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Abstract: To better understand the changes in air pollutants in an industrial city, Handan, North
China, during the COVID-19 lockdown period, the air quality and meteorological conditions were
recorded from 1 January to 3 March 2020 and the corresponding period in 2019. Compared to the
corresponding period in 2019, the largest reduction in PM2s-10, PM2s, NO2 and CO occurred during
the COVID-19 lockdown period. PMas-10 displayed the highest reduction (66.6%), followed by NO2
(58.4%) and PM:s (50.1%), while Os increased by 13.9%. Similarly, compared with the pre-COVID-
19 period, NO: significantly decreased by 66.1% during the COVID-19 lockdown, followed by PMa.s-
10 (45.9%) and PM2s (42.4%), while Os increased significantly (126%). Among the different functional
areas, PMzs and PM2s-10 dropped the most in the commercial area during the COVID-19 lockdown.
NO: and SO:2 decreased the most in the traffic and residential areas, respectively, while NO2
increased only in the township and SO: increased the most in the industrial area. Os increased in all
functional areas to different extents. Potential source contribution function analysis indicated that
not only the local air pollution lessened, but also long-distance or inter-regional transport
contributed much less to heavy pollution during the lockdown period. These results indicate that
the COVID-19 lockdown measures led to significantly reduced PM and NO: but increased Os,
highlighting the importance of the synergetic control of PM2s and Os, as well as regional joint
prevention and the control of air pollution. Moreover, it is necessary to formulate air pollution
control measures according to functional areas on a city scale.
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1. Introduction

Air pollution is a public environmental issue in some regions across the world, and
PM25 exposure contributed to 4.58 million deaths and 142.52 million disability-adjusted
life years globally in 2017 [1]. In China, there were 1.42 and 0.93 million deaths attributable
to PM:s and Os exposure in 2019, respectively
(https://www stateofglobalair.org/health/pm(accessed on 5 September 2022)). In order to
improve air quality and habitable environments, the Chinese government has released a
series of policies, such as the “Air Pollution Prevention and Control Action Plan” in 2013
[2]. As a result, the concentration of PM:s in the Beijing-Tianjin-Hebei (BTH) region
decreased by 25% from 2013 to 2017 [3]. The coal substitution policy (i.e., “coal-to-gas”
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and “coal-to-electricity”) has been implemented in northern China step by step since
2010s. In 2018, the Chinese government issued “Opinions on Comprehensively
Strengthening Ecological Environmental Protection and Resolutely Fighting the Tough
Battle of Pollution Prevention and Control”, which focused on industries such as iron and
steel, coking, and benchmarked them against world-class standards, formulated and
implemented local standards for the ultra-low emissions of air