and the influencing factors of
such changes remain to be explored.

In this study, we used multi-platform NO, observations from satellite remote sensing,
in situ measurements, and ground-based multi-axis differential optical absorption spec-
troscopy (MAX-DOAS) measurements. The consistencies and differences in the temporal
trends of tropospheric and near-surface NO; concentrations were investigated in the epi-
demic and post-epidemic eras in China. The improved TROPOMI NO, TVCD product by
the University of Science and Technology of China (USTC) in this study showed a lower
bias in the Chinese region, allowing for more accurate trend analysis [26]. MAX-DOAS
observation builds a bridge between satellite and ground observation, verifies satellite data,
and reveals the differences between satellite and in situ NO, variations. A quantitative
discussion on the NO; trends for 11 megacities of China during 2019-2021 was performed.
The variations in the NO, concentrations in China in the post-epidemic era are compared
with those in the pre-epidemic era, and the recovery in the industrial production or trans-
portation sectors is analyzed to discuss the causes of the changes in the NO, concentrations
in the post-epidemic era.

The article is organized as follows. The data and methods used in this study are
presented in Section 2. The main results are reported in Section 3. The conclusions are
summarized in Section 4.

2. Materials and Methods
2.1. Study Area

The study area is mainly located in the eastern part of China. To better investigate the
time series of urban NO, concentration changes and the geographical differences, 11 typical
cities in the region were selected for the numerical analysis. Their distribution is shown
in Figure 1 and Table S1. The combination of different cities allows for the analysis of
a typical region. Beijing, Tianjin, and Jinan represent the North China Plain; Shanghai,
Nanjing, Hefei, and Hangzhou represent the Yangtze River Delta region; and Chengdu
and Chonggqing represent the Sichuan Basin. In addition, Wuhan, the city in which the
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epidemic was first detected [27], and Xi’an, a city representing the northwestern region,
were included. These cities cover the different topographical regions of China and are
representative of urban areas with high emissions of anthropogenic pollutants [28]. In
addition, large cities have a larger number of ground monitoring stations and their average
urban air pollutant values are easier to interpret.

Annual mean distribution of NO2 TVCD in China ,
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Figure 1. Annual mean distribution of NO, TVCD in China.

2.2. Satellite Remote Sensing Data

In this study, atmospheric remote sensing data from the TROPOMI were used, which
were recorded by the European Space Agency’s Sentinel-5P satellite (Sentinel-5 Precursor)
launched in October 2017. The TROPOMI is the world’s most technologically advanced
atmospheric monitoring spectrometer and has the highest spatial resolution. With an
imaging bandwidth of 2600 km, it scans the globe daily at 13:30 local time with an imaging
resolution of 7 x 3.5 km? (increasing to 5.5 x 3.5 km? after 6 August 2019) [29]. It is
primarily used to observe trace gas components in the atmosphere around the globe, which
are closely related to human activities, such as NO;, O3, SO,, HCHO, CHy4, and CO, and
to enhance observations of aerosols and clouds [30]. In this work, we adapted satellite
NO; retrieval algorithms of the GaoFen-5/EMI sensor (Zhang et al., 2020) to TROPOMI,
referred to as “USTC (University of Science and Technology of China) TROPOMI NO,”
hereafter [26,31]. The USTC product has a fit uncertainty of approximately 10% or less, with
a systematic bias of up to 50% compared to ground-based MAX-DOAS remote sensing [31].
The TROPOMI Level 2 NO, TVCD data obtained from the inversion calculations provides
a qa_value for each pixel to indicate its observational quality [32]. For more details see
Supplement Text S1. A filtering criterion (qa_value > 0.5) was used in this study to mitigate
the effects of erroneous data in partial scenarios such as cloud cover or snow and ice
cover [33,34]. In this study, the USTC level 2 NO, data were re-gridded using the P-spline
method to obtain level 3 raster data with a resolution of 0.01° x 0.01° [26]. The final result
is called the USTC TROPOMI NO, TVCD product. To validate the performance of this
product, official TROPOMI Level 2 OFFL NO, tropospheric column concentration data
(archived at https://s5phub.copernicus.eu/dhus/#/home (accessed on: 31 May 2021))
were used in this study and processed into a Level 3 product.
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2.3. Ground-Based Monitoring Data

