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Abstract: The COVID-19 pandemic poses a serious global threat to human health. In China, the
government immediately implemented lockdown measures to curb the spread of this virus. These
measures severely affected transportation and industrial production across the country, resulting in
a significant change in the concentration of air pollutants. In this study, the Euclidean distance
method was used to select the most similar meteorological field during the COVID-19 lockdown
period. Changes in the concentration of air pollutants in China were analyzed under similar mete-
orological background conditions. Results indicate that, compared with data from 2015-2019, air
quality in China significantly improved; with the exception of ozone (Os), the concentration of major
air pollutants declined. Compared with baseline conditions, the reduction of air pollutants in China
from 25 January to 22 February 2020 (Period 2) was the most significant. In particular, NO2 de-
creased by 41.7% in the Yangtze River Delta. In Period 2, the reduction of air pollutants in areas
other than Hubei gradually decreased, but the reduction of NO2 in Wuhan reached 61.92%, and the
reduction of air pollutants in various regions after February 23 was significantly reduced. By ex-
cluding the influence of meteorological factors and calculating the contribution of human activities
to atmospheric pollutants by linear fitting, in Period 2 the effect of artificial controls on NO2 in Wu-
han attained 30.66%, and reached 48.17% from 23 February to 23 March (Period 3). Results from this
investigation provides effective theoretical support for pollution prevention and control in China.

Keywords: Euclidean distance; air pollution; PMzs; NO2

1. Introduction

Recent economic expansion and development in China has resulted in a rapid pro-
motion of industrial production. An increase in urbanization has resulted in an increase
in motor vehicle use, leading to a continued increase in air pollution emissions in some
cities [1,2], resulting in severe levels of air pollution. This has not only caused difficulties
for development, it also poses a threat to human health [3-5]. According to a World Health
Organization (WHO) report, more than 800,000 people die from air pollution each year,
and particulate matter (PM) is the pollutant that has the greatest impact on human health
[6]. Studies have found that a 10 pg-m= increase in PM:s is associated with an increase in
respiratory mortality of 1.01% and a 1.04% increase in cardiovascular diseases, and the
hospitalization rate for respiratory diseases and cardiovascular diseases increased by
0.48% and 0.60% respectively [7,8]. If PM2s concentrations do not exceed 10 ug-m=,
around 900-1000 premature deaths for ischemic heart disease caused by long term PMz5
exposure could be avoided each year [9]. In addition to particulate matter, there is a sig-
nificant correlation between average weekly sulfur dioxide (502) concentrations and
asthma related emergency visits [10], and nitrogen dioxide (NO2) and tropospheric ozone
(O3) can cause respiratory and cardiovascular diseases and death [11,12].
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Air pollution is affected by many factors, such as pollution sources, meteorological con-
ditions [13-15], geographical location [16-19], human activities [20,21], and industrial pro-
duction [22,23]. Some scholars developed a consumption-based emission inventory for air
pollutants in the years 2007 and 2012 [24]. At present, the main pollutants affecting atmos-
pheric air quality include total suspended particulate matter and inhalable particulate mat-
ter [25], the content of which is relatively high in urban areas in China. Based on the collec-
tion of twelve-hour PMi and PM:s samples at Ordos, China, scholars found the major
source categories were crustal dust, vehicle exhaust, and secondary sulfate and nitrate [26].
Spring/autumn dust in North China and western cities contributes to primary particulate
matter [27]. Emissions from coal-burning and high-tech manufacturing were suggested to
be the main pollution sources of both PMz2sand PMu in Hefei City, China [28]. In the “Pro-
vence Alpes-Cote d’ Azur” region, 51% of NOx and 28% of CO of NMVOC emissions have
been attributed to road traffic [29]. In general, China has a large dependency on coal, and
coal combustion is a major source of pollution throughout the year. It has been previously
reported that 90% of sulfur dioxide (SOz) and 67% of nitrogen oxides (NOx) in China are
emitted by coal combustion, and on-road mobile sources contribute to emissions of NOx
[30-33]. The presence of NOx in the air is important for the formation of Os, and Os concen-
trations in China have increased since 2013 [34]. Changes in urbanization and economic lev-
els have a non-negligible impact on air pollution [35]. The increase in the population and
urbanization levels in eastern China promotes the production of SO2 and NOx, but reduces
that of PMas [36]. The empirical results tend to confirm the inverse U-shaped relationship,
and the N-shaped relationship, between income and pollution [37].

The distribution characteristics of air pollution in China have been previously ana-
lyzed, having a general trend of being higher in the south than in the north, with air pol-
lution in the North China Plain, and the central and western cities in Xinjiang, being the
most serious [38]. The spatial dependence of urban air pollution is high, and surrounding
cities are affected by the concentration of atmospheric pollutants. Particulate and SO: pol-
lutants have obvious seasonal changes; air pollution is the most serious during the winter,
and remains relatively high in spring. Air pollution concentrations during the summer
and autumn are generally lower. The long-term spatial temporal distribution of NO2 and
SOz are closely related to human activities [39], with the exception of ozone (Os) [40]. Dur-
ing the winter and spring, the difference in pollution between north and south China is
particularly obvious, especially during the heating period when a sharp increase in coal
consumption results in a deterioration of air quality in the north [41-43]. Some scholars
have shown that air pollutants and GHGs have the same root causes, and they have pos-
sible co-emission and co-transport of atmospheric pollutants. The relationship between
the two in the emission reduction process can be called the “synergistic effect” [44].

