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Abstract: The outbreak of the COVID-19 virus in Wuhan, China, in January 2020 just before the
Spring Festival and subsequent country-wide measures to contain the virus, effectively resulted in the
lock-down of the country. Most industries and businesses were closed, traffic was largely reduced,
and people were restrained to their homes. This resulted in the reduction of emissions of trace gases
and aerosols, the concentrations of which were strongly reduced in many cities around the country.
Satellite imagery from the TROPOspheric Monitoring Instrument (TROPOMI) showed an enormous
reduction of tropospheric NO, concentrations, but aerosol optical depth (AOD), as a measure of
the amount of aerosols, was less affected, likely due to the different formation mechanisms and the
influence of meteorological factors. In this study, satellite data and ground-based observations were
used together to estimate the separate effects of the Spring Festival and the COVID-19 containment
measures on atmospheric composition in the winter of 2020. To achieve this, data were analyzed
for a period from 30 days before to 60 days after the Spring Festivals in 2017-2020. This extended
period of time, including similar periods in previous years, were selected to account for both the
decreasing concentrations in response to air pollution control measures, and meteorological effects
on concentrations of trace gases and aerosols. Satellite data from TROPOMI provided the spatial
distributions over mainland China of the tropospheric vertical column density (VCD) of NO,,
and VCD of SO, and CO. The MODerate resolution Imaging Spectroradiometer (MODIS) provided
the aerosol optical depth (AOD). The comparison of the satellite data for different periods showed
a large reduction of, e.g., NO, tropospheric VCDs due to the Spring Festival of up to 80% in some
regions, and an additional reduction due to the COVID-19 containment measures of up to 70% in
highly populated areas with intensive anthropogenic activities. In other areas, both effects are very
small. Ground-based in situ observations from 26 provincial capitals provided concentrations of
NO,, SO,, CO, O3, PM; 5, and PMjg. The analysis of these data was focused on the situation in
Wuhan, based on daily averaged concentrations. The NO, concentrations started to decrease a few
days before the Spring Festival and increased after about two weeks, except in 2020 when they
continued to be low. SO, concentrations behaved in a similar way, whereas CO, PM; 5, and PM; also
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decreased during the Spring Festival but did not trace NO; concentrations as SO, did. As could be
expected from atmospheric chemistry considerations, O3 concentrations increased. The analysis of
the effects of the Spring Festival and the COVID-19 containment measures was complicated due to
meteorological influences. Uncertainties contributing to the estimates of the different effects on the
trace gas concentrations are discussed. The situation in Wuhan is compared with that in 26 provincial
capitals based on 30-day averages for four years, showing different effects across China.

Keywords: air pollution; Spring Festival; COVID-19

1. Introduction

As the world’s largest developing country, China has achieved enormous economic development
since the 1980s, to become the second-largest economy in the world, after the USA, with a gross
domestic product (GDP) of 99.1 trillion RMB (14.41 trillion US$) in 2019. China’s per capita GDP
also exceeded that of the USA by US$ 10,000 for the first time [1]. The fast-growing economy,
urbanization, socioeconomic development, and associated growth of motorized vehicles have a huge
impact on the air quality (AQ), especially in a number of highly industrialized and populated centers
in southeastern China. During the last decades, the Chinese government has attached great importance
to environmental issues and has adopted a series of policy measures to reduce China’s air pollution
(e.g., [2,3]). The effects of these measures are visible in satellite measurements of trace gases and
aerosols. In particular, the long time series of aerosol optical depth (AOD) measurements, combining
data from three sensors, show the initial increase until 2006, and the substantial decrease from 2011 [4,5].
The launch of the Dutch/Finnish Ozone Monitoring Instrument (OMI) in 2004 has facilitated the
observation of long time series of SO, and NO,, which show that policy measures resulted in a
substantial decrease of SO, from 2006, and of NO, from 2014 [2]. The trend analyses for SO, and
NO; [2], and for AOD [3], also show the regional differences in the effectiveness of the pollution control
measures across China. For the confirmation of these satellite observations, as well as to quantify the
trends near the surface, long-term ground-based measurements of concentrations of aerosols and trace
gases are needed. However, until 2013, such long-term observations were available for only a few
locations across the country (see [6] for an overview of studies since 1998). In 2013, the Ministry of
Ecology and Environment of the People’s Republic of China (MEE) established a ground-based AQ
monitoring network with in situ measurements at more than 1000 sites, and the data are publicly
available (see Section 3.1). The analysis of PMj 5 (the aerosol mass concentration of dry particles
with an in situ diameter of 2.5 um; PM10 is the same for diameter smaller than 10 um) data from the
MEE network over a 6-year period (2013-2018) shows a large reduction by 30%-50% of the annual
mean PM; 5 across China, confirming the satellite-derived AOD trends [7]. Other analyses confirm
the decrease of PM, 5, PM;g, SO,, and CO concentrations and the increase of O3 concentrations in the
period 2015-2017. For NO,, the changes during that period were variable with no overall trend across
China [8,9].

These long-term trend studies describe the effects of control measures, which are meant to be
effective over a long period of time. Complementary to these, rigorous measures were taken to reduce
air pollution during specific events, such as the 2008 Olympic games in Beijing [10], the 2010 Guangzhou
Asian Games [11], the 2014 Youth Olympic Games in Nanjing [12], the 2014 Asian Pacific Economic
Cooperation Conference (APEC) [13], and the 2015 China Victory Day parade [14]. During these events,
air quality was substantially improved, and the results were used in scientific studies on the effect of
emission control.