The in situ monitoring data used in this study were obtained from the China Environ-
mental Observation Network operated by the China National Environmental Monitoring
Centre, which is archived at http://www.cnemc.cn/en/ (accessed on: 31 May 2021), data
monitoring network constructed in 2013 as part of the Clean Air Action Plan [35]. The
website provides hourly values, hourly moving averages, and 24 h averages of ground-
level of PM, 5, PM;, NO,, SO,, O3, and CO concentrations for cities and stations in China.
Specific technical specifications and reliability parameters can be found in [7,36]. Urban
NO; daily average data from December 2018 to May 2021 was used in this study. The data
was calculated by averaging hourly NO, data from all stations within each city.

2.4. MAX-DOAS Data

The MAX-DOAS NO; data used in the study were obtained from the Chinese Land-
based Hyperspectral Stereo Remote Sensing Network established by the University of
Science and Technology of China [37]. The network consists of 34 standard stations covering
different regions in China, mainly concentrated in northern and eastern China. The network
enables the continuous three-dimensional detection of atmospheric constituents over China
and thus compensates for the fact that ground-based monitoring only yields ground-
level pollutant concentrations. In this study, MAX-DOAS NO, measurements with a
temporal resolution of 15 min and a vertical resolution of 100 m were used. The retrieval
accuracy of NO; slant column densities is 7 x 10'* molecules/cm? [37,38]. Data from the
Chinese Academy of Meteorological Sciences (CAMS) site (116.32°E, 39.94°N) located in
Beijing were mainly selected to analyze the correlation between satellite remote sensing
observations and ground-based monitoring data.

2.5. Methods

In this study, spatial and temporal analyses of atmospheric NO, concentrations in
Chinese cities were conducted at different time scales using different data products. At the
spatial scale, the mean urban NO, TVCD values obtained from satellite remote sensing
observations were averaged over all gridded data within that urban area. The size of
the urban area used in this study was selected to be 1° x 1° to focus on the analysis of
pollution in the urban area. The ground stations were also concentrated within this area.
To better understand the spatial and temporal distribution of NO; in China, the seasonal
averages of the atmospheric NO, concentrations were analyzed in this study, covering
spring (March, April, and May), summer (June, July, and August), autumn (September,
October, and November), and winter (December, January, and February). The effects of
the COVID-19 lockdown and Chinese New Year are also discussed. At the temporal scale,
the period was divided into five equal intervals, P1 (15 days before the Chinese New Year),
P2 (15 days during the Chinese New Year), P3 (0-15 days after the Chinese New Year), P4
(15-30 days after the Chinese New Year), and P5 (3045 days after the Chinese New Year)
using the Chinese New Year and Chinese New Year holiday as criteria. The correspondence
of these five periods in terms of the specific dates is shown in Figure S1.

To compare the differences in the NO, concentrations between different periods in
the same region, the percentage change in NO, concentrations was calculated for each
city during the five phases of the study. Pre-epidemic NO, concentrations in each city
were used as baseline concentrations to discuss the relative percentage change in NO,
concentrations during the COVID-19 lockdown and the post-epidemic era. In addition, the
correlation between the satellite remote sensing NO, TVCD and ground-based observation
of NO, concentration was determined in this study using linear regression fitting. The
correlation coefficient R and root-mean-square error (RMSE) of the fit were calculated.
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3. Results and Discussion
3.1. Satellite and Ground Correlation Analysis