According to a recent report, the Chinese government has implemented various
measures to control air pollution over the past two decades [45]. In 2014, China imple-
mented new air quality standards, however, only 16 cities have achieved these standards
[36]. The Air Pollution Prevention and Control Action Plan was issued to alleviate China’s
current air pollution problem. Under the strict control of air pollution, China aims to
achieve peak air quality in 2030 [46].

Towards the end of 2019, COVID-19 was first recorded in China [47]. The disease
attracted the attention of the government and people. To take account of the impact of the
Chinese New Year holiday on the pollutant changes caused by the pandemic situation, in
this study we used a research period corresponding to the pandemic situation from the
past 5 years and 2020 (Table 1). To control the spread of COVID-19 and to protect lives,
various countries have implemented a range of measures. Many provinces in China im-
plemented various measures in January, 2020 (Table 2). During the Spring Festival and
early stages of spring, a large proportion of industrial and commercial production is sus-
pended or significantly reduced, and the flow of public vehicles is noticeably reduced,
resulting in a reduction in conventional pollution source emissions [48]. However, previ-
ous investigations have shown that the discharge of fireworks during the Spring Festival
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increases the concentration of PM2s, PMio, and SO, causing serious short-term air pollu-
tion [49-53]. Strict traffic control, restrictions on people’s movement, the suspension of
industrial and commercial production activities, and the postponement of schools played
a significant role in controlling the spread of COVID-19. These lockdown measures caused
the number of new cases to decline by 73.6% by the 16-30 days after lockdown [54]. As
the situation regarding COVID-19 improved by the end of February, provinces (apart
from Hubei) gradually resumed normal life by lifting lockdown restrictions. During the
lockdown period, emissions from personnel activities, transportation, and industrial
emissions were reduced. The main pollutants of SOz, NOx and PMas in the Yangtze River
Delta were reduced by 26%, 47%, and 46% [55], respectively. In addition to China, where
the population is large, air pollutants in other areas have also been significantly reduced
due to pandemic closures; for example, the NO2 in Alexandria, Egypt, dropped by 33%
[56]. Korea’s PM2s, PM1o, NO2, and CO were reduced by 45.45%, 35.56%, 20.41%, and
17.33%, respectively, compared with the previous year’s average concentration [57]. Dur-
ing the blockade in Graz, Austria, the city’s average concentration of NO2 and PMio de-
creased by 36.9%—41.6% and 6.6%-14.2%, respectively [58]. During the control period in the
United States, due to a decrease in the median traffic flow of 37%, the road occupancy rate
fell by 52%, the median value of BC and PM:s fell by 25% and 33%, respectively, and NO,
NO2, NOx, and CO decreased by 33%, 29%, 30%, and 17%, respectively. [59]. During the
same period, the reduction of nitrogen oxides resulted in an increase in Os. The Os levels in
Cairo and Alexandria provinces, Egypt, rose by about 2%, and South Korea’'s O3 was esti-
mated to have increased by 33.8% [56,57], which was due to a promotion in the formation
of secondary aerosols [60]. Air pollutant emissions are also related to the mortality rate of
the pandemic. There is a positive correlation between NOx concentration and COVID-19
mortality and infectivity. The incidence of COVID-19 increases 5.58% when long-term ex-
posure to NO2 increases 1 ug-m2An increase in the long-term exposure to NOz of 1 pg-m
leads to a rise of 5.58% in the incidence of COVID-19 [61]. In the UK, each increase of 1 m3
in the average PM2.5 increases the number of COVID-19 cases by 12% [62].

In this investigation, we examined the characteristics of recent changes in air pollution in
China and the effects of government control measures during the pandemic. We analyzed the
characteristics of changes in air pollution in China from 26 December 2019 to 22 May 2020.
Euclidean distance (ED) was used to calculate the degree of similarity between meteorological
data during the COVID-19 pandemic and the same period in the previous five years. ED and
linear fitting methods were used to eliminate the impact of meteorological fields and govern-
ment measures on air pollutants, and the contribution of man-made control measures to air
pollution during the study period was determined. The results provide a theoretical basis and
support for future environmental protection and pollution control in China.

Table 1. The 2020 pandemic occurred near the time of the Spring Festival. To take account of the
impact of the Chinese New Year holiday on the changes in pollutants caused by the pandemic, we
extracted the research period corresponding to the outbreak stage of the pandemic in the past 5
years and 2020. We used five pandemic research stages according to the lunar month. The first
month is referred to as Period 1, the second month is referred to as Period 2, and the fifth month is
referred to as Period 5. The second column in the table shows the specific date of each period in
the occurrence stage of Covid-19.