These are local events while in the rest of the country activities continue as usual. Therefore,
only the effects of the reduction of local emissions on the concentrations are observed, whereas the
effects of (long-range) transport and meteorological factors continue to influence the concentrations.
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In contrast, during nation-wide events, such as the National Holiday and the Chinese Spring Festival,
emissions change due to the migration of a large part of the population to their families, often far
away from their work or school, and temporary reduction of economic activities in the whole country,
rather than due to local measures. The largest event in China is the Spring Festival, when the migration
starts about two weeks before the event when the first people travel home, often over long distances,
and lasts for about 2-3 weeks after the festival when people return to their workplaces. This results
in increased long-distance traffic before and after the Spring Festival while at the same time local
traffic in the cities is gradually reduced. A majority of factories and businesses stop their activities
for 1-2 weeks, throughout the whole country, except for activities vital to people’s basic needs and
the operation of the city. Past observations show that air pollution during this period decreases but
once the Spring Festival is over, air pollution rapidly increases back to normal levels [15-18]. In 2020,
the situation was different because of the COVID-19 virus outbreak just before the Spring Festival
when many people had already traveled home, and factories were closed. Based on experiences from
earlier coronavirus outbreaks, i.e., SARS in 2003 [19] and MERS in 2012 [20], the Chinese government
adopted the strictest control measures to minimize the spread of the virus, especially in Wuhan, Hubei,
where the outbreak originated. These measures started on 23rd January, two days before the Chinese
New Year in 2020. After the Spring Festival holiday, this control was enforced for about 2 months when
travel was restricted, factories gradually started up with long delay, offices remained closed until early
March, and schools and universities even longer. The measures in Wuhan were relaxed only around
25 March when the roads around the city were opened, with the first trains arriving on 28 March and
Wuhan was unlocked on 8 April although certain restriction was still maintained. According to the
statistics from China’s Ministry of Transport (http://www.mot.gov.cn/, last access: 5 April 2020), traffic
during the 2020 Spring Festival dropped by more than 50% in all of China compared to that in the
previous year. Almost all industrial plants were closed in Wuhan.

As aresult, the ‘normal’ Spring Festival effect on air quality was reinforced and extended by the
government measures to minimize the spreading of the virus, i.e., the effective lock-down of most
of the country. Emissions of aerosols and trace gases were largely reduced as reported in the media
based on satellite observations [21-24]. In this study, the effects of the almost complete lock-down on
air quality is described, based on satellite observations and ground-based measurements. The spatial
and temporal distributions of the concentrations of aerosols and trace gases during an extended
period around the 2020 Spring Festival are compared with those in previous years, to obtain a clear
understanding of the impact of the government measures on the air quality in several cities in China.

2. Study Area

The study area is China’s mainland, which covers the land area between 15° N-54° N and
73° E-136° E. The population map of China (Figure 1) shows that the vast majority of China’s
population is located to the south-east of the Hu Huan-Yong (henceforth termed HU Line) [25],
in particular the North China Plain (NCP), the Yangtze River Delta (YRD), the Pearl River Delta (PRD),
Sichuan Province, the Guanzhong Basin, and central China in the provinces Hubei and Hunan (see
Figure S1 for a provincial map of China and regions). Most of China’s megacities and much industry
are situated in these areas, resulting in a high density of motorized traffic. These intensive human
activities result in emissions, leading to the deterioration of air quality. Air pollution in China is
high in the east and low in the west as described in detail by [26] for NO, and by [27] for aerosols.
However, spatial patterns are different for each species, cf. the satellite spatial distribution maps
for NO;, SO,, and CO in Section 4.1 and the Supplementary Material. The temporal variation was
studied by comparison of satellite data for different periods, and in more detail by using ground-based
observations in the 26 provincial capitals in central and eastern China, see Figure 1.
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Figure 1. Population density (people per km?) map for China with a total of 1.4005 billion people
(http://sedac.ciesin.columbia.edu/data/collection/gpw-v4/sets/browse). The red triangles show the
26 provincial capitals which are used in this study for comparison with detailed results for Wuhan.
The line is the HU Line, which divides China in eastern and western parts.

3. Data Description

3.1. Ground-Based Data

The ground-based data used in this research were downloaded from http://www.pm25.in/ (last
access: 27 April 2020), which is the National Real-time Air Quality Publishing Platform public website
for air quality monitoring data maintained by the China National Environmental Monitoring Center
(CNEMC) of the Ministry of Ecology and Environment of China (MEE, see http://www.mee.gov.cn/,
last access: 27 April 2020, for more detail). This website provides PM, 5, PMjg, SO, NOy, O3, and CO
hourly and 24-h moving averages for each site or city. Measurement techniques used at the stations,
reliability of the data and quality control were briefly described by [8] and [7]; see also (Ministry of
Environmental Protection of the People’s Republic of China, 2012) [28]. The data from these websites
are provided by local governments and have been used in several studies related to air pollution, air
quality, and other aspects in China [29,30] (http://www.pm25.in/sharer, last access: 27 April 2020).
For the current study, we collected hourly PM; 5, PM1g, SO,, NO,, O3, and CO data for 370 cities, with
the main focus on the 26 provincial capitals in eastern and central China as indicated in Section 2 and
Figure 1, for the period of 30 days before and after the Spring Festival, for the years 2017-2020. Because
the Spring Festival is determined by the phases of the moon [31], these periods are not on the same
dates of the solar calendar, as shown in Table 1. Note that the COVID-19 virus was discovered in
Wuhan on 30 December 2019 [32], i.e., within the 30-day period. In the current study, the data collected
at different locations in each city were averaged to get a spatially representative number for the whole
city, as daily (24 h) averages.
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Table 1. Study period for 2017-2020.

Year Start (-30d) Spring Festival End (+30d) Extend (+60d)
2017 29 December 2016 28 January 27 February /

2018 17 January 16 February 18 March /

2019 6 January 5 February 7 March 6 April
2020 26 December 2019 25 January 24 February 25 March

3.2. Satellite Data

Satellite data used in this study are from the TROPOspheric Monitoring Instrument (TROPOMI).
For AOD, MAIAC products were used for 2019 and 2020. The data were downloaded for a period
of 30 days before and after the Spring Festivals in 2019 and 2020 to cover the traffic rush periods of
15 days before and 25 days after the Spring Festival. Satellite data were processed using the Google
Earth Engine (GEE) cloud computing platform [33] and the ArcGIS platform [34].

3.2.1. TROPOMI Data

TROPOMI is a passive hyperspectral nadir-viewing imager aboard the Sentinel-5 Precursor
satellite (also known as Sentinel-5P) launched on 13 October 2017 [35]. Sentinel-5P is a near-polar
orbiting sun-synchronous satellite flying at an altitude of 817 km in an ascending node with an equator
crossing time at 13:30 LT and a repeat cycle of 17 days. The swath width is approximately 2600 km,
resulting in daily global coverage, with an along-track resolution of 7 km [35]. TROPOMI products
used in this study are L3 off-line (OFFL) version products (see http://www.TROPOMI.eu/data-products/
for more detail): tropospheric NO; column density data, SO, total vertical column data, and the
vertical integrated column density of CO, for the period around the 2019 and 2020 Spring Festivals.
The spatial resolution at nadir for most products used in this study is 3.5 X 7 km?, except for CO for
which it is 7 X 7 km?.