It has been demonstrated that the NO, TVCD obtained from satellite remote sensing
observations and NO, concentrations derived from ground-based stations are consistent,
which may be due to their similar sources [39]. To quantify the link between tropospheric
and terrestrial NO, contents and assess the performance of the USTC NO, TVCD product,
the correlations between them were calculated at the station scale for the period December
2018 to May 2021. When calculating the correlation between the two sites, the average
value of all pixels within the 0.05 radius of the longitude and latitude of each site was used
as NO, TVCD. Because the transit time of TROPOMI is 13:30 local time, the NO, TVCD of
the TROPOMI was calculated and compared with the NO, concentration obtained at 14:00
local time at the ground level. The final results are shown in Figure 2a,b. Taking Beijing
as an example, the TROPOMI NO, TVCD and ground-level NO, concentrations show
a good correlation. The USTC NO, TVCD product shows a slightly stronger correlation
with ground-level NO, concentrations at the site scale than the official NO, TVCD product
(R =0.79), with a correlation coefficient of R = 0.82. The higher performance of ground-
based validation for the USTC products may be explained by the algorithm improvements
of the NO; retrieval configurations especially the update of high-resolution a priori NO,
profiles in the local domain [26,32].

In addition, the differences in the correlation between NO, TVCD and ground-level
NO; concentrations between different cities were explored based on the USTC NO, TVCD
product. The strongest correlation between the NO, TVCD and ground-level NO, con-
centrations in an urban context was observed in Beijing, with a correlation coefficient of
R = 0.82. The lowest correlation was obtained for Chengdu, with a correlation coefficient
of R = 0.65. Such difference can be related to the systematic differences of NO, vertical
inhomogeneities and horizontal representativeness in different cities, which were possibly
caused by meteorological and geological characteristics [40]; for example, cloudy weather,
which is common in the Sichuan Basin, leads to a weaker correlation.

As industrial and traffic emission sources are mainly near the ground level, the
urban atmospheric NO; has an overall exponential distribution in the vertical direction,
as evidenced by the MAX-DOAS vertical profile data [37,41]. Therefore, the correlation
between the TROPOMI NO, TVCD and NO; concentrations at ground level stations is
strong. However, the NO, TVCD and ground NO; content do not match well. Apart from
differences in the time scale and spatial resolution, this mismatch may be related to the
vertical distribution of atmospheric NO;.

In this study, MAX-DOAS data from the CAMS site ~3 km away from the ground
monitoring site 1006A in Beijing were selected for comparison. The MAX-DOAS data were
averaged over all data from 13:00-14:00 local time. The TROPOMI NO, TVCD product was
first validated using the MAX-DOAS data. The results show that the USTC NO, TVCD
product has a better agreement with the MAX-DOAS product than the official NO, TVCD
product, with a higher correlation coefficient and slope, as shown in Figure 2¢,d.
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Figure 2. Correlation between the TROPOMI NO, TVCD product and other observations. (a) USTC
product and ground-level NO, concentrations (14:00 local time) in Beijing, (b) official product and
ground-level NO, concentrations (14:00 local time) in Beijing. (¢) USTC product and MAX-DOAS
NO; VCD at the CAMS site, (d) official product, and MAX-DOAS NO, VCD at the CAMS site.

Figure 3a shows the time series of TROPOMI NO, TVCD and MAX-DOAS NO,
tropospheric vertical column density (VCD) from 1 to 21 December 2019, which indicates
a good agreement. The site-monitored NO, concentrations in Figure 3b are in good
agreement with the MAX-DOAS contour bottom data of NO, concentrations. Figure 3¢
shows the comparison between the MAX-DOAS VCD and the concentration at the bottom
of the profile. On certain days, differences between the two can be observed. Several areas
of China, such as Beijing, may be affected by high-altitude transport, which can lead to
the concentration of NO, in the upper atmosphere. This pollution cannot be captured by
ground-based stations, resulting in the difference between the two observations [42]. Ina
few days on which the two observed trends differ, the vertical profile of MAX-DOAS in
Figure S2 shows NO; transport at high altitudes. From 13:00 to 14:00 local time during
the satellite transit, high NO, concentrations are concentrated in the atmospheric altitude
layer between 400 and 700 m above the ground level, whereas the near-ground level NO,
concentrations are relatively low. This NO, pollution situation can be captured by the NO,
TVCD obtained from satellite remote sensing monitoring, but it cannot be observed by
ground-based monitoring stations.
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Figure 3. NO, comparison time series in Beijing. (a) TROPOMI TVCD and MAX-DOAS, (b) 1006A
and MAX-DOAS, (¢) MAX-DOAS comparison.