Study Period Date
Period 1 26 December 2019-24 January 2020
Period 2 25 January 2020-22 February 2020
Period 3 23 February 2020-23 March 2020
Period 4 24 March 202022 April 2020

Period 5 23 April 2020-22 May 2020
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Table 2. Control measures taken by local governments during COVID-19. Data were taken from local government networks (for example, Beijing, http://www.bei-

jing.gov.cn/).

Peri
N Period 1
Location

Period 2 Period 3

Period 4 Period 5

Traffic suspension; Delay the resump- Traffic resumption; To promote the

The normal life order was restored in
an orderly manner, and work was re- Restore full order to

Around Hubei None  tion of work; No school; Village isola- resumption of work and production; . .
. . sumed in an all-round way; Schools life.
tion. Part of scenic spots open. .
open in batches.
Enterprises have gradually resumed The living order was
All buses, trains and flights were ~ Key projects to promote the resump- work; Traffic was restored in differ-  restored in an or-
Hubei None stopped; Industrial was suspended; The tion of work; community, village ent regions; School extension; Some derly manner;
community takes lockdown measures. closed control. communities and villages have been  Schools open in
closed off. batches.
Traffic control; some communities are Return to work and production; part Current limit management in scenic Restore the order of
Beijing-Tianjin-Hebei ~ None closed; Resumption of work was de-  of the park open; part of the commu- spots to increase an operating rate; life in an all-round
layed. nity, village closed management.  All kinds of schools are postponed. way.
Some traffic has been suspended; some Enterprises have gradually resumed . .
- P p . & Y . Comprehensively promote the re- Life order was fully
. communities have closed management; work; traffic has been partially re- . . .
Yangtze River Delta None . o\ sumption of work in enterprises; restored, and schools
and the resumption of work has been stored; some communities have been . .
promote normal life order. opened in batches.
postponed. closed off.
Promote the resumption of work and . .
. . . . . Restore life order in
Traffic control; Some production was  production; Enterprises in low-risk .
. i, . . . Full resumption of work; Control  an all-round way;
Pearl River Delta None suspended; some communities and vil- areas return to working; Community

lages were closed for management.  and villages are strictly controlled in
and out.

overseas import. Schools open in
batches.
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2. Experiments
2.1. Data
2.1.1. Air Quality Data

The air quality data used in this study was the hourly monitoring data of Air Quality
Index (AQI) and the mass concentration of conventional pollutants (PMio, PMas, NOz, SOz,
CO, Os) provided by the State Environmental Protection Administration from 2015 to
2020.

2.1.2. Meteorological Data

Meteorological data was taken from the NCEP/NCAR reanalysis dataset produced
by the National Centers for Environmental Prediction and National Center for Atmos-
pheric Research, from January 2015 to May 2020. The elements include: 500 hPa geopo-
tential height, 500 hPa air temperature, 500 hPa u and v wind, relative humidity (850 hPa),
sea level pressure, surface temperature, and surface u and v wind speed.

2.1.3. Government Control Measures

All government prevention and control measures implemented during COVID-19
were taken from the local government network.

2.2. Methods
Euclidean Distance

Euclidean distance (ED) was used to quantitatively describe the degree of similarity
between two weather processes, approximately eliminating the impact of meteorological
fields on air pollutants. This method enables the impact of government activities on pol-
lutants during the COVID-19 pandemic to be more clearly identified. ED is a distance
coefficient, used to describe sample similarity from the perspective of “value similarity”,
providing an intuitive reflection of the value difference between sample fields. A key for
similarity analysis is the selection of appropriate factor fields as feature statistics. We se-
lected 500 hPa geopotential height, 500 hPa air temperature, 500 hPa u and v wind, relative
humidity (850 hPa), sea level pressure, surface temperature, and surface u and v wind
speed as the factor fields for similar analysis. These are element fields noted to have im-
portant effects on pollution development. Smaller ED coefficient results indicate higher
similarities between the real-time field and the historical sample field. The equation used
to calculate ED was:

1 n
d= E;(xi -¥i), @™

where i is the number of grid points in the selected area (i = 1,2...n), x; is the historical
sample field, and y; is the selected real-time field.

Baseline conditions for this analysis spanned 2015 to 2019; the study period selected
was the same as the 2020 pandemic research period (Table 1). Each study period was di-
vided into the upper, middle, and lower ten-day periods using the nine element fields,
and the ED between each ten-day period and the same period for the previous five years
was calculated. For two element fields, a lower ED coefficient value indicates higher sim-
ilarity. Then, a show-of-hands voting method was adopted, with the most frequent being
selected for analysis.
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3. Results
3.1. Characteristics of Pollutants in China during Study Period 2015-2020

