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Abstract: In order to control the spread of the COVID-19 pandemic, the prevention and control
measures of public health emergencies were initiated in all provinces of China in early 2020, which
had a certain impact on air quality. In this study, taking Jiangsu Province in China as an example,
the air pollution levels in different regions under different levels of pandemic prevention and
control (PPC) measures are evaluated. The implementation of the prevention and control policies of
COVID-19 pandemic directly affected the concentration of air pollutants. No matter what level of
PPC measures was implemented, the air quality index (AQI) and pollutant concentrations of NO,,
CO, PM;j and PM, 5 were all reduced by varied degrees. The higher the level of PPC measures, the
greater the reduction was in air pollutant concentrations. Specifically, NO, was the most sensitive
to PPC policies. The concentrations of CO and atmospheric particulate matter (PMjy and PM, 5)
decreased most obviously under the first and second level of PPC. The response speed of air quality
to different levels of PPC measures varied greatly among different cities. Southern Jiangsu, which
has a higher level of economic development and is dominated by secondary and tertiary industries,
had a faster response speed and a stronger responsiveness. The results of this study reflect the
economic vitality of different cities in economically advanced regions (i.e., Jiangsu Province) in China.
Furthermore, the results can provide references for the formulation of PPC policies and help the
government make more scientific and reasonable strategies for air pollution prevention and control.
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1. Introduction

In early 2020, a sudden outbreak of the coronavirus disease 2019 (COVID-19) occurred
in China. This virus is highly contagious, and has caused a high mortality rate in sensitive
groups. So far, the COVID-19 has not yet been completely controlled. In order to curb
the spread of COVID-19, the government has implemented a series of interventions since
the outbreak, including lockdowns, quarantine, travel restrictions, temporary closures
of businesses and public facilities, etc. These control and emergency measures have
greatly affected the human activities, economic development, social relations and natural
environment [1-4].

Compared with the temporary control during major events and meetings in recent years,
the control of COVID-19 pandemic is the strictest in history in both time and space. Therefore,
it is possible to systematically study the impact of strict control measures implemented by
the government on air quality. In recent years, some scholars have studied the impact of
temporary control measures on urban air quality during major events or conferences, such
as the 22nd Asia-Pacific Economic Cooperation Economic Leaders” Meeting in Beijing [5],
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the 2013 Asian Youth Games [6] and 2014 Summer Youth Olympic Games in Nanjing [7],
and the 2016 G20 Hangzhou summit [8]. The variations of air quality during these events
demonstrate that the control measures are highly effective in alleviating air pollution.

The COVID-19 pandemic has had a significant impact on the environment, which
has been studied by scholars around the world. Several studies have shown that after the
measures taken by the Chinese government against the COVID-19 pandemic, air pollution
reduced significantly by 12.0-52.8% [1,9-15]. Similar situations appeared in other countries.
Air pollution in northeastern United States dropped by 30% after pandemic prevention
and control (PPC) measures were adopted [16]. The European Environment Agency found
that air pollution also decreased significantly after taking PPC measures in European
cities [17]. From 16-22 March 2020, NO, concentration in Bergamo of Italy and Barcelona of
Spain respectively decreased by 47% and 55% compared with that during the same period
of 2019. During the PPC period of COVID-19, NO, concentration dropped by 25.5% in
the United States [2], while NO, and particulate matter (PM;o and PM, 5) concentrations
dropped by nearly 50% in four Indian metropolises [18]. However, due to the complexity
of PPC implementation, it has been found that in many countries, even in lockdown period
a few pollutants’ concentrations showed an increasing trend. The O3 concentration in
Singapore increased by 18% during the lockdown period [19]. During the lockdown, the
S0, concentration in southern India increased slightly, and the O3 concentration increased
in the Indo Gangetic plain [20]. The concentration of O3 increased greatly in Hubei and the
Yangtze River Delta [21,22]. Since the start of the COVID-19 lockdown, the concentration
of PM, 5 in Beijing was higher than that in the same period in history [23]. And the decline
of the concentration of SO, in Wuhan was weaker than that in history [21]. These studies
have confirmed that the change in air pollution is mainly related to the slower economic
growth and travel restrictions during the pandemic [1,10].

Social production and operations as well as travel restrictions are closely related to
the level of PPC measures released by the government. Although many studies have
confirmed that the government’s PPC measures have a significant impact on air quality,
however, there is still a lack of specific information on the relationship between different
PPC levels and air pollution. Furthermore, the impact of the PPC levels on air quality may
vary in different regions under different levels of PPC. In addition, the speed of economic
recovery after the slowdown of the pandemic reflects the economic vitality of a city. The
changes in air quality in different cities after the implementation of PPC measures also
reflect the differences in the economic vitality of different cities, which has rarely been
discussed in previous studies. In this study, the variation characteristics of air quality in
different response levels to PPC measures in Jiangsu Province is studied, and the impact
of PPC measures of different levels on air quality is evaluated, especially the response
speed of urban air quality to PPC measures in cities with different economic development
levels. By revealing the relationship between government decision-making behavior and air
pollution, this study can provide references for the formulation of government PPC policies
and can also help the government to develop more scientific and reasonable strategies for
air pollution prevention and control.