3.2. Historical Spatial and Temporal Distribution of Atmospheric NO, Concentrations in China
3.2.1. Spatial and Temporal Analysis of the NO, TVCD Based on Satellite Remote Sensing

We analyzed the spatial and temporal distribution of the atmospheric NO, for typical
Chinese megacities during 2019-2021. Satellite remote sensing has the advantages of
wide-area coverage and high data consistency on the spatial scale [43]. It is an important
method for assessing the regional distribution of atmospheric pollutants and their change
patterns. The analysis of NO; in eastern China using the TROPOMI NO, TVCD product
can be used to accurately assess the trend of the NO, TVCD in China since December 2018.
The TROPOMI NO, TVCD data used in this study are level 3 raster data with a spatial
resolution of 0.01° x 0.01° (after re-gridding points) and have low instrumental noise and
thus can reveal NO; distribution information at local and regional scales.

Figure 4 shows the seasonal average distribution of NO, TVCD in eastern China from
December 2018 to May 2021. Spatially, the highest NO, concentrations can be observed in
the North China Plain and Yangtze River Delta region as well as in the Sichuan Basin and in
cities such as Wuhan and Xi'an, which is due to the population and industrial distribution
in China. The seasonal distribution of the NO, TVCD shows a clear seasonal cycle, with the
highest and lowest NO, concentrations in winter and summer, respectively. This is associated
with the increased anthropogenic emissions in urban areas of China during the winter due to
industrial emissions and heating, in addition to winter weather that is unfavorable for NO,
dispersion. The lower winter temperatures and the lower intensity of shortwave radiation
result in a lower intensity of NO, photochemical reactions. Affected by the lockdown policy
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of COVID-19, the average NO, TVCD in the three typical cities in the North China Plain in
winter 2019 and spring 2020 was 1.70 x 10'® and 9.57 x 10'®> molecules/cm?, respectively, a
decrease of 16.48% and 17.85% compared with that the year before. The average NO, TVCD of
the four typical cities in the Yangtze River Delta during these two seasons was 1.16 x 10'® and
9.19 x 10'® molecules/cm?, respectively, representing an annual decrease of 24.39% and 12.15%,
respectively.
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Figure 4. Seasonal mean distribution of the spatiotemporal NO, distribution in eastern China.
(a) 2018 winter, (b) 2019 spring, (c) 2019 summer, (d) 2019 autumn, (e) 2019 winter, (f) 2020 spring,
(g) 2020 summer, (h) 2020 autumn, (i) 2020 winter, (j) 2021 spring.

The time series of monthly mean values of NO, TVCD from December 2018 to May 2021
for selected cities in China is shown in Figure S3. It was significant that an abrupt reduction
happened between Jan-Feb for each year in Figure S3, possibly related to the NOy emission
reductions around the Chinese New Year. It also can be seen that the NO, TVCD in each city
significantly decreases from February 2020 onwards, which is due to the COVID-19 lockdown.
The changes in the NO, concentrations at higher temporal resolution for each major city before
and after the COVID-19 lockdown will be discussed in detail below.

3.2.2. Spatiotemporal Distribution of Near-Surface NO, Concentrations

Near-surface NO; concentrations can be obtained from ground-based station observa-
tions [44]. Compared with the NO, TVCD from satellite remote sensing, near-surface NO,
concentrations better reflect the intensity of anthropogenic emission sources such as traffic
emissions [45]. In addition, although ground station observations reflect limited spatial
information, they have a higher temporal resolution (raw temporal resolution of 1 h) such
that their daily averages can reflect changes in the ground-level NO, concentrations over
time, allowing for a better representation of long-term trends. Figure 5 shows the seasonal
average distribution of NO, at ground stations in eastern China from December 2018 to
May 2021, which is consistent with the results of the satellite observations. The ground-level
NO; concentrations are the highest and lowest in winter and summer, respectively.
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Figure 5. Seasonal average distribution of the NO, concentrations at state-controlled sites in selected
cities in China. (a) 2018 winter, (b) 2019 spring, (c) 2019 summer, (d) 2019 autumn, (e) 2019 winter,
(f) 2020 spring, (g) 2020 summer, (h) 2020 autumn, (i) 2020 winter, (j) 2021 spring.