In recent years, pollution concentrations and AQI in China have decreased annually,
and there are obvious temporal and spatial characteristics of low concentrations in the
south and high concentrations in the north. Air pollutants undergo significant changes
under the influence of climatic conditions and human activities. Average air pollution and
air quality values during the study period of 20152020 (Figure 1) indicate that air pollu-
tion levels have declined annually in Beijing, Tianjin, Hebei, the Yangtze River Delta, the
Pearl River Delta, and Hubei and its surrounding provinces. The highest (lowest) average
AQI concentrations in the six regions during this period were: 106.50 (52.99), 97.78 (49.18),
104.29 (59.51), 96.48 (54.52), 81.27 (44.71), and 72.21 (41.64) ug-m=, respectively. In addi-
tion, highest average concentrations of AQI were recorded numerous times during the
last five years in northern China (Wuhan and Beijing); the Pearl River Delta recorded the
lowest value area, reflecting the spatial characteristics of China’s air pollution, with high
values in the north and low values in the south.

Similar to AQ)I, the spatial distribution of atmospheric particulate pollutants in these
six regions also showed a downward annual trend; spatial distribution recorded a trend
of high values in the north and low values in the south. Average maximum PMuo in each
region during the study period of 2015 to 2020 was 114.19, 107.51, 112.86, 103.49, 88, 44,
and 70.56 pug-m=, respectively. PMuo in Beijing attained the highest level in the past three
years, and PM10 in the Pearl River Delta had the lowest level over the past six years, with
a concentration value below 60 pg-m=. As an important part of PMio, PM25 recorded the
same trend and distribution characteristics as PMuo.

With the exception of Os, major gaseous pollutants also recorded a significant de-
creasing annual trend. The average multi-month concentration of NOz in the six different
regions (2015-2020) was: 51.04-30.45, 45.66-30.04, 51.37-33.78, 46.40-30.24, 45.15-28.74,
and 37.20-21.41 pg-m=, respectively, recording the lowest values in Hubei and highest
values in Wuhan and the Yangtze River Delta. The area of high concentration was located
in Hubei and its surrounding provinces, and the area of low concentration was located in
the Beijing-Tianjin-Hebei region and the Pearl River Delta region. Unlike the air quality
index and atmospheric particulate matter, the distribution of gaseous pollutants had no
obvious characteristics between south and north China. CO also recorded an obvious an-
nual downward trend, having significant differences between north and south China
from 2015 to 2017. Beijing, Tianjin, Hebei, and Hubei and its surrounding areas recorded
high values; the Yangtze River Delta and the Pearl River Delta recorded low values. Six-
year average Os values in the Yangtze River Delta were also high.

From 2015 to 2020, in addition to the monthly average, AQI concentrations changed
in Beijing, Tianjin, Hebei, the Yangtze River Delta, the Pearl River Delta, and Hubei and
surrounding provinces (Figure 2a). Monthly average AQI concentrations also recorded
seasonal variations, with winter having higher concentrations than spring. Over the study
period, lowest monthly average AQI concentrations occurred in Period 4 and Period 5,
and highest concentrations occurred in Period 1. With the exception of 2017, the Beijing-
Tianjin-Hebei region recorded the highest AQI value in Period 2; the lowest values oc-
curred in Period 1, Period 4, and Period 5. Air quality in the Yangtze River Delta and the
Pearl River Delta areas was optimal in Period 5 and poor during Period 1.

Average minimum particulate concentrations during the study period were recorded
in Period 2 and in Period 5 in each region (Figure 2b,c). Our results indicate that the dis-
tribution of particulate pollution was the worst during the winter and better in spring,
depicting obvious seasonal changes. Differences in monthly average concentrations of
particulate pollutants in the south were lower than those in the north, largely related to
winter heating in the north during the first month and obvious climate differences be-
tween the north and the south. With the exception of the Beijing-Tianjin-Hebei region, the
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concentration of particulate pollutants in Period 2 in the remainder of the region was sig-
nificantly reduced. PMio and PM:s concentrations in the Pearl River Delta, the Yangtze
River Delta, and Hubei and surrounding areas decreased by 13.51-32.05 and 14.15-25.35
ug-m3, respectively. Monthly average PMi and PMas concentrations in the Beijing-Tian-
jin-Hebei region increased by 10.76 and 34.01 pug-m, respectively.
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Figure 1. The average concentration of Air Quality Index (AQI) and the concentration of major air pollutants in Beijing—
Tianjin-Hebei (BTH), Yangtze River Delta (YRD), Pearl River Delta (PRD), Hubei except Wuhan (Hb (EWh)), Wuhan (Wh)
and Around Hubei (AH) during the study period of 2015 to 2020. (The unit of CO concentration is mg-m=, and the unit of
other air pollutants is ug-m=3.).