The operational validation results are reported every 3 months at the SSP-MOC-VDAF website (http:
//mpc-vdaf. TROPOML.eu/, last access: 6 April 2020). The TROPOMI/S5P tropospheric NO, column is
operationally validated by the SSP-MPC-VDAF (S5P-Mission Performance Centre — Validation Data
Analysis Facility) using the Pandora NO, total columns from the Pandonia Global Network (PGN).
The comparison shows a negative bias of roughly 30%. The TROPOMI/S5P SO, column data are found
in generally good agreement with ground-based measurements and with other satellite observations.
The bias and dispersion with respect to validation data are smaller than 0.2 DU. The TROPOMI/S5P
total CO column data is in good overall agreement with correlative measurements from the NDACC
and TCCON FTIR monitoring networks, with a positive bias of approximately 10% (NRTI, before
July 2019) or 6% (OFFL) on average.

3.2.2. MODIS Data

The MODIS (MODerate resolution Imaging Spectroradiometer) [36] was launched aboard NASA'’s
Terra (launch 1999) and Aqua (launch 2002) satellites in a near-polar sun-synchronous circular orbit.
Terra has a daytime equator crossing time at 10:30 LT in a descending node and Aqua at 13:30 LT in an
ascending node. MODIS has a swath of 2330 km (cross track) and provides near-global coverage on
a daily basis. MODIS is an imaging radiometer with 36 wavebands, covering the wavelength range
from the ultraviolet to the thermal infrared. One of the most successful products of MODIS, which has
been used in numerous aerosol-related studies, is the aerosol optical depth at 550 nm. The aerosol
optical depth (AOD) data used in this study is the MCD19A2 product, which is a MODIS/Terra and
MODIS/Aqua combined aerosol optical depth (AOD) retrieved with the multiangle implementation
of atmospheric correction (MAIAC) algorithm [37,38]. The MAIAC algorithm uses time series and
spatial analysis to improve the coverage and accuracy, which is important in the current study over
China in the wintertime when AOD and cloud percentages are high. The MAIAC AOD retrieval has
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been evaluated over south Asia and China (e.g., [39—-41]) and has been used for air quality studies
in China (e.g., [42,43]). For the current study, MAIAC data on a 1-km grid were downloaded from
the NASA’s Land Processes Distributed Active Archive Center (https://Ipdaac.usgs.gov/data/) for the
Spring Festival study periods in 2019 and 2020, and resampled to a 10-km spatial resolution by the
pixel average.

4. Results

In this section, satellite observations, providing a spatial view of the concentrations of pollutants
before, during, and after the Spring Festival in two years, 2019-2020, are presented and discussed.
For 2020, we looked at the extended period after the Spring Festival to see the effect of the measures to
contain the COVID-19 outbreak from the comparison with the previous year. Next, in Section 4.2, the
time series of daily averaged ground-based concentrations measured in selected cities are presented
together with daily satellite data, for the periods 2017-2020, to investigate how the concentrations
evolved in time.

4.1. Satellite Observations

41.1. NO,

Maps of the spatial distribution of tropospheric NO, vertical column densities (VCDs) over China,
averaged over 30 days (TNO2_ave) before and after the Spring Festival, are shown for 2019 and 2020
in Figure 2. The spatial distribution of the TNO2_ave for 2019 before the Spring Festival (Figure 2a)
reflects that of the population density (Figure 1) and was discussed in detail by [26] in terms of regional
heating, industry, geographical conditions, and socioeconomic background. In addition to the large
urban agglomerations covering the NCP and YRD, there are several regional hotspots with high
tropospheric NO, concentrations, on the order of 27 x 10> molec.-cm™2, such as provincial capitals
and regional centers (refer to Figure 1 and Section S1 for the locations of the regions, provinces, and
cities mentioned henceforth). Another area with high TNO2_ave is observed in the northwest of China.
After the 2019 Spring Festival (Figure 2b), similar spatial patterns are observed but concentrations
are substantially lower, especially in the BTH area and Shandong province (varying from about
10 x 10'® molec.-.cm2 to 24 x 10'® molec.-cm~2). Hence, the Spring Festival resulted in an overall
reduction of the NO, tropospheric VCDs by about a factor of 2. To quantitatively show the differences
and their spatial variation, a map was produced showing the pixel-by-pixel ratio of the TNO2_ave
after the Spring Festival to that before (Figure S2a). The map in Figure S2a confirms that the largest
TNO2_ave reductions, by about 50% of the concentration before the festival, occurred over areas with
high population densities, and even larger, up to in 70-80%, in some other areas (see Section S2 for more
detail). This comparison shows that there is a clear effect of the 2019 Spring Festival on the TNO2_ave
concentrations over China. Comparison of similar maps covering a small period during the 2019 Spring
Festival (4-10 February 2019) and another one starting 2 weeks after (17 February—17 March 2019) (not
shown here) shows that the concentrations quickly recover once normal life in China is resumed.

In 2020, the Spring Festival effect on NO, emissions and concentrations was augmented and
extended due the measures to contain the COVID-19 outbreak. However, the starting point was also
quite different: The 2020 Spring Festival was about 2 weeks earlier than in 2019, i.e., closer to the
winter peak when NO, concentrations are usually higher than later in the year, e.g., [26]. The data in
Figure 2c show that the TNO2_ave column densities were overall substantially lower than in 2019
(Figure 2a) and also spatially the differences were large. In particular, the area with high TNO2_ave
column densities extended much further south in 2019 than in 2020 (compare Figure 2a,c). In the
period after the 2020 Spring Festival, the atmosphere over China was effectively cleaned from NO,
as the map in Figure 2d shows: The tropospheric VCDs dropped from 12-18 x 10'®> molec.-cm~2,
and locally 27 x 10'® molec.-.cm~2 to about 3-6 x 10'® molec.-.cm~2, with the highest values of about
10 x 10> molec..cm™2. In other words, the VCDs were overall a factor of 3—4 lower after the Spring
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Festival than before. The large difference with 2019 is caused by the extended period of low emissions
due to the lock-down and hence the recovery observed in 2019 did not occur. Comparison of Figure 2b,d
shows the large difference between the combined Spring Festival and lock-down effects in 2020 and that
of the Spring Festival alone in 2019, i.e., the substantial effect of the COVID-19 containment measures
on the TNO2_ave column densities with a much stronger reduction over a much larger area.
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Figure 2. NO; tropospheric vertical column density averaged over 30 days: (a) before the 2019
Spring Festival; (b) after the 2019 Spring Festival; (c) before the 2020 Spring Festival; (d) after the 2020
Spring Festival.