3.3. NO; Changes during the COVID-19 Lockdown

Based on the results in Section 3.2, the NO, decline in 2020 due to the COVID-19
lockdown is evident in both the time series and spatial distribution maps. To better discuss
the changes in the NO, concentration in the Chinese atmosphere before and after the
COVID-19 lockdown and to isolate and quantify the contributions of the Chinese New Year
holiday and COVID-19 lockdown, the regional NO, distribution and NO, concentrations
in key cities in China are discussed considering a more detailed time scale.

To investigate the impact of COVID-19 lockdown on the variations of NO, concentra-
tion level, we analyzed satellite NO, observations by the TROPOMI instrument (launched
in Oct 2017) between 2019 and 2021. The meteorological influence on NO, changes during
the study phase of this study for COVID-19 was very limited [46,47], which we discuss
in Section 3.5. Therefore, the effects of meteorological factors were not considered in the
analysis and discussion of the changes in the NO, concentration in this study.

Figure 6 shows the spatial distribution and relative differences of NO, TVCD in the
five phases in the Chinese region for 2019 and 2020. The spatial distribution of NO; is
consistent with the typical winter distribution reported in Section 3.2.1, with the North
China Plain and Yangtze River Delta being the most polluted regions, which is related
to their extensive industrial distribution, dense population, transportation networks, and
relatively flat topography. The tropospheric NO; distribution of the P2 phase in 2019
(Figure 6b) shows a brief drop in the NO; concentrations due to the New Year’s shutdown,
followed by a gradual rebound. However, the distribution differs during the Chinese New
Year in 2020 because of the continued shutdown of a large number of factories due to the
COVID-19 lockdown measures and the significant reduction in the traffic flow. Figure 6k-o
shows the reduction in the mean NO, TVCD values for each phase in 2020 relative to
2019, with NO; already showing a decreasing trend in most areas during the P1 phase.
However, the NO, TVCD increases by more than 2 x 10> molecules/cm? in parts of the
North China Plain. The NO, TVCD significantly declines during the P2 to P4 phases and
slowly increases again during the P5 phase.
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In this study, the annual changes in the NO, TVCD and ground-level concentrations were
quantified and calculated for each city and different phases, as shown in Tables S2 and S3. The
results show that Wuhan, the city in which SARS-CoV-2 was first discovered, experienced the
most significant decrease in the NO, concentrations in the early phases, with a 48.12% decrease
in the NO, TVCD and a 27.39% decrease in the ground-level NO, concentrations in the P1 phase.
In the P3 phase, with the largest decrease in NO,, the cities experienced a 23.09-62.92% decrease
in the NO, TVCD and a 42.53-69.81% decrease in the ground-level NO, concentrations. In the
P5 phase, the decrease in the NO, concentration in each city gradually disappeared. The city in
which this phenomenon was the most notable is Chengdu; the NO, TVCD increased by 50.06%
and the ground-level NO, concentrations increased by 5.97% during this phase. However, the
NO, TVCD and ground-level NO, concentration in Wuhan still declined by 26.77% and 51.18%
during P5.