Seasonal differences were also recorded in the distribution of gaseous pollutants.
During the study period, NO2, SOz, and CO average monthly concentrations were highest
in Period 1(Figure 2d,{,g); changes for Os differed (Figure 2e). From Period 1 to Period 2,
NO:2 average monthly concentrations significantly declined. The greatest declines over the
study period were recorded in 2020, with declines of 59.95% (Pearl River Delta, Hubei),
37.11% (Pearl River Delta), 31.59% (Beijing-Tianjin-Hebei), 28.83% (Beijing-Tianjin-Hebei),
18.44% (Yangtze River Delta), and 39.22% (Pearl River Delta). Notably, the decline in
monthly average NO: concentrations in Hubei and its surrounding areas was relatively
small during the first five study years; in 2020, NO:z declined from 53.14% in Period 1 to
59.11% in Period 2. After Period 2, NO2 concentrations in various places increased by var-
ying degrees before gradually decreasing with seasonal changes. Average monthly SOz
and CO concentrations from 2015 to 2019 were consistent with NO2 results, having maxi-
mum values in Period 1, followed by sharp decreases in Period 2, an increase in Period 3,
and then a gradual decrease with changing seasons. However, the trend in 2020 differed.
The Yangtze River Delta, and Hubei and its surrounding areas, continued to increase after
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the Period 2 decline, and the maximum average monthly SO: concentration in the Yangtze
River Delta, Hubei and its surrounding areas occurred in Period 5. The distribution of O3
recorded differences compared to the other gaseous pollutants. Although Os was obvi-
ously present in the six study regions, Os concentrations in spring were greater than those
in winter. Over the study period, high value areas (Beijing-Tianjin-Hebei and Yangtze
River Delta regions) recorded highest concentrations in Period 4 and Period 5.
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Figure 2. According to the Chinese lunar month division time period, the monthly average concentration data are shown
for AQI(a), PMuo(b), PM2s(c), CO(d), Os(e), NO2z(f) and SO2(g) for the five study periods from 2015 to 2020, in Beijing,
Tianjin, Hebei, Yangtze River Delta, Pearl River Delta, and Hubei and surrounding provinces (Same unit as Figure 1).
Dotted lines separate the periods of successive years.

3.2. Changes in AQI and Air Pollutants during COVID-19 after the eliMination of
Meteorological Field

3.2.1. Meteorological Similarity

Taking Period 1 as an example, we divided data for this period into upper, middle,
and lower ten-day periods. Air Temperatures of 500 hPa in the first ten days of Period 1
2020 and the first ten days of Period 1 between 2015 and 2019 were calculated using ED
from the same weather field. Results from this process resulted in five fields (da11, da,...,
dais). Next, we selected the year corresponding to the smallest daimin. The middle and last
ten days of Period 1 were then calculated in turn, providing three years corresponding to
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daimin. By calculating the remaining eight meteorological elements in the same way, 27 re-
sults were obtained for the first half of Period 1. The most similar case in Period 1 2020
was that with the highest repetition rate. Results from this analysis (Table 3) indicate that
Period 1 2019 had similar characteristics to weather fields in Period 1 2020. This process
was undertaken for Period 2 to Period 5, and we identify that the meteorological fields in
2017 were similar to these.

Table 3. The year corresponding to the minimum Euclidean distance of 500 hPa, 750 hPa, and sur-
face meteorological elements during the study period of 2020 and the same period of the previous
five years. The 500 hPa meteorological elements include pressure, temperature, u, v wind field;
750 hPa is relative humidity. Surface meteorological elements include sea level pressure, tempera-
ture, u, v wind speed.

\Elements\ 500 hPa 750 hPa Surface
Date

Per 1.F 2019 2017 2016
Per 1.M 2019 2017 2019
Per 1.L 2015 2017 2019
Per 2.F 2019 2016 2019
Per 2.M 2019 2017 2015
Per 2.L 2018 2017 2017
Per 3.F 2016 2016 2017
Per 3.M 2019 2015 2017
Per 3.L 2017 2018 2017
Per 4.F 2016 2016 2017
Per 4M 2017 2018 2018
Per 4.L 2017 2015 2017
Per 5.F 2019 2015 2017
Per 5.N 2019 2015 2017
Per 5.L 2019 2016 2017

The most stringent period of China’s pandemic lockdown was mainly in Period 2.
From Figure 3, it can be concluded that the similarity between Period 2, 2017 and 2020, is
relatively high. The 500 hPa circulation patterns in 2017 and Period 2 2020 have the same
trend. The temperature decreases with increasing latitude, and the geopotential height
decreases with increasing latitude. There is a high-pressure ridge over West Siberia and a
low-pressure trough in the Sea of Okhotsk (Figure 3a,b). The relative humidity of 750 hPa
increases from north to south, and the relative humidity in the south reaches about 70%.
The Pearl River Delta is located in an area with a high relative humidity, which can reach
60%. Furthermore, the water vapor transport is good and it is easy to transport water va-
por from the Bay of Bengal and other places. In Hubei and the Yangtze River Delta, the
relative humidity of Beijing-Tianjin-Hebei is around 40%, and there is a relatively strong
northwesterly wind. Relative humidity and pollutants have a negative correlation, which
also shows that the Pearl River Delta region is relatively lighter than the country overall
(Figure 3c,d). The distribution of sea level high and low pressure in the past two years is
also similar. The pressure decreases from north to south. The low-pressure area corre-
sponds to the low temperature area (Figure 3e,f). The temperature in the northwest region
is the lowest in the two years. However, compared with 2017, the lowest temperature in
2020 is stronger. The wind speed in the west is relatively high, showing a southwest wind,
and there is a relatively strong westerly wind in the southwest, which may transport pol-
lutants from the west to the vicinity of the southwest. Northwest winds are present in the
Beijing-Tianjin-Hebei and Yangtze River Delta regions, whereas in Hubei and Pearl River
Delta regions, wind speeds are relatively low and winds are easterly.
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Figure 3. Distribution of circulation: (a,c,e) 2017 on Period 2, (b,d,f) 2020 on Period 2. Circulation at 500 hPa (a,b), geopo-
tential height (contours; m), air temperature (shaded; °C) and wind (vectors; m/s). Relative humidity at 750 hPa (c,d),
distribution of sea level pressure (e f), pressure (contours; hPa), air temperature (shaded; °C), and wind (vectors; m/s).