The remainder of this paper is organized as follows. Section 2 describes the data and
methods. Section 3 presents results and related discussions. Finally, the main conclusions
are given in Section 4.

2. Materials and Methods
2.1. Air Pollutants and Meteorological Elements

In this study, the air quality data are from the national air quality monitoring stations
of Jiangsu Environmental Monitoring Center that are located in 13 prefecture-level cities
of Jiangsu. The hourly mean of all national stations in each city is taken as the hourly
monitoring value of this city, and the arithmetic mean of hourly monitoring values of
13 cities is taken as the hourly monitoring value of Jiangsu. The data mainly include
hourly data of SO,, NO,, CO, O3, PM;g and PM; 5 pollutants. According to the Technical
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Regulation on Ambient Air Quality (HJ 633—2012), we calculated the individual air quality
index (IAQI) based on the arithmetic mean of each pollutant in the whole province each
day, and furthermore, the daily AQI of the province was calculated. The meteorological
data come from 71 national standard meteorological stations covering the whole Jiangsu
Province, including hourly temperature, wind speed, precipitation, relative humidity and
visibility from 2018 to 2020. The hourly means of the 71 stations were taken as the hourly
monitoring values of the province. The administrative division of the study area is shown
in Figure 1.
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Figure 1. Administrative division of the study area.

2.2. Situations of Pandemic Prevention and Control

On 22 January 2020, the National Health Commission of the People’s Republic of
China confirmed a positive case of COVID-19 in Suzhou, which was the first case in Jiangsu
Province. In order to control the spread of COVID-19, Jiangsu activated the first-level
public health emergency response at 0000 CST (China Standard Time, the same below)
on 25 January 2020. The interventions included travel restrictions, restrictions on public
gatherings, and temporary closures of businesses and facilities. At 0000 CST on 25 February
2020, the response level was adjusted to the second level, which meant that all businesses
could reopen scientifically and reasonably. That is, it was suggested that production and
life could be recovered, while gathering and group activities were still restricted. As of
27 March 2020, there had been no newly confirmed local patients for 38 consecutive days.
Therefore, since 0000 CST on 28 March, the level of PPC measures was adjusted to the
third level, and the normal production and living of people gradually recovered, entering
the stage of regular PPC. The same emergency response was implemented to the whole
province at the same time by the Jiangsu provincial government, making it possible to
study the impact of PPC measures of different levels on air pollution in the whole province,
which is what this paper concerns.

2.3. Economic Development Data of Jiangsu Province

In this study, 13 prefecture-level cities in Jiangsu Province are taken as the research
units. Data from the Jiangsu Statistical Yearbook 2019 and 2020 (http:/ /tjjiangsu.gov.cn/col/
col80733/index.html, accessed on 1 March 2022) and the website of the National Bureau
of Statistics (http://www.stats.gov.cn/, accessed on 1 March 2022), and the statistical
bulletins of national economic and social developments of cities in Jiangsu (http://www.
tjen.org/tjgb/10js/, accessed on 5 March 2022) are used in the study. The 13 prefecture-level
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cities in Jiangsu are divided into three parts: southern Jiangsu (including Nanjing, Wuxi,
Changzhou, Suzhou and Zhenjiang), central Jiangsu (Nantong, Yangzhou and Taizhou)
and northern Jiangsu (Xuzhou, Lianyungang, Huai’an, Yancheng and Sugian).

2.4. Method of Analysis and Validation

The data collected were divided into two groups. One is the data in 2020 representing
the pandemic period, and the other is data in 2018 and 2019 representing the historical
period. Each group was divided into four subgroups according to the PPC level, that is, no
PPC period, first-level PPC period, second-level PPC period and third-level PPC period.
No PPC period is 1-21 January 2020. In order to reduce the impact of the first reported
case on residents’ lifestyles, the data from 22-24 January were excluded. The end of the
statistical date for the third-level response was set to 30 April to ensure that the numbers of
days in periods under different response levels are similar, so as to avoid the interference
brought by the time length. Table 1 lists the time ranges for different response levels
(http:/ /www.nanjing.gov.cn/zt/yqfk/zces /202001 /t20200127_1782811.html, accessed on
1 March 2022).

Table 1. Time ranges for response levels of pandemic prevention and control of COVID-19 in
Jiangsu Province.