To explore the decline in the NO, concentration due to the COVID-19 lockdown
measures in more detail, Figure S4 shows the time series of the daily averages of the NO,
TVCD and ground-level concentrations on a daily scale for representative cities in each
region. Because the TROPOMI NO, TVCD product reflects the pollutant distribution at
13:30 local time, its time series shows higher fluctuations relative to the ground-level NO,
daily average. In 2019, the peak NO; concentrations in the P3 phase in all cities were
approximately 5-7 times higher than the low values in the P2 phase. The rebound in NO,
concentrations was a response to the phenomenon of people starting to return to work late
in the Chinese New Year holidays, but this phenomenon showed a marked difference in
2020. In 2020, NO, concentrations in most cities remained low for a long time during and
after the P3 phase, until they started to rise again during the P5 phase.

Although there are missing satellite NO, TVCD data in a few days due to cloud effects,
the four typical cities in Figure 54 show similar trends in NO, TVCD and ground-level
NO,; concentrations. Based on the data in Tables S2 and S3, the decreasing trends in NO,
TVCD and ground-level NO; concentrations are generally consistent in most cities but do
not exactly match in terms of the proportion of change. This difference may be related to
changes in the vertical distribution of atmospheric NO,, as indicated in Section 3.1, with
high-altitude transport of NO, as one potential cause.

With MAX-DOAS vertical observations, it is possible to observe and verify the differ-
ence between satellite and in situ NO, variations. For instance, in Beijing, MAX-DOAS
NO, showed a decrease of 19% (versus 14% by in situ) at the ground surface, and 36%
(versus 36% by satellite) for the total tropospheric column during the P3-P5 phase, which
is most affected by the COVID-19 lockdown effect. Atmospheric NO, concentrations in
Beijing are influenced by high-altitude transport phenomena over the long term, with
some studies showing that city boundary transport contributes approximately 40% of the
NOx concentration in Beijing [46,48], which may have a significant impact on the vertical
distribution of atmospheric NO; in Beijing.

3.4. NO; Trends in the Post-COVID-19 Era

To assess and discuss the NO, pollution in China in the post-epidemic era and the
recovery of industrial production, the TROPOMI NO, TVCD and ground-level NO, con-
centrations during the Spring Festival in 2021 were analyzed in this study. Consistent with
the previous section, the Chinese New Year period in 2021 is divided into five phases. Addi-
tionally, in this section, the 2019 NO, concentrations were used as baseline concentrations.

Figure 7 shows the spatial distribution and relative differences of the NO, TVCDs of
the five phases in China for 2019 and 2021. The years 2019 and 2021 show a consistent
pattern during the Chinese New Year due to the holiday. Compared with 2019, the NO,
concentration decreases in the Yangtze River Delta region and parts of the North China
Plain during all phases in 2021, but regions such as the Sichuan Basin, Xi’an, and Wuhan,
experience an increase in the NO, concentrations during several phases. As shown in
Figure 7k-o, the NO, TVCD decreases by more than 5 x 10> molecules/cm? in several
cities during phases P1 and P3 and insignificantly during phase P2.
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(a—e) P1-P5 in 2019, (f-j) P1-P5 in 2021, (k-o0) P1-P5 differences between 2021 and 2019.

Tables S4 and S5 show the changes in the NO, TVCD and ground-level NO; con-
centrations in key cities in China in 2021 relative to 2019 for each phase, respectively. In
the P1 phase, the NO, concentration in all cities, except for Chengdu, shows a signifi-
cant decrease compared with 2019. The NO, TVCD decreases by 10.42-64.96% and the
ground NO; concentration decreases by 1.05-34.99%, which may be partly due to lower
passenger flow and lower traffic emissions due to COVID-19. The data suggests that the
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spring traffic in 2021 will be on average ~60% lower than the year before COVID-19. The
NO; concentrations of most cities showed a decreasing trend during phases P3-P5, which
reflects the overall decreasing trend in atmospheric NO, in China around the Chinese
New Year in 2021. However, during the P2 phase, NO, TVCD increased by 0.88-53.57%
in all cities except Beijing, which was not well matched by changes in ground-level NO,,
which may be influenced by several factors such as population movement policies, urban
boundary transmission, and meteorology in different regions. However, it is still possible to
conclude that some changes in the pattern of atmospheric NO; emissions occurred during
the Chinese New Year (P2 phase) in 2021.