3.2.2. Changes in Pollutants during the Pandemiccovid-19 Compared with the
Background Field

Using monthly average data during the study period of 2015-2019 as historical back-
ground field data, the changes of air pollutants in China in 2020 in a year similar to its
meteorological field were compared and analyzed. Air quality in China was found to have
notably improved (Figure 4). From Period 1 to Period 5 (Figure 4b,d,fh,j), AQI was sig-
nificantly lower than the average over the previous five years. The biggest decline in AQI
was recorded in Period 2 and Period 3 in each region; AQI values declined in Period 2 by
26.36% (Hubei), 32.37% (Hubei, (except Wuhan), 40.44% (Wuhan), 4.95% (Beijing-Tianjin-
Hebei), 21.52% (Yangtze River Delta), and 33.33% (Pearl River Delta). Not only did the
Wuhan area experience a large decline in Period 2, it also decreased by 33.68% and 34.33%
in Period 1 and Period 3, respectively. This result is related to Wuhan being the area with
relatively strict and long-lasting control measures. However, in Period 12019 and Periods
2-5,2017, the trend was higher than the five-year average (Figure 4a,c,e,g,i).
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The trend of atmospheric particulate pollutants was similar to that of AQI, with the
degree of pollution decreasing annually. In 2020, atmospheric particulate pollutants fell
in Beijing-Tianjin-Hebei, Pearl River Delta, Yangtze River Delta, and Hubei and its sur-
rounding areas, and PMio concentrations decreased by 33.58%-50.55% in Period 2. PM2s
concentrations experienced the highest decrease in Wuhan (42.07%). Although the reduc-
tion of atmospheric particulate matter in various regions in Period 3 was significantly
smaller than that in Period 2, the declines in PMio in Periods 3 and 4 in Wuhan were 44.55%
and 46.04% respectively. In Period 5, the decline of particulate pollutants in the various
regions gradually reduced.

Over the study period, major gaseous pollutants in Beijing-Tianjin-Hebei, the Pearl
River Delta, the Yangtze River Delta, and Hubei and surrounding areas were significantly
reduced, with the exception of Os (Figure 4). However, the gaseous pollutants in similar
years in the meteorological field showed an increasing trend. In 2020, NOz, SOz, and CO
gaseous pollutants recorded the greatest decrease in concentration values in Periods 2 and
3 in different regions, with NO: recording the most obvious change during the COVID-19
lockdown period. The COVID-19 lockdown period in the majority of areas in China was
concentrated in Period 2, coinciding with a decline of NO: concentrations in each region
by more than 41.67%. Due to working/leisure restrictions implemented during the lock-
down period, this change in concentrations can be used as an indicator of lockdown. From
Period 2 to Period 3, NO: concentrations in Hubei significantly declined compared to
those in other areas. In Wuhan, the level of decrease peaked at 61.92% in Period 3, with
other areas recording declines of 27.53-33.54%. SO: declines in some regions were more
than 33.14% during Period 2 in 2019, especially in the Beijing-Tianjin-Hebei region
(56.63%). From Period 2 to Period 3, the SO2 decline in the Beijing-Tianjin-Hebei and Yang-
tze River Delta regions was more than 65.96%. In 2020, due to the impact of COVID-19
related lockdowns, the monthly average CO concentration in Period 2 decreased the most.
Around Hubei, the decrease in the Beijing-Tianjin-Hebei region was also the most obvi-
ous. As previously highlighted, Os concentrations recorded contrary results. In Period 2,
2020, monthly average Os concentrations in Beijing-Tianjin-Hebei, the Pearl River Delta,
the Yangtze River Delta, and Hubei and surrounding areas increased, being related to
changes in NO:2 concentrations. This result indicates that NOx emissions may effectively
inhibit Os production.
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Figure 4. The percentage change of the monthly average of AQI from Period 12019 to Periods 2-5
2017 (a,c,e,g i) and 2020 (b,d,fh,j) compared to the 5-year average for the same period of 2015-
2020. A positive value indicates an increase in percentage, and a negative value shows the oppo-
site.
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3.3. Anthropogenic Control of Contributions to Atmospheric Pollutants