Non L1 L2 L3
~ 25 January-24 25 February-27 . .
2020 1-21 January Februaty March 28 March-30 April
2018-2019  Same period Same period Same period Same period
Total Days 21 31 32 34

The daily average AQI value of the whole province was used to calculate the grade
of daily air quality, and the grades I-VI correspond to the air quality of very good, good,
slightly polluted, moderately polluted, heavily polluted and severely polluted. The days
with air quality of grades I-II are good air days, and the days with air quality of grades
[I-VI are polluted air days.

Based on the time-series analysis method, the air quality and concentrations of six
atmospheric pollutants in different PPC periods in 2020 were compared with those during
the same periods in 2018-2019 to explore the variations of air quality under different PPC
levels in Jiangsu. The rate of change (CR) in the period without PPC in 2020 over the
same period in previous two years was regarded as the natural change rate (NCR) in 2020.
During the periods in first-level (L1), second-level (L2) and third-level (L3) responses to
PPC, CR minus the NCR was regarded as the change rate under the PPC conditions (PCR).
The formulas of CR, NCR and PCR are as follows.

_ Xrec - Xhis
his
NCR = CR, in the period without PPC,
PCR = CR — NCR, in the period with PPC,

CR x 100%,

where X, is the air quality or concentration of six atmospheric pollutants in 2020, and Xj,;
is the air quality or concentration of six atmospheric pollutants during the same periods in
2018-2019. The PCR of the mean and extreme values were analyzed separately to study
the impact of the implementation of PPC policies on air quality. The analysis of mean
values used the daily mean values of AQ]I, pollutant concentrations and meteorological
elements, and the analysis of extreme value used the maximum daily mean values of AQ],
pollutant concentrations, the minimum daily mean value of visibility, and the maximum
daily mean values of other meteorological elements. In order to verify the significance of
the differences in air quality before and after the outbreak of COVID-19 pandemic and


http://www.nanjing.gov.cn/zt/yqfk/zccs/202001/t20200127_1782811.html

Atmosphere 2022, 13, 640

50f17

among different levels of PPC measures, we first used the F-test to test the variance of
samples in two different periods, and then carried out the Student’s t-test of equal variance
or heteroscedasticity according to the results of the F-test. If p < 0.05 in the two tailed f-test,
it was regarded as a significant difference. The variations of air quality in 13 prefecture-level
cities of Jiangsu under different PPC levels were compared, so as to explore the differences
in the response of urban air quality variations to the PPC levels under different economic
development levels.

3. Results
3.1. Differences in Air Quality in Different Scenarios

Figure 2 shows the number of days for each grade of air quality at the four PPC stages
from 2018 to 2020. It can be seen that on the no PPC stage (Figure 2a), the number of
days with air quality of grade I in 2020 increased over previous years, and the number of
days with air quality of grade V decreased. Overall, there were few changes in the past
3 years. In the first-level PPC period (Figure 2b), the number of days with air quality of
grades I and II in 2020 increased over the same period in the previous 2 years, and the
number of days with air quality of grade III were significantly reduced, and there was
no moderate or severe pollution. There were 9, 11 and 2 polluted days in 2018, 2019 and
2020, respectively, suggesting that the pollution time was significantly reduced. In the
second-level PPC period (Figure 2c), the number of days with air quality of grades I and
II in 2020 also increased over the previous 2 years, and there were no polluted days. In
the third-level PPC period (Figure 2d), there were still no polluted days in 2020, and the
number of good air days was the same as that in 2019. In general, the air quality in 2020
was significantly improved compared with the same period in previous years, which means
the implementation of PPC policies had a certain impact on air quality. It is worth noting
that whether the epidemic occurred or not, the number of polluted days was decreasing
from January to April. This is due to the obvious cooling of ground radiation at night in
winter, and the “temperature inversion layer” is easy to appear in the low altitude of the
atmosphere, resulting in the accumulation of pollutants and thus the poor air quality. With
the increase of temperature in spring, the atmospheric stability decreases and the diffusion
conditions become better, so the air quality is improved.

Statistics of atmospheric pollutant data in 13 cities show that except for SO,, the
levels of pollutants and air quality indexes are significantly different during the periods
before and after the implementation of PPC policies (p < 0.05, Table 2), indicating that
the social restrictions implemented in the PPC period had a direct impact on atmospheric
pollutants. As long as PPC measures are taken, the concentration of pollutants could
be affected regardless of the level of PPC. From the perspective of the PPC levels, the
concentrations of SO,, NO; and CO were significantly different between the periods with
the first- and second-level PPC measures, and the concentrations of SO,, NO,, CO and
O3 were significantly different between the periods with the first- and third-level PPC
measures, while there was little difference in pollutant concentrations between the periods
with the second- and third-level PPC measures.