To better understand the changes in the NO, concentrations around the Chinese New
Year in 2021, the time series of the daily average ground-level NO, concentrations in four
typical cities for each phase from 2019 to 2021 were plotted, as shown in Figure 8a—d. The
ground-level NO; concentrations in 2021 are generally lower than those in 2019 in all cities
but are more exceptional in the P2 phase. Figure 8e-h shows the rapid increase in the
ground-level NO, concentrations in the cities in the late P2 phase. The magnitude of this
increase exceeds that of the same period in 2019 before the outbreak. Taking Beijing as an
example, Figure 8e shows that the ground-level NO, concentrations in Beijing first rapidly
decreased in 2021, with NO, concentrations on February 16 being only 13% of those on the
day of the Chinese New Year. The NO, concentrations then rapidly increased, with NO,
concentrations on February 20 being 12 times higher than those on February 16. Although
the synoptic meteorology was generally stable for different periods from 2019 to 2021, this
phenomenon may be influenced by day-to-day variation in meteorological and chemical
conditions. In addition, this extreme trend may be related to the effect of COVID-19 on
people’s social lives, with people taking a longer break from work during the Chinese New
Year holiday (seven days before the P2 phase) based on a call to reduce unnecessary travel.
Because of the reduced travel, people could resume social work and industrial production
more quickly at the end of the holiday (the eighth day of the P2 phase), which led to the
return to normal NO, concentrations. In short, the effect of the Chinese New Year was
more pronounced in the post-epidemic era but of a shorter duration.

Industrial emissions and transport are closely related to atmospheric NO, pollution
levels [49], indicating the reasons for the decline in the NO, concentrations in Chinese cities
in the post-epidemic era. Figures S5 and S6 show the above-scale industrial production
index and the road passenger traffic time series in the provinces they belong to for selected
Chinese cities from January 2019 to May 2021, respectively, which can be used to charac-
terize the development of the industry and transportation in China [50]. The industrial
production index is based on 2018 and was calculated from the cumulative annual increase
in the above-scale industry. Both significantly decreased during the COVID-19 lockdown.
The city with the largest decline in the above-scale industry was Wuhan, where COVID-19
was first detected, which decreased by 39.70% from January to March 2020 and started to
rebound in April, whereas the rest of the cities started to rebound in March. In terms of
transport, the road passenger traffic was down by more than 85% relative to its peak in all
provinces, with some provinces experiencing a drop of more than 95%.
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Figure 8. Time series of the daily mean ground-level NO; values for 2021 and 2019, (a—d) P1-P5,
(e—h) P2 (Chinese New Year holiday).

The industrial production index has largely rebounded to pre-COVID-19 levels since
2021, but the transport sector remains below pre-COVID-19 levels. As of May 2021, Beijing is
the city (province) with the highest proportion of road passenger traffic recovery, equivalent
to ~69.15% in May 2019, whereas the Shaanxi Province, including Xi’an, only had a recovery
of 16.19% in May 2019. The decline in the transport sector due to COVID-19 could be the
reason for the generally lower NO, concentrations in 2021 compared with 2019 after the
Chinese New Year. In addition, the continued implementation of the Clean Air Plan and
differences in meteorological conditions could also be potential factors contributing to the
lower NO, concentrations in 2021.

3.5. Meteorological Changes during the Study Phase

Meteorological factors are an important influence on changes in atmospheric pollutant
concentrations. In Figure 9, we compared the average of several meteorological variables
in different periods of 2019-2021 for Beijing, Shanghai, Wuhan, and Chengdu. The meteo-
rological variables including temperature at 2 m, wind speed, downward short wave flux
at the ground surface, and water vapor mixing were taken from the Weather Research and
Forecasting model simulations based on the meteorological reanalysis datasets by National
Centers for Environmental Prediction [51-53].
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Figure 9. Comparison of meteorological factor stage averages for selected cities 2019-2021. (a) Temper-
ature at 2 m, (b) wind speed, (c) downward short wave flux at ground surface, (d) water vapor mixing.