The results from our study indicate that if the impact of meteorological fields over
the past five years (2015-2019) are not considered, AQI recorded the largest decline in
Period 2 (40.44%), and declines in PM1o and PMzs reach 50.56% and 42.07%, respectively.
For gaseous pollutants, NO: decreased by 54.61%, showing that human control has a
strong influence on the concentration of air pollutants. To determine the influence of hu-
man-made control on air pollutants, ED was used to obtain a similar meteorological field
to that of 2020, thereby eliminating the interference of meteorological factors. Linear fit-
ting was used to obtain the concentrations of pollutants estimated at baseline conditions
in 2020 and similar years to the meteorological field, comparing and analyzing the anthro-
pogenic contribution of atmospheric pollutants. The formula is as follows:

R, —R
—A__8,100% =R @)
Ra
Ra— G
4 __8.,100% =R, 3)
Ra
M=R-R, )

where R, is the meteorological field for a year similar to 2020 that has a pollutant con-
centration value of environmental treatment; Rp is the concentration value of pollutants
under the influence of environmental governance in 2020 and pandemic control; Gg sim-
ulates when there is no pandemic control, but there are pollutant concentration values
under the influence of environmental governance in 2020; R4 — Rp indicates there is pan-
demic control and a difference in pollutant concentration caused by environmental gov-
ernance in different years; R, — Gg is the difference in pollutant concentration under dif-
ferent environmental treatments in years similar to 2020 and its meteorological field; R is
the contribution of environmental governance and pandemic control to the concentration
of pollutants; R, is the contribution of environmental treatment to pollutant concentra-
tion in different years; and M, after excluding the impact of meteorological fields and en-
vironmental governance, is the contribution of pandemic control measures to the concen-
tration of air pollutants.

We calculated the contribution of atmospheric pollutants to the COVID-19 control
measures (M) before and after the pandemic based on the change trend over the years and
the similarity of the weather field. In Period 2020, most AQI and air pollutants are affected
by human-made declines, and pollutants in some areas increased. AQI and particulate
pollutants in Beijing-Tianjin-Hebei, and Hubei and its surrounding areas dropped signif-
icantly in Periods 1 and 2. The Yangtze River Delta and the Pearl River Delta dropped
significantly in Periods 2 and 3. The average drops in AQI and atmospheric particulates
in each region in Period 2 were 6.52% and 10.05%, respectively. In Period 5, the areas sur-
rounding Hubei and the Pearl River Delta gradually changed from a decrease to an in-
crease. By Period 5, AQI and particulate pollutants in all regions except the Yangtze River
Delta were affected by human influence. Section 3.2.2 states that NO: is the most sensitive
pollutant for pandemic control. Figure 5 displays the common trend through which NO2
is affected by human activities. In Period 2, the average reduction in NO:z due to the impact
of pandemic control measures was 30.66%; the Yangtze River Delta and Hubei (excluding
Wubhan), in particular, suffered a decline of more than 36%. Beginning in Period 3, except
for Hubeli, the decline in NO2 continued to decrease due to human-made influences, and
even increased in Periods 4 and 5. This is in line with the gradual lifting of control in
Period 3 and the beginning of resumption of work in various regions, and full resumption
of work and production after Period 4. However, in Hubei (except Wuhan), NO: dropped
by 31.17% in Period 3 and reached 48.17% in Wuhan. This is because Hubei’s deregulation
was relatively late, especially in Wuhan, which only began to deregulate traffic in Period
4. The overall impact of CO was relatively small, with a slight increase in northerly areas
in Periods 2 and 3, a decrease in most areas in Period 4, and an increase in Period 5. The
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effects on Os and NO:z were almost the opposite of these. In Periods 1 and 2, NO2 was
affected by human-made influences, and most Os increased. In particular, in Wuhan, the
human-influenced Os increased by 35.78% in Period 2. In Period 3, Os and NO: in Wuhan
still showed an obvious opposite trend. Subsequently, Os began to decline or slightly in-
creased.
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Figure 5. The contribution of pandemic control measures to the concentration of air pollutants (M) of the AQI and air
pollutants before and after the 2020 pandemic. If M > 0, pandemic control measures led to the reduction of air pollutants;
if M <0, on the contrary, the greater the absolute value of M, the greater the contribution.

4. Discussion and Conclusions

We systematically analyzed the changes in AQI and air pollutants in major urban
agglomerations in China before and after the pandemic and the hardest-hit area (Hubei),
and eliminated the influence of meteorological fields and proximity based on Euclidean
distance and linear fitting. In recent years, the environmental governance has impacted
air pollutants in China.

Results from this investigation indicate that, compared with pollution emission con-
centrations over the past five years, air quality in China has notably improved. With the
exception of Os, the concentration of major air pollutants decreased annually during the
study period of 2015-2020. These changes reflect effective environmental protection
measures that have been undertaken nationally in China. Particulate pollutants and some
gaseous pollutants (NO2 and SO2) present a spatial distribution characteristic of being low
in the south and high in the north, with distribution greater in winter than in spring. These
changes may be affected by the frequent occurrence of sand and dust weather in the north,
and heating in the north during the winter months. Strict COVID-19-related control
measures implemented in Period 2 2020 were found to have significant impacts on air
pollutants.

In Period 2 2020, air pollutants in various regions recorded significant declines; in
particular, NO: in the Yangtze River Delta fell 41.7%. In Period 3, the decline in air pollu-
tion in regions other than Hubei gradually decreased, however, the NO2 drop in Wuhan
area reached 61.92%. This was possibly related to the severity of the pandemic in Hubei
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and its extended lockdown conditions, whereas control measures were relaxed across the
remainder of China in Period 3. From Period 4 to Period 5, the air pollutants in various
regions were significantly reduced, gradually returning to levels recorded in the previous
year. Os was found to increase during the lockdown period, contrary to changes in NO2
concentrations, possibly indicating NOx emissions have an effective inhibitory action on
Os production.

We described the contribution of human-made control on air pollutants during the
pandemic. China’s pandemic control strongly impacted changes in air pollutants: the re-
strictions on industrial and commercial production, mass activities, and traffic and road
operations led to a reduction in air pollutants. Among the air pollutants studied, NO2 was
the most sensitive pollutant to control measures. AQI and atmospheric particulate matter
were reduced 6.52%, 10.05% and NO: fell by 30.66% by human-made impacts in Period 2
which was strictly controlled. As the resumption of work progressed and the decline of
most pollutants in various regions slowed. However, the reduction in NOz in Wuhan area
was 48.17% due to artificial control.

Following the implementation of blockade measures in many places, the concentra-
tion of local air pollutants decreased significantly, however, such temporary and strong
emission reduction measures cannot be used as a solution to the current air quality prob-
lems. This special control not only affects air quality, but also produces important changes
in the economy and climate. The closure measures during the pandemic caused damage
to domestic and foreign economies. The pandemic-related slowdown was the most seri-
ous economic contraction since 1929, and the economic impact of the pandemic will last
longer than the health crisis [63]. Traffic control has caused significant economic losses in
the transportation sector and has directly negatively impacted energy demand, affecting
global oil prices, which have fallen to historical lows. Following the impact on the energy
sector, most energy investment activities faced disruption due to flow restrictions [64]. In
addition, the restrictions on tourism caused serious damage to the economies of countries
where tourism plays a significant role in terms of GDP [63,65,66]. The United Nations
Trade and Development Organization estimates that the global economy shrank by 4.3%
in 2020, and 130 million people will fall into extreme poverty in two years. In the first
quarter of 2020, China’s GDP fell by 6.8% year-on-year, and the GDP of Hubei region fell
by 39.2% year-on-year (http://data.stats. gov.cn). Even countries that were not directly af-
fected by the virus have suffered, and continue to suffer, economic damage, particularly
low- and middle-income countries [67]. As the pandemic continues, many countries con-
tinue to implement blockade measures to protect people’s safety.

In addition, the prevention and control measures of the pandemic have had various
impacts on climate change. The impact of the pandemic on the climate system and the role
of climate in regulating the COVID-19 pandemic have been the foci of previous scientific
research [68]. The implementation of strict blockade measures reduces NOx emissions
more than VOCs emissions, resulting in a higher VOCs-NOx ratio, thereby increasing Os
production. The reduction in PM2s and PMuo also leads to an increase in the concentration
of Os on the surface. Due to the lower PM emissions during the blockade, higher solar
radiation is conducive to the formation of Os. During the lockdown period, the increase
in Os precursor emissions, such as CO and volatile organic compounds from household
activities (such as barbecuing, etc.), may also have been the reason for the increase in Os
[69,70]. The substantial reduction in NO, increased O3 and nighttime NOs radical for-
mation, and the increase in atmospheric oxidation capacity promote the formation of sec-
ondary particulate matter, causing serious haze in some areas [71]. Reductions in NOx and
SOz emissions can control the concentration of aerosols [72]. During the pandemic control
period, the reduction in aerosol emissions led to a rise in the continental surface temper-
ature of the Northern Hemisphere [73]. In the context of global warming, increasingly
frequent extreme weather may aggravate the emergence and spread of various infectious
diseases. In the case of climate warming, the incidence of infectious diseases will increase
through changing precipitation patterns and temperature [74,75]. However, some studies
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showed that rising temperatures will inhibit the spread of pandemic [76]. Future investi-
gations should examine the indirect effects of climate on changes in air pollutants indi-
rectly related to the COVID-19 pandemic.

The blockade measures have affected the climate and air quality, which, in turn, may
affect the spread of the virus [68]. Climate disasters damage material assets, natural capi-
tal, and human life, leading to a loss in production capacity, which leads to a reduction in
output and GDP [63]. The risks of the mixed impact of the COVID-19 pandemic on the
social economy, finances, and people’s safety cannot be ignored. How COVID-19 interacts
with the social structure remains to be studied.
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