Quantitatively, the ratio of the TNO2_ave column densities after the 2020 Spring Festival to those
before (Figure S2b) shows the large reduction to 40-50% and in some regions even 70-80% of the
concentration before the festival (from 15-17 x 10'® molec.-cm™2 to 5-7 x 10'® molec.-cm™2 or less).
The reduction pattern shown in Figure 2 and Figure S2 reflects the substantial reduction of economic
activity and human migration in that period. Figure S2d shows the ratio of the TNO2_ave after the
Spring Festival in 2020 to that in 2019.

To quantitatively estimate the effect of measures to contain the COVID-19 outbreak, it must be
separated from the Spring Festival effect. To this end, the Spring Festival effect was estimated by using
the TNO2_ave concentrations before and after the Spring Festival in 2019 together with those before
the 2020 Spring Festival:

X2019a fter
X2020a fter,est — X2020pe fore X019 p (1)
efore

where X represents TNO2_ave, but it can also be done for other species like SO,, CO, or AOD. In this
exercise, we assume that the Spring Festival effect is the same in both years, but the starting point may
be different due to effective emission reduction measures, which reduced the NO, emissions since
2014 [2] or due to meteorological factors [7]. Equation (1) provides TNO2_ave taking into account the
emission reduction due to the Spring Festival holidays. The TNO2_ave observations after the Spring
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Festival holidays in 2020 include the additional effect of the virus containment measures, and therefore
the difference between the estimated and observed TNO2_ave provides an estimate of the effect of the
virus containment measures on the TNO2 concentrations:

X20200 fter,real — X20200 fter,est

)

di _ =
f fao-2019 Xo020a fter,est

The results, presented in Figure 3, show a substantial effect over most of China east of about
107° E and in the northwest, with an estimated reduction of the concentrations of tropospheric NO,
VCDs on the order of 50%—70%. See Section S2.3 for more regional detail.

£k 8, e E L FE

Latitude

Longitude
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Figure 3. Estimated effect of the virus containment measures on the TNO2_ave concentrations over
China: green colors indicate a reduction, red colors indicate enhancement; light colors (yellow) indicate
no or little effect (see color scale for values).

4.1.2. SO; and CO

The 30-day averages of the TROPOMI-retrieved SO, VCDs for 2019 and 2020 before and after the
Spring Festival (Figure S3) show the substantial reduction of the SO, VCDs. Like for NO;, the highest
SO, VCDs before the Spring Festival and in both years were observed over the NCP and the Junggar
Basin, with values on the order of 27 X 10'> molec..cm™2. After the 2019 Spring Festival, similar
values were observed in these regions but over much smaller areas, indicating the contribution of
local emissions to the high SO, VCDs, likely from essential industries, such as power generation.
In surrounding areas, the SO, VCDs were reduced to 16 X 10% molec.-em™2 or less [44,45].

In 2020, the SO, VCD map before the Spring Festival shows that the concentrations were overall
higher, in particular in the north of China, but hotspots occurred with values similar to those in
2019. However, after the 2020 Spring Festival, the concentrations were substantially lower and with
large spatial differences, which make it hard to quantify the overall effect (compare Figure S3e,d) and
separate the effects due to the Spring Festival and the COVID-19 measures, as was done for NO;.
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Opver areas with high SO, VCDs, the effect of the COVID-19 measures was estimated to be on the order
of 20-50%.

Maps of TROPOMI-derived CO VCDs, averaged over 30 days before and after the Spring Festivals
in 2019 and 2020 (Figure S4), show the spatial distribution over China. In contrast to NO, and SO,
the CO VCDs after the 2019 Spring Festival are overall not much different from those before, apart from
some local differences. Over the highly industrialized area in Eastern China, the concentrations were
on the order of 42 x 107 molec.-cm~2 or larger and close inspection of the maps shows that locally,
near the east coast, they had even increased somewhat after the Spring Festival whereas near the south
coast they decreased. In 2020, the situation was similar, both as regards the VCDs before and after
the Spring Festival, with some changes in the spatial distribution. After the Spring Festival, the CO
VCDs were somewhat lower, except in the southern provinces where they were actually a bit higher
than before.

These observations lead to the conclusion that the CO VCDs are not very sensitive to short-term
changes in anthropogenic emissions, as expected for a gas with an atmospheric life time of about
1-2 months [46]. On a longer term, the lock-down effects did become visible in CO VCDs, as illustrated
in Figure S4f, which shows the difference between the CO VCDs between the second and the first
period of 30 days after the Spring Festival. For instance, in the NCP, the CO VCD is reduced from more
than 42 x 10'7 molec.-.cm~2 before the Spring Festival to about 30 x 10'7 molec.-.cm~2 in the second
30-day period, while further south the CO VCDs actually increase.

The analysis to estimate the impact of the COVID-19 measures on the TNO2_ave, described above
in Section 4.1.1, was repeated for CO. The results in Figure 4 show that the estimated effect of the
COVID-19 measures on the CO VCDs is small, mostly less than +20%, and rather homogeneously
distributed across the whole country, except for the southern provinces and in the northwest where
CO concentrations increased, with up to about 50%.

LCH - W e . L P W R

Latitude

Longitude
Relative change in CO VCD
BN | | | [
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Figure 4. The same as Figure 3 but for CO.
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4.1.3. AOD

Aerosols are an important component of the air quality index though the particulate matter mass
concentration of dry particles with an in situ diameter of 2.5 um (PMj5). PMj, 5 cannot be directly
observed from satellites and is not directly correlated with other satellite-derived aerosol parameters,
such as AOD. The relation between AOD and PM; 5 depends on meteorological conditions as well as
aerosol spectral composition determining the column-integrated optical properties as observed by
satellites and the aerosol mass near the surface as measured in situ (e.g., [7,47-49]) and this relation
varies across China (e.g., [49]). Figure 5 shows AOD maps derived from MODIS observations using
the MAIAC method, averaged over 30 days before and after the Spring Festivals in 2019 and 2020. It is
noted that the 2020 maps show little coverage north of 40°N, where only few data are available.
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Figure 5. Same as Figure 2 but for AOD.