3.2. Impacts of COVID-19 on Air Quality

Compared with the same period in 2018 and 2019, the values of AQI, SO,, NO,, CO,
PMjg and PM; 5 in 1-21 January of 2020 decreased by 9.75%, 45.36%, 21.01%, 13.00%, 19.29%
and 9.33%, respectively (Table 3), which are the NCRs in air quality in 2020 as defined above.
This indicates that without the influence of PPC, the concentrations of air pollutants were
also gradually decreasing, which is consistent with the results in other parts of China. The
change in air quality is mainly attributed to the “Three-Year Action Plan for Cleaner Air”
to win the battle for a blue sky released by the State Council of China in 2018. This action
plan aims at significantly reducing the total emissions of major air pollutants and greenhouse
gases, further lowering the concentrations of fine particulate matter (PM, ), significantly
reducing the number of heavily polluted days and thus improving the air quality.
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Figure 2. The number of days for each grade of air quality under different pandemic prevention and
control levels in Jiangsu Province ((a), Non; (b), L1; (c), L2; (d), L3).

Table 2. Significance levels for periods with different levels of PPC measures by Student’s t-test

(ot = 0.05).
Scenes AQI SOZ NOZ cOo 03 PM10 PM2_5
COVID-19vs. Non 1.1 x 1073 0.22 43 x 1078 2.0 x 1073 24 x 10716 57 x 1073 54 x 10~*
L1 vs. Non 21x107% 89x107* 52 x 10712 2.0 % 107% 2.03 x 10~ 1 23 %1073 23 x 1073
L2 vs. Non 89 x 1074 0.51 2.0 % 107> 85 x 107° 1.8 x 10712 7.2 %1073 3.6 x107*
L3 vs. Non 9.5 x 104 0.59 1.8 x 1073 7.1 x 106 8.4 x 1017 0.017 25 x 1074
L1vs. L2 0.49 0.022 75 x 1077 0.049 0.23 0.31 0.12
L1vs. L3 0.57 53x107% 84 x 10710 0.03 2.6 x 1078 0.08 0.064
L2 vs. L3 0.84 0.27 0.13 0.85 1.7 x 1079 0.42 0.72
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Table 3. Variations of AQI, atmospheric pollutants and meteorological conditions during the pan-
demic period and the same period of previous years.

Air Historical 2020 Dail Daily
Pollutions or Period Historical 2020 Mean CR Mean Daily Daily Extren};e Extreme
Weather Mean Mean PCR Extreme Extreme CR PCR