These results showed that the synoptic meteorology was generally stable for different
periods from 2019 to 2021. Several studies [9,47,54-56] have concluded that there was a
small contribution of meteorological variations to the decline in NO, concentrations in
China during the COVID-19 lockdown. For example, Diamond et al., 2020 used a linear
regression model to attribute NO, variations from driving factors such as emissions change
and meteorological variations, and found that meteorology led to a ~10% decrease in NO,,
versus ~50% by emission factors during February 2020 [21]. Zhang et al., 2021 [19] used
a multiple linear regression model and found that the anthropogenic emission changes
in early 2020 led to a 49.3 & 23.5% reduction of atmospheric NO,, while the changes in
meteorological conditions led to an 8.1 + 14.2% increase compared to 2017.

4. Conclusions

In general, satellite remote sensing, ground-based MAX-DOAS, and in situ observa-
tions measure atmospheric NO, by different spatial scales and resolutions. Taking Beijing
as an example, the USTC NO, TVCD product shows a slightly stronger correlation with
ground-level NO, concentrations at the site scale than the official NO, TVCD product
(R =0.79), with a correlation coefficient of R = 0.82. In addition, the USTC NO, TVCD
product has a better agreement with the MAX-DOAS product than the official NO, TVCD
product, with a higher correlation coefficient and slope. Although the correlation between
satellite remote sensing and ground-based station monitoring is high, several differences
remain, which may be related to the vertical distribution of atmospheric NO;. In this study,
with the help of MAX-DOAS vertical profile data, high NO, transport was observed on
several days, which coincides with the dates of trend differences between satellite remote
sensing monitoring and ground station observations.

A significant reduction in atmospheric NO, concentrations occurred in most areas
of China during the Chinese New Year in 2020 due to COVID-19 lockdown. The average
satellite TVCD of NO, by TROPOMI decreased by 39.2-71.93% during the 15 days after
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Chinese New Year when the lockdown was at its tightest compared to that of 2019, while
in situ NO; concentration decreased by 42.53-69.81% for these cities. With MAX-DOAS
vertical observations, it is possible to observe and verify the difference between satellite
and in situ NO; variations. For instance, in Beijing, MAX-DOAS NO, showed a decrease
of 19% (versus 14% by in situ) at the ground surface, and 36% (versus 36% by satellite)
for the total tropospheric column during the P3-P5 phase, which is most affected by the
COVID-19 lockdown effect.

Social activity in China began to recover in the second half of 2020, with industrial
production largely recovering, but the transport industry has not yet recovered to pre-
COVID-19 levels. The road traffic in May 2021 in the provinces including the studied cities
recovered by ~16.19-69.15% of the same period in 2019, which may have contributed to
lower NO, concentrations around the Chinese New Year in 2021 than in 2019 in most
cities. In addition, a rapid increase in the NO, concentrations across cities was observed in
this study at the end of the 2021 Spring Festival holiday, which differs from the previous
phenomenon. Although the synoptic meteorology was generally stable for different time
periods from 2019 to 2021, this phenomenon may be influenced by day-to-day variation
in meteorological and chemical conditions. Another possible explanation is that people’s
social activities, such as traveling during the Spring Festival holiday, decreased in the
post-COVID-19 era and were resumed to a greater extent after the holiday. COVID-19 may
have had a profound effect on social life. Our research will benefit the understanding of
measurements uncertainty and bias of NO; trends since the COVID-19 epidemic, and the
related research on the driving effectors. Further investigation on the impact of meteorology
and long-term emission trends can be completed by the sensitivity tests by using the
chemical model.
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after Chinese New Year). Figure S2. MAX-DOAS NO, vertical profile. (a) CAMS site, 15 December
2019; (b) CAMS site, 20 December 2019. Figure S3. Time series of the monthly mean NO, TVCD from
December 2018 to May 2021 for selected cities in China. Figure S4. Change in the daily average NO,
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Time series of the above-scale industrial production index in several Chinese cities. Figure S6: Time
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