The AOD data for 2019 show the spatial distribution of AOD across China, similar to earlier
observations, e.g., [4]. The AOD maps for 2019 clearly show the enhanced AOD over the Taklamakan
desert (western China), i.e., desert dust emitted and lifted to a high elevation, which is subsequently
transported eastward to the BTH region where the highest AOD is observed due to contributions from
both desert dust and anthropogenic aerosols [50]. AOD is high over most of southeastern China, with
values ranging from about 0.4 to 0.9. However, as opposed to the trace gas concentrations, the AOD
after the Spring Festival in 2019 is substantially higher over the NCP and adjacent provinces, with
values of up to 1 and more. This is anticipated to be due to meteorological factors, such as stagnant air
with little transport or vertical mixing in a low planetary boundary layer, which often occurs in winter,
and high relative humidity. These meteorological factors are conducive to the formation of haze [51]
and the intensification of the occurrence of haze in the NCP [52].

In 2020, the AOD over southeastern China was variable and reached values of up to 0.8-0.9, both
before and after the Spring Festival, with some differences in the spatial distributions. No significant
differences are observed between these two periods, except for the lower AOD over the Taklamakan
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desert in the period after the Spring Festival. The AOD after the Spring Festival was lower in 2020 than
in 2019, but based on the satellite images alone this cannot be ascribed to the effect of the COVID-19
containment measures, because of the possible role of meteorological factors.

4.2. Ground-Based Observations

Satellite observations show that after the Spring Festival in 2020, the concentrations of NO,
and SO, decreased in most of the central and eastern parts of China, with some regional differences.
To further look at these, ground-based data for different cities were intercompared because of the
expected differences between large cities, such as Beijing, Shanghai, Guangzhou, etc., from where
many people leave to their families in other parts of the country and thus human activity will decrease,
whereas in other areas, the temporarily increasing domestic activities may have the opposite effect.
The satellite data shows such differences, but for column-integrated quantities rather than at the
ground level and for monthly averages rather than daily. In 2020, strict control measures were enforced
in Wuhan after the COVID-19 outbreak, leading to a complete lock-down of both the city and Hubei
province, while also in the rest of China very severe measures were taken to avoid spreading of
the COVID-19 virus. Therefore, the main focus of the ground-based AQ data analysis was Wuhan,
for which a detailed overview of the data described in Section 3.1 is presented and discussed based on
both monthly and daily averages. A comparison with other cities, 26 provincial capitals presented in
Section 2, is made based on monthly averages.

Here, we included data for 2017-2020, initially to account for tendencies, such as the decreasing
concentrations due to emission control policy. However, in many cases, this appeared not possible due
to meteorological and other local influences that cannot be removed based on a period of 1 month over
3 years. Nevertheless, the comparison over several years appears useful to see the local fluctuations
and effects of meteorological factors.

4.2.1. Wuhan

The concentrations of the four trace gases (NO,, SO,, CO, and O3), PM; 5, and PMj used in this
study are daily averages representative for the whole city (Section 3.1). For each of the four years,
these data were averaged over a period of 30 days before the Spring Festival, and over a period of
30 days after. The mean concentrations are presented in Figure 6 together with the standard deviations.
The data show that for all species except Oj, the concentrations in each of the four years are lower
after the Spring Festival than before. For NO,, the concentrations decrease from year to year and a
comparison between the 30-day periods before and after the Spring Festival during four years shows
that the concentration in 2020 decreased substantially more than would be expected from the behavior
in previous years, which could be an indication of the effect of the COVID-19 measures. The SO,
concentrations in Wuhan were low in all years, as is also clear from the satellite data. In each of the
four years, a reduction is observed after the Spring Festival, but in 2020, the concentrations after the
Spring Festival were only marginally lower than before. For the other species, there was no significant
tendency in the mean concentrations before the Spring Festival. PMj decreased slightly during the
first three years and dropped substantially in 2020. However, after the Spring Festival, the PM;
concentrations dropped by a similar amount as in 2017-2019. This behavior is different from that of
PM; 5 and may reflect the effect of coarse particles in PMjg. In 2020, the mean PM is not much larger
than PM; 5 (less than 20%) while in previous years the coarse particle fraction had a larger contribution.
This could be an effect of reduced traffic resulting in less road dust in the air. CO is also somewhat
smaller after the Spring Festival in each of the four years, but the difference varies from year to year
and was larger in 2019 than in 2020. O3 is a more complicated case and will be discussed below.
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Figure 6. Mean and standard deviation for 30 days before and 30 days after the Spring Festivals in the
years 2017-2020, for NO,, SO,, PM; 5, PM;g, CO, and O3 in Wuhan.

The daily mean concentrations of the various species contributing to the air quality in Wuhan are
plotted in Figure 7 as time series from 30 days before the Spring Festival to 30 days after, for each of the
four years 2017-2020. The time series are synchronized such that the Spring Festival dates coincide in
the middle of the plot.

The NO, concentrations show large variations in each of the four years, and in each year, they start
to decrease a few days to more than a week before the Spring Festival to reach a minimum value of about
20 ug'm~3 or less at about 2-3 days after the Spring Festival. In the next 10~12 days, the concentrations
increased gradually by a factor of 2-3 in a similar way in each of the years and after 2-3 weeks they
reach levels similar to those before the Spring Festival. In 2020, the NO, concentrations were initially
also rising as in previous years but in contrast, after about 12 days, they dropped and remained low at
about 20 pug'm~3. With the lock-down of Wuhan on 23 January, two days before the Spring Festival,
which was on 25 January, the clear deviation from other years becomes apparent at about 2 weeks after
lock-down. The reasons for this long delay may be the holiday after the festival and the gradual return
of people to their work place and start-up of factories and businesses, causing the initial increase, while
it was only after the first week that the effect of the Hubei lock-down and measures country-wide
influenced the economy and daily life and thus related emissions. Obviously, the concentrations are
influenced by local weather conditions, which are reflected in the fluctuations in, and differences
between, previous years. In summary, the NO, time series in Figure 7 indicates a decrease in NO,
concentrations due to the Spring Festival effect from an average level of 40-80 pug-m~ to 20 ug-m=> or
less, i.e., a reduction by a factor of 2—4, similar to that deduced from satellite observations. This factor is
more than about 50% indicated by the NO, concentration data in Figure 6. However, note that Figure 6
shows 30-day averages, which before the Spring Festival include the decline in the 30-day period after
the initial rise, whereas the factor of 34 reflects the reduction from an average level of 60-80 ug-m_3
more than a week before the Spring Festival to the lowest values a few days after. The COVID-19
measures affect the NO, concentrations only about 12 days after the Spring Festival, when in other
years, the concentrations are up to “normal’ levels but those in 2020 return to the lowest values of
about 20 pg-m=>.