Conditions Values Values
AQI Non 115.64 10436 —9.75% / 234,55 212.28 —9.49% /
Level 1 91.20 6227  —3172%  —2197%  218.67 10957  —49.89%  —40.40%
Level 2 81.27 5874  —27.72%  —17.97%  143.86 93.74 —3484%  —2534%
Level 3 74.37 5047  —20.04%  —1029% 14372 85.37 —40.60%  —31.11%
SO, (ug/m3)  Non 14.56 7.95 —45.36% / 30.72 1143 —62.79% /
Level 1 11.93 6.55 —4510%  0.26% 26.72 9.30 —6519%  —2.40%
Level 2 12.26 7.62 —3781%  7.55% 22.12 12.78 —4222%  20.57%
Level 3 12.13 8.21 —3234%  13.02% 20.50 11.77 —4259%  20.21%
NO, (ug/m®  Non 52.05 4111 —21.01% / 94.25 60.22 —36.11% /
Level 1 35.33 17.68  —49.96%  —28.95% 86.46 33.20 —61.60%  —25.49%
Level 2 43.05 2891  —32.84%  —11.82% 75.17 51.29 —31.77%  4.34%
Level 3 38.23 3214  —-1593%  5.09% 60.93 53.54 —12.13%  23.98%
CO (mg/m3)  Non 1.14 0.99 —13.00% / 1.80 1.61 ~10.56% /
Level 1 0.95 0.71 —2499%  —12.00% 1.61 1.03 —36.02%  —2547%
Level 2 0.86 0.64 —2530%  —12.30% 1.28 091 —2891%  —18.35%
Level 3 0.74 0.63 —~1470%  —1.70% 1.15 0.85 ~26.09%  —15.53%
05 (ug/m3) Non 32.69 36.78 12.50% / 57.35 60.71 5.86% /
Level 1 53.66 64.82 20.80% 8.30% 74.03 86.16 16.39% 10.53%
Level 2 66.71 68.48 2.66% —9.84% 90.74 86.23 —497%  —10.83%
Level 3 81.45 87.59 7.54% —4.96% 139.44 12365  —11.32%  —17.18%
(g\//{rlr%) Non 118.27 9546  —19.29% / 250.50 18875  —24.65% /
Level 1 94.30 5724  —39.30%  —20.01%  208.46 10374  —5024%  —25.58%
Level 2 89.97 6297  —3001%  —1071% 15441 99.38 —35.64%  —10.99%
Level 3 91.10 6722 —2621%  —6.92% 207.62 11969  —4235%  —17.70%
(E;f§3) Non 85.70 77.70 ~9.33% / 184.55 16228  —12.07% /
Level 1 66.10 4472 —3234%  —2301%  168.67 82.65 —51.00%  —38.93%
Level 2 58.38 3802  —3488%  —2555%  110.09 69.99 —3642%  —24.36%
Level 3 4877 3691  —2432%  —1499%  109.98 63.29 —4245%  —30.39%
Temg‘gmre Non 2.83 456 61.06% / 8.80 10.61 20.58% /
Level 1 2.66 6.09 129.07%  68.01% 10.30 13.32 29.29% 8.71%
Level 2 10.14 11.28 11.28%  —49.77% 18.10 19.87 9.76% —10.82%
Level 3 15.93 1393 —1257%  —73.63% 24.70 24.37 ~134%  —21.92%
prec(gi‘;la)tm Non 1.92 2.67 39.42% / 37.90 1519 —59.92% /
Level 1 2.11 148 —29.88%  —69.30% 18.30 12.05 —3413%  25.78%
Level 2 1.99 2.05 3.02% —36.40% 51.00 20.04 —60.72%  —0.80%
Level 3 1.80 1.63 —9.66%  —49.08% 24.10 23.47 —2.62%  57.29%
relative Non 78.10 82.76 5.97% / 98.00 95.61 —2.44% /
humidity (%)
Level 1 74.03 74.96 1.26% —4.71% 98.00 97.20 —0.82% 1.62%
Level 2 72.28 70.16 —294%  —891% 97.00 96.73 —0.28% 2.17%
Level 3 71.67 6436  —1020%  —16.17% 98.00 91.15 —698%  —454%
W‘r(‘ijzfed Non 1.93 1.96 1.42% / 4.40 391 —11.24% /
Level 1 2.22 2.33 5.11% 3.69% 490 418 —1475%  —3.52%
Level 2 247 2.60 5.53% 411% 5.40 445 —1753%  —6.29%
Level 3 2.47 2.32 —635%  —7.77% 5.90 435 —2619%  —14.95%
visibility (km) ~ Non 6.16 5.60 —9.08% / 1.34 1.88 40.74% /
Level 1 8.56 10.64 24.25% 33.33% 2.30 353 53.10% 12.36%
Level 2 8.64 12.59 45.80% 54.88% 3.16 321 1.57% ~39.17%

Level 3 10.13 15.06 48.60% 57.68% 4.49 7.93 76.36% 35.63%
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After the outbreak of COVID-19, the AQI and concentrations of NO,, CO, PM;,
and PM; 5 decreased with a magnitude larger than those before the outbreak, displaying
the characteristics of varied degrees of declines under different levels of PPC measures.
Specifically, the AQI and pollutant concentrations decreased the most under the first- and
second-level PPC, and decreased slightly under the third-level PPC. The NCR of SO,
concentration in 2020 was —45.36%, which was significantly lower than the value in the
same period in historical years, indicating that the control effect of SO, in Jiangsu Province
is obvious. But the decreasing trend of SO, weakened after the outbreak of COVID-19, and
similar results have been obtained in other parts of China [21]. We speculate that on one
hand, it is related to the industrial production activities that have not been interrupted
during the epidemic period, such as increasing the emission of coal-fired pollution from
coal-fired power plants and coal-fired heating boilers. To some extent, epidemic control has
increased the demand for household electricity, heating and cooking. From the perspec-
tive of provincial distribution, cities with a high proportion of secondary industry have a
relatively high SO, PCR, such as Changzhou, Zhenjiang and Taizhou (data omitted). On
the other hand, sulfur dioxide is easily soluble in water, and the reduction of precipitation
during the epidemic increased the content of sulfur dioxide in the atmosphere. The Os
concentration in 2020 increased. In particular, the O3 concentration increased by 20.8%
under the first-level PPC measures compared with that during the same period in previous
years. This result is similar to the results of studies focusing on the Chinese mainland, the
Guangdong-Hong Kong-Macao Greater Bay Area [9,24], Europe [25] and India [18]. This
phenomenon is mainly due to the particularity and complexity of ozone formation and de-
pletion mechanisms. Ozone is formed by photochemical reactions between nitrogen oxides
and volatile organic compounds emitted from natural sources and human activities [26].
Air pollution is also somewhat related to meteorological conditions [27,28]. Generally
speaking, high temperature, low relative humidity and high solar radiation are conducive
to the formation of ozone [29-31]. During the period with first-level PPC measures, the
daily average temperature in Jiangsu was 3.43 °C higher than that in the same period
of historical years, with an increase of 129.07%, while precipitation decreased by 29.88%.
Brighter weather and lower concentrations of particulate matters allow more sunlight to
pass through. Higher temperatures and stronger light, along with increased photochemical
activity, lead to higher ozone concentrations. Changes in visibility also reflect changes in
air quality to some extent [32]. During the periods in the first-, second- and third-level
responses to PPC, the average values of atmospheric visibility respectively increased by
24.25%, 45.80% and 48.60% compared with those in the same period of previous years, and
the daily minimum value of visibility also increased. This indicates that after the outbreak
of COVID-19, the concentrations of atmospheric particulate matters decreased and thus the
atmospheric transparency gradually increased.

3.3. Impact of Pandemic Prevention and Control on Air Quality

The reduction in air pollution is closely related to the PPC policy. During the period
with first-level PPC measures, the PCRs of AQI and the concentrations of six air pollutants
(SOZ, NOZ, CO, 03, PM]O and PM2'5) were —21.970/0, 0.260/0, —28.950/0, —12.000/0, 8.300/0,
—20.01% and —23.01%, respectively. During the period with second-level PPC measures,
the PCRs were —17.97%, 7.55%, —11.82%, —12.30%, —9.84%, —10.71% and —25.55%,
respectively. During the period with third-level PPC measures, the PCRs were —10.29%,
13.02%, 5.09%, —1.70%, —4.96%, —6.92% and —14.99%, respectively (Table 3). It can be
seen that, except for SO, and O3, the AQI and concentrations of other pollutants were
significantly reduced under the PPC measures. In turn, the improvement of air quality
could help reduce the spread of COVID-19 and play a positive role in PPC [33,34].

The first-level response was ordered by the State Council of the People’s Republic of
China, and the provincial government organized and coordinated the provincial emergency
response under the unified leadership and command. The second-level response was
deployed by the provincial government, and the third-level emergency plan in response
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was formulated by the municipal and county governments. Therefore, the control force and
restriction policies in different provinces may be different, resulting in different impacts of
emergency responses on air quality in different provinces. Some studies have shown that
due to travel restrictions during the pandemic, AQI and concentrations of NO,, CO, PMy
and PMj, 5 in cities of northern China decreased by 7.80%, 24.7%, 4.58%, 13.7% and 5.93%,
respectively [1]. For cities in the Guangdong-Hong Kong-Macao Greater Bay Area, the
AQI and concentrations of the above four pollutants were reduced by 37.4%, 47.0%, 24.1%,
44.8% and 40.5% during the period with first-level PPC measures and by 24.4%, 25.5%,
23.2%, 25.6% and 32.5% during the period with second-level PPC measures, which were
27.1%, 12.1%, 9.86%, 24.1% and 31.0% during the period with third-level PPC measures [24].
Therefore, the air quality in Jiangsu was more likely to be affected by the PPC policies
compared with that in cities of northern China, but the sensitivity of air quality to restrictive
policies was slightly lower than that in the Pearl River Delta.

NO, was the pollutant most sensitive to the PPC policies (Figure 3). The higher
the PPC level, the higher was the reduction of NO,. The PCRs of NO; concentration
under the first-, second- and third-level responses decreased by 28.95%, 11.82% and 5.09%,
respectively. As the NO, in the atmosphere is mainly from fossil fuel combustion, vehicle
exhaust and industrial production emissions, with the relaxation of PPC and the recovery
of normal production and living, the concentration of NO, rose again.

The CO in the atmosphere is mainly from the incomplete combustion of fossil fuels
and biofuels [11]. During the period in response to PPC measures, CO emissions from
domestic boilers and power stations were significantly affected. The PCRs of CO concen-
trations in the first-, second- and third-level responses decreased by 12.00%, 12.30% and
1.70%, respectively. In the first- and second-level responses to PPC policies, CO was well-
controlled. After the implementation of the third-level PPC policy, industrial production
activities gradually recovered, and the CO concentration rebounded. For historical average
(2018-2019), the CO concentration showed a declining trend from February to April, while
there was no such obvious downward trend from February to April of 2020 due to the
implementation of the PPC policy (Figure 3).