The SO, concentrations vary in a similar way as the NO, concentrations for most of the time
during the four years included in this study. The SO, and NO; concentrations trace each other, which
may reflect the effect of weather conditions on the accumulation of the trace gases. However, in 2020,
the SO, concentrations were substantially lower than in previous years, during almost the whole
30-day period before the Spring Festival (5-7 ug-m~3). After the Spring Festival, the SO, concentrations
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behaved similarly to those of NO,, i.e., after an initial small increase they returned to lower values and
remained between 5 and 10 pg-m=.
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Figure 7. Time series of ground-based concentrations of NO,, SO,, PM; 5, PM;g, CO, and O3 measured
in Wuhan during 2017-2020, from 30 days before to 30 days after the Spring Festival.
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NO, and SO, are aerosol precursors, but there are many other sources contributing to aerosol
formation and direct emissions, which lead to the observed PM; 5 and PM;( concentrations. Therefore,
the variation of the PMy (where x stands for either 2.5 or 10) concentrations may sometimes vary in
a similar way as that of NO, or SO,, with coincident peak values, but at other times they may be
very different and not trace the gas concentrations. During the 2020 Spring Festival period the PM,
concentrations behaved similarly to those of NO,, with strong variations which, for PM; 5, were on
average between 50 and 100 pg-m ™ before the Spring Festival, as in previous years. PMjo concentrations
were similar but somewhat lower than in previous years, indicating a smaller fraction of coarse particles.
PMx concentrations started to drop from about 100 pg'-m~2 a few days before the Spring Festival to
30—40 pug'm~3 a few days after. This decrease was followed by a small but gradual increase during
the next 11 days to about 75 (90) ug-m_3 for PMy 5 (PMyg). Both PM, 5 and PM;g dropped to about
20 pg-m =2 on 7 February, probably due to wash out by rain during the previous day; after 7 February
the concentrations remained very low.

For CO, the situation is different from that for NO,, SO,, and PM,. CO concentrations before the
Spring Festival vary in a similar way, i.e., they increase and decrease concomitantly with the other trace
gases but with different amplitudes. Hence, the variations are likely due to meteorological influences,
including transport. The concentrations decrease during the Spring Festival holiday period, but the
onset of this decrease is different in all four years and also the relative decrease in the concentrations,
from the Spring Festival to the day when the minimum occurs, varies between by 0.5-1 pg-m=3.
During the three first years, the minimum occurs on about the same day (4 days after Spring Festival),
but in 2020, it occurs 2 days earlier. Furthermore, a sudden drop occurs on 7 February, similar to that
for PM,, but in contrast to PM,, which remained low, CO concentrations recovered and, although on
the low side, they were not much different than those in previous years.

The O3 concentrations are shown because of their importance for air quality. As expected, the
behavior of O3 is different from that of the other species. Comparison with NO, shows similar
fluctuations due to meteorological influences, but at the same time, O3 is removed by NO titration,
i.e., a reduction in NOx (NO) can contribute to an increase in O3 [53]. Although in previous years this
effect is not easy to see, in 2020, the O3 concentrations are very high after day-zero.

4.2.2. Comparison between Different Cities

A comparison of the ratios of the averaged concentrations of NO, and Oj after the Spring Festival
to those before the Spring Festival for four years in 26 provincial capital cities is presented in Figure 8.
Those for the other species included in this study (SO, PM; 5, PM;g, and CO) are presented in Figure S5.
The cities (see the map in Figure 1 for their locations) are roughly ordered in a circle going from Taiyuan
to the east to Harbin, then to the south to Fuzhou, then to the west to include cities in central and south
China, and then back north.

In Wubhan, for which the daily variations were discussed in the previous section, the NO2 ratios
gradually decrease in the first three years and then drop by about 30% in 2020. In other cities,
a reduction in NO2 concentrations after the Spring Festival in 2020 is also observed, but the amount
varies between cities and also the behavior in previous years varies. The lowest ratios in 2020 are
observed in Hangzhou and Chengdu with about 35% and a decrease with respect to 2019 of 60%-70%.
The highest ratio is observed in Lanzhou (60%) and the difference with respect to 2019 is quite small
(about 10%). Keeping in mind the ordering of the cities, it appears that the ratio is relatively larger for
those in the north and west than for those in central and south China. In other words, the reduction in
air pollution in the north due to the lock-down is relatively smaller than in central and south China.

The O3 concentration ratios (after/before) are almost all larger than 1, with the exception of
Guangzhou and Nanning. In almost all cities, the O3 ratios were highest in 2020, with the exception of
Changchun and Guangzhou, or similar to the ratio in one of the previous years. It is likely these large
values, indicating an increase of O3 after the Spring Festival, are due to NOy titration, which enhances
the O3 concentrations when NOy concentrations become smaller, as indicated above.
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Figure 8. Ratio of the monthly averaged concentrations of NO, and Oj after the Spring Festival
to those before the Spring Festival, for each of 26 provincial capital cities for the years 2017-2020.
The concentrations were averaged over a period of 30 days before and after Spring Festival. Note the
different scales on the vertical axes.

The PM; 5 ratios (Figure S5a) are similar in all cities, apart from some cities in the north (see
Supplementary Material for detail), varying between 0.5 and 1 over all four years. The 2020 lock-down
did not seem to influence these, i.e., in 2020 the values are not lower than in previous years and for two
cities, Nanning and Guiyang, the ratios are highest in 2020 (0.9 and 1, respectively).

For PM;y (Figure S5b), the ratios vary between cities and years in a way similar to those of
PM; 5, although the highest peak value of 3 observed in Beijing does not occur in the PM;, data set.
This indicates that the high PM, 5 value occurred during a haze episode with a large abundance of
fine particles.

For SO, (Figure S5c¢), the ratios are less variable between the different years than for NO,, and also
in 2020, the SO, concentrations were not reduced as much after the Spring Festival as for NO,. Hence,
the effect of the COVID-19 measures on SO is not easy to quantify.
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Additionally, for CO, there is little variation between the various cities and no substantial
decrease in 2020. Overall, the ratios were relatively high, larger than 0.6 and higher in the southern
cities. The variations in specific years, for cities in the north and northeast, are discussed in the
Supplementary Material [54-59].

5. Discussion

The analysis of the decrease of the aerosols and trace gas concentrations is based on satellite
observations and time series of concentrations in major cities. However, although satellite- and
ground-based instruments provide information on the same species, they use different techniques and
measure different properties, which in addition may be influenced in different ways by, for instance,
meteorological factors. When such factors cannot fully be accounted for, they contribute to uncertainties
in the estimated effects. Taking them into account in the required detail is beyond the scope of the
current study and the following discussion is qualitative.

Satellite observations provide the spatial variations of concentrations for different periods. Ratio
plots were used to study the spatial variations of the decrease of the concentrations due to reduced
activities during the Spring Festival holidays, extended and augmented in 2020 due to the measures
to avoid spreading of the COVID-19 virus. The separate effects of the Spring Festival and the
COVID-19 containment measures were estimated as described in Section 4.1. In these estimates, 30-day
periods were used in an attempt to average variations in trace gas and aerosol concentrations due to
meteorological influences, assuming that emissions did not change except due to the Spring Festival
holidays. Obviously, a period of 30 days is not enough to obtain a representative estimate, in particular
in regions with variable meteorological conditions, which may be conducive of the accumulation of
aerosols and trace gases and thus the formation of haze (e.g., [60,61]), while in other conditions, the air
may be very clear. Because the meteorological conditions during the periods compared in this study
were not the same, the method introduces an uncertainty in the resulting estimates. An alternative to
avoiding such sources of uncertainty would be the use of a chemical transport model (CTM), which,
however, would introduce other uncertainties (e.g., [62]).

The effect of meteorological variations is clearly visible in the variations of the ground-based
concentrations in Figure 7 and Figure S5. For instance, the co-variation of NO, and SO, and to some
extent PMj 5 reflects meteorological influences, with deviations of PM; 5 from that of the gaseous
species because of additional effects, such as hygroscopic growth effects due to relative humidity (RH)
variations or the formation of new particles.

Another uncertainty in the estimates is the steady decline of the concentrations during the
last decade, as concluded from satellite observations. This has been accounted for in satellite data
by relating the 2020 concentrations and their reduction after the Spring Festival to those in 2019
(Equation (2)). The Spring Festival date changes from year to year, which also induces some, probably
small, uncertainty because of the seasonal variation of air pollutants, as clearly demonstrated for NO,
in, e.g., [63] for ground-based concentrations or in [26], where the month-to-month differences in the
TROPOMI tropospheric NO, VCDs were clearly illustrated. For AOD, the seasonal variations were
illustrated with ATSR (Advanced Along-Track Radiometer) and MODIS data by, e.g., [3,4], with high
AOD in the summer and low in the winter. In contrast, PM; 5 concentrations are high in the winter
and low in the summer (e.g., [64]). The difference between the seasonal behavior of AOD and PM; 5 is
due to meteorological influences.

The time series in Figure 7 and Figure S5 show daily averaged in situ concentrations. In Figure 9,
collocated TROPOMI observations of tropospheric NO, VCDs, during the TROPOMI daily overpass
early in the afternoon, are shown together with daily-averaged NO, surface concentrations in 2019
and 2020. Figure 9 shows the differences in both the values and the temporal variations of the different
measures for the NO, concentration. In 2020, the VCDs and ground-based concentrations vary with
time in a similar fashion, but in 2019, their temporal behavior is different. VCDs are concentrations
integrated over the whole column, representative for the slant path observation in a pixel with an
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area of 7 x 3.5 km? sub-nadir, and at a certain time. Ground-based in situ data are obtained from
point measurements, in this study averaged over 24 h, during which diurnal changes occur, and all
point measurements in each city are averaged to reduce local gradients. The relation between the
satellite VCD and ground-based in situ observations depends on meteorological conditions and for
aerosols also on the chemical composition. This relation requires knowledge on the vertical variation
of the concentrations, which is usually evaluated using a model approach. For instance, [63] showed
the variability of NO, vertical profiles in the troposphere between different locations in China for
each of the four seasons and the differences between the annual variations of ground-based NO,
concentrations obtained using different methods. Another such comparison is made for several models
in [62]. For aerosols, this comparison is even more complicated due to changes in aerosol physical
and chemical properties in different meteorological conditions [65], as well as the different aerosol
properties measured by satellite- and ground-based instruments. The in situ measurement relevant
for AQ applications is the mass of particulate matter, PM, 5, which is measured by sampling particles
with in situ aerodynamic diameters of 2.5 um (i.e., in equilibrium with ambient RH), which then is
brought into a low RH environment in which aerosol water evaporates before the mass is determined.
Satellites measure the AOD, which is the column-integrated aerosol extinction, i.e., an optical property
of aerosol particles, which depends on the aerosol composition and size distribution, which in turn
changes with ambient RH. The AOD/PM; 5 relationship can be evaluated using statistical or physical
methods or using a variety of CTMs [7,47—49]. It is noted that the AOD/PMj 5 relation varies across
China e.g., [49] and no relation fits all purposes.
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Figure 9. As Figure 6, for NO; concentrations in 2019 and 2020 (broken lines) and the collocated daily
TROPOMI NO, tropospheric VCDs (crosses).

A further uncertainty in the estimates of the effect of COVID-19 containment measures on the
NO; and SO, concentrations may be the sensitivity of the TROPOMI instrument. TROPOMI has
limited sensitivity to SO, as discussed in detail by [66], which may explain the speckle in the SO,
VCD figures (Figure S3). As regards NO,, comparison with ground-based reference data shows that
TROPOMI tropospheric VCD has a negative bias of 30% (http://mpc-vdaf. TROPOMI.eu/, last access:
6 April 2020), which implies that in an absolute sense, the high NO, VCDs are underestimated by an
amount that is larger than that for low NO, VCDs. Hence, the ratio of the low concentrations after the
Spring Festival to the higher concentrations before the Spring Festival may be underestimated due to
the larger absolute measurement error before the Spring Festival.

The trace gas and aerosol concentrations observed from satellite observations over China show a
steady decline [2,3]. In contrast, the local in situ observations during the last four years in Figure 6 do
not show such behavior for all species. It is noted here that the locally representative ground-based
measurements cannot be directly compared with satellite-derived trends estimated from columns on a
provincial scale [2] or larger areas of 1° x 1° [3] in which contributions from many sources are dispersed.
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Ground-based observations in Wuhan were discussed in detail in Section 4.2.1, where the Spring
Festival has a clear effect on the concentrations of a reduction of the concentrations of NO,, SO,, PMj,
and PMj, 5 but not on CO. O3 concentrations actually increased. Similar observations were presented
by [15] for monthly averages, which shows a very strong decline from January to February 2014 for
NO,, SOy, PMjg, PMy 5, and also CO. Their measurements actually started in March 2013 and all
concentrations declined until July, after which they increased to the winter peak in December. Hence,
an increase in the concentrations of these components would not be expected. However, as Figure 7
and Figure S5 show, in preceding years 2017-2019, the concentrations were back to levels similar to
those before the Spring Festival in 2020 at about 2 weeks after day-zero. In 2020, this did not happen
although an initial increase is evident, in spite of the lockdown of Wuhan and many other cities in
Hubei soon after. The initial rise may therefore reflect the transport of pollution from sources to the
north and south of Wuhan [15] or long-range transport of desert dust [67]. To further investigate
the recovery when COVID-19 measures were gradually weakened across China, longer time series
were plotted for the 26 provincial capitals (not shown here) and the effects varied between them.
Obviously, in Wuhan, all concentrations remained low during the lockdown. In some cities, indeed, a
small increase was observed in the second month (e.g., Xi’an, Chongging, Fuzhou), and not in others
(e.g., Beijing).

6. Conclusions

The results presented in this paper clearly show the effect of measures inflicted to contain the
COVID-19 virus in China in the winter of 2020 on the concentrations of trace gases (NO,, SO,, CO,
and O3) and aerosols (PM; 5 and PMjj). These effects extended and augmented the usual Spring
Festival effect on air quality and satellite images showed a very strong decrease in the concentrations.
The effects of the COVID-19 measures were separated from the Spring Festival effect as described
in Section 4.1. The results show a large reduction of NO, during the Spring Festival, up to 80% in
some regions. The further reduction due to the COVID-19 containment measures was estimated to be
50%—-60% over the NCP and up to about 70% in some other areas, and lower elsewhere. Estimates for
SO, are difficult to make due to the limited sensitivity of TROPOMI to SO, [66], which also reflects
the successful reduction of SO, concentrations over China since 2007 [2]. Accurate estimates of the
reduction of aerosols, PM, 5 and PM;, or CO are difficult, due to the longer atmospheric lifetime of
especially CO and the complex behavior of aerosols.

Ground-based in situ data in Wuhan do show the declining concentrations of NO,, SO,, CO,
PMj; 5, and PMj, from a few days before the Spring Festival until about 2 weeks after, in 2017-2019.
This behavior was initially also observed in 2020, but in contrast to earlier years, after 2 weeks, the
concentrations of NO,, SO,, PM, 5, and PM;, remained low, which is ascribed to the effect of the
COVID-19 measures. CO concentrations were less affected and increased after 2 weeks as in earlier
years. Quantitatively, the NO, concentrations decreased from an average level of 40-80 pg-m~ to
20 pg'm=3, i.e., a reduction by a factor of 2-4. PMx dropped initially from about 100 pugm= to
35 ug-m_3, and after 2 weeks to about 20 ug-m_?’, i.e., a total reduction by a factor of 3-5. Assuming
that in a “business as usual” scenario, i.e., with no COVID-19 outbreak when life would have taken its
normal course, the concentrations would have returned to their normal levels, the COVID-19 measures
resulted in a reduction by a factor 2—4 of the NO, concentrations, in line with the estimates from
the satellite observations, and a factor of 3-5 for PMx. It is noted that the satellite observations did
not provide an acceptable estimate for the COVID-19 effect on the aerosol concentrations (with AOD
as proxy).

These numbers show a good agreement between estimates derived from satellite- and
ground-based measurements but also provide an indication of problems in this kind of comparison.
Possible uncertainties are caused by both technical/observation problems and physical phenomena
complicating the interpretation of the observed phenomena. Examples were discussed in Section 5.
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The satellite-based estimates presented are based on data averaged over 30 days. However, as
Figure 7 shows, in preceding years, the concentrations were back to levels similar to those before the
Spring Festival about 2 weeks after day-zero. In 2020, this did not happen and that is the reason why
the satellite images show so much lower concentrations after the Spring Festival in 2020 than in 2019:
In 2019, the 30-day period included both the Spring Festival reduction and the recovery when people
returned from their holidays and normal life was resumed. Hence, the Spring Festival effect based on
the 30-day satellite observations is an underestimate and hence the COVID-19 effect an overestimate.
For more reliable estimates, shorter periods of 2 weeks or less should be used.

In terms of air quality, the reduction of NO,, SO,, and PM; 5 concentrations was good news,
except that the O3 concentrations increased, probably as a result of the lower NOy concentrations.
This was not only observed in Wuhan but also in the 26 provincial capital cities included in this study.
These studies were made on 30-day averages of concentrations measured at several stations in each
city, and averaged per city for better representativeness. In the second month after the 2020 Spring
Festival, the ground-based observations showed a small increase of the concentrations in some cities,
but in most cities, they did remain low until the end of the current study period on 26 March.

This study was a first attempt to estimate the separate effects of the Spring Festival and the
COVID-19 containment measures. A more thorough estimate would take into account other effects,
e.g., meteorological effects through the use of chemical transport models in which emissions would
be kept at their original level and concentration changes are only caused by changes in the actual
emissions due to the actual event. Top-down emission estimates using satellite data could provide
detailed information on the actual changes in emissions as opposed to emission inventories, e.g., [68].
Another interesting study will be the recovery of the concentrations when the lock-down is gradually
released and the effect of different activities on the concentrations can be monitored.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/10/1613/s1,
Figure S1: Map of China, including provinces, municipalities (Beijing Tianjin Shanghai and Chonggqing),
autonomous regions (Ningxia, Guangxi, Xizang, Xinjiang and Inner Mongolia) and special administrative regions
(Hong Kong and Macau)., Figure S2: Ratio of NO, tropospheric VCDs., Figure S3: SO, vertical column density
averaged over 30 days before and after the Spring Festival in 2019 and 2020., Figure S4: Same as Figure S3, but for
CO; Figure e has been added to show the effect on CO VCDs in the second month after the 2020 Spring Festival;
Figure f is CO VCD difference map, showing the CO VCDs in month2 minus those in month1 after the 2020 Spring
Festival., Figure S5: Ratio of the averaged concentrations of PMj 5, PMjy SO, and CO after the Spring Festival to
those before the Spring Festival, for each of 26 provincial capital cities for the years 2017-2020. The concentrations
were averaged over a period of 30 days before and after Spring Festival. References [44,45,54-59] are cited in the
Supplementary Materials.
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