In addition, the concentration of atmospheric particulate matters (PMjg and PM; 5) also
decreased significantly during the period in response to PPC measures. The main sources
of PM, 5 are the residues emitted from combustion in the process of daily power generation,
industrial production and vehicle exhaust emissions. PMjg comes from direct emissions
from pollution sources, such as coal-burning flue gas, construction and transportation dust,
smelting dust, building material dust and traffic powder. The PCRs of PM;( concentration
in the first-, second- and third-level responses were reduced by 20.01%, 10.71% and 6.92%,
respectively, while the reductions were 23.01%, 25.99% and 14.99% for PM; 5, respectively.
Thus, the concentrations of atmospheric particulate matters decreased most obviously
under the first- and second-level responses. With the recovery of production and living
activities, the concentrations of particulate matters gradually approached the average value
in the same period of previous years (Figure 3).
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Figure 3. Daily variations of pollutant concentrations under different PPC levels.The shadows of
dark grey, medium grey and light grey represent the L1, L2 and L3 period respectively.

3.4. Variations of Urban Air Quality in Response to Pandemic Protection and Control Measures
under Different Economic Development Levels

Table 4 and Figure 4 show the year-on-year variations of AQI in 13 cities of Jiangsu
under different levels of PPC measures. It can be seen that in 2018 and 2019, there were
significant differences in air quality among 13 cities. Among them, the air quality in
Xuzhou that has a large proportion of heavy industry was the worst. After the outbreak
of COVID-19, the gaps in air quality among 13 cities decreased. During the period with
no PPC measures, except for Nantong and Yangzhou, the AQI values in other cities all
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declined, which means that the air quality generally improved in 2020. During the period
with first-level PPC measures, the AQI values in all cities showed a larger magnitude of
decline. Among them, Wuxi, Nanjing and Suzhou have the largest magnitudes of 40.4%,
39.7% and 38.3%, respectively, while Suqgian, Huai’an and Lianyungang have the smallest
magnitudes of 21.1%, 23.1% and 24.2%, respectively. During the period with second-level
PPC measures, the magnitude of the AQI decline in each city was smaller than that during
the period in first-level response. Among them, Yangzhou, Taizhou and Zhenjiang had
the largest magnitudes of 34.3%, 32.8% and 32.4%, respectively, while Huai’an, Suqgian
and Lianyungang had the smallest magnitudes of 20.6%, 23.7% and 24.4%, respectively.
During the period with third-level PPC measures, the decline of the AQI in each city
was smaller than that during the period in second-level response. Specifically, Zhenjiang,
Xuzhou, Yangzhou and Taizhou had larger magnitudes of 27.8%, 26.2%, 24.2% and 23.7%,
respectively, while Lianyungang, Nantong, Huai’an and Suqian had smaller magnitudes of
11.9%, 14.0%, 15.2% and 17.8%, respectively.

The daily variations of AQI in Xuzhou, Sugian, Nanjing and Suzhou in 2020 are
presented in Figure 5. It can be seen that before the outbreak of COVID-19, the air quality
in southern Jiangsu (Nanjing and Suzhou) was relatively good, while the air quality
in northern Jiangsu (Xuzhou and Sugian) was poor. After the implementation of the
first-level PPC measures, the air quality improved significantly. After the resumption of
production, the pollutant concentrations rebounded, and the differences in the air quality
among different cities shrank. The cities in southern Jiangsu returned to the pre-pandemic
situation more quickly.

The GDP of 13 cities from 2019 to 2020 is shown in Table 5. The GDP of cities in
southern Jiangsu is relatively higher. For example, the GDPs of Suzhou and Nanjing in
2020 reached CNY 2017.05 billion and CNY 1481.795 billion, respectively, while the GDPs
of cities in northern Jiangsu were relatively lower. Sugian, the city with the lowest GDP in
the province, had a GDP of CNY 326.24 billion in 2020. From the perspective of industrial
structure (Figure 6), the proportion of primary industry in northern Jiangsu is higher than
the average level of the whole province, while the proportions of secondary and tertiary
industry are lower. The situation is the opposite in southern Jiangsu [35]. Under the epi-
demic prevention and control measures, the industrial and vehicle emissions were limited,
so the secondary industry represented by industry and the tertiary industry represented by
service industry were greatly affected. Therefore, the southern Jiangsu, dominated by the
secondary and tertiary industries, was more sensitive to the PPC measures.

Table 4. Variations of AQI in 13 prefecture-level cities of Jiangsu under different levels of pandemic
prevention and control measures, and those in the same period of historical years (the data are
consistent with Figure 4).

City Non L1 L2 L3
2018-2019 2020 2018-2019 2020 2018-2019 2020 2018-2019 2020

Changzhou 113 108 92 59 87 62 83 64
Huaian 128 115 94 72 83 66 77 65
Lianyungang 121 105 89 68 73 55 69 61
Nanjing 117 91 88 53 77 57 74 58
Nantong 87 90 76 54 72 53 67 57
Suzhou 100 94 84 52 75 55 75 59
Sugian 140 129 103 81 89 68 77 63
Taizhou 107 99 89 61 83 56 76 58
Wuxi 100 89 84 50 74 55 73 59
Xuzhou 167 146 126 85 112 77 91 67
Yancheng 108 94 89 59 81 57 71 59
Yangzhou 110 110 90 57 89 59 82 62
Zhenjiang 121 103 93 62 89 60 81 59
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Figure 4. Variations of AQI in 13 prefecture-level cities of Jiangsu under different levels of pandemic
prevention and control measures, and those in the same period of historical years (the data are
consistent with Table 4). Three colors in the map: blue, northern Jiangsu region; orange, central
Jiangsu region; pink, southern Jiangsu region.
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Figure 5. Daily variations of AQI in Xuzhou, Sugian, Nanjing and Suzhou in 2020. The shadows of
dark grey, medium grey and light grey represent the L1, L2 and L3 period respectively.

Table 5. GDP rankings of 13 prefecture-level cities in Jiangsu Province (data from the National Bureau
of Statistics of China, http:/ /www.stats.gov.cn/, accessed on 10 March 2022).

Ranking City 2020 GDP (Billion Yuan) 2019 GDP (Billion Yuan)
1 Suzhou 2017.05 1923.58
2 Nanjing 1481.795 1403.015
3 Wuxi 1237.048 1185.232
4 Nantong 1003.63 938.339
5 Changzhou 780.53 740.086
6 Xuzhou 731.977 715.135
7 Yangzhou 604.833 585.008
8 Yancheng 595.338 565.626
9 Taizhou 531.28 513.336

10 Zhenjiang 422.01 412.732
11 Huaian 402.537 387.121
12 Lianyungang 327.707 313.929
13 Sugian 326.24 309.923

Therefore, the response speed of urban air quality to the PPC level varied greatly
under different economic development levels and industrial structure. The southern
Jiangsu, which has a higher level of economic development and is dominated by secondary
and tertiary industries, had a faster response speed and a stronger responsiveness. The
pollutant concentration dropped rapidly during the period under first-level PPC, the
economic production recovered quickly and the economic vitality was high during the
periods under second- and third-level PPC. On the contrary, the northern Jiangsu, where
the level of economic development is relatively backward and the proportion of primary
industry is relatively high, had a slower response speed and a weaker responsiveness. The
pollutant concentrations decreased slowly during the period under first-level PPC. After
the relaxation of PPC measures, it takes a longer time for the economy to recover, and thus
the economic vitality will be relatively weaker.
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Figure 6. Industrial structure distribution map of 13 cities in Jiangsu Province. The data are from
the Jiangsu Statistical Yearbook 2020, http:/ /tj.jiangsu.gov.cn/2020/nj20/nj2006.htm, accessed on
10 March 2022.

4. Conclusions

In early 2020, the outbreak of the COVID-19 pandemic occurred. In order to control the
spread of the pandemic, the Jiangsu provincial government took different levels of public
health emergency responses. This paper studies the variations of air quality in response to
different levels of PPC measures. In 2018, the Jiangsu provincial government issued the
“Implementation Plan of Jiangsu Province’s Three-Year Action Plan for Cleaner Air”. Since
then, the air quality has improved significantly. Therefore, this study focuses on analyzing
the air quality during 2018-2020. By analyzing the relationships of air pollution data with
PPC levels and meteorological conditions, the major conclusions are as follows.

The implementation of COVID-19 related PPC policies directly affected the concen-
trations of air pollutants. For AQI and pollutants of NO,, CO, PM;y and PM3 5, as long as
the countermeasures were taken, the AQI and pollutant concentrations were reduced by
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varied degrees regardless of the levels of PPC. However, there was no significant decrease
in SO, and O3 concentration during the period in response to PPC measures.

The air pollution reduction was closely related to the levels of PPC. In general, the
higher the level of PPC measures, the greater was the reduction of air pollutant concentra-
tions. Compared with the cities in northern China, the air quality in Jiangsu was more likely
to be affected by restrictive policies, but the sensitivity of air quality to restrictive policies
was slightly lower than that in the Guangdong-Hong Kong-Macao Greater Bay Area. This
may be related to urban development and industrial structure in different regions.

NO, was the pollutant most sensitive to PPC policies. The higher the level of PPC,
the greater was the reduction of NO, concentration. The CO and atmospheric particulate
matter concentrations were most significantly reduced during the periods with first- and
second-level PPC measures. With the recovery of production and living order, the pollutant
concentrations gradually approached the average value in the same period of previous years.

There were great differences in the response speeds of urban air quality to the lev-
els of PPC among cities with different levels of economic development and industrial
structures. Southern Jiangsu, which has a higher level of economic development and is
dominated by secondary and tertiary industries, had a faster response speed and a stronger
responsiveness, indicating its high economic vitality.

Due to the complexity of air pollution change, in which many factors may play a key
role in this process, this paper still has some limitations, which need to be discovered in
further investigation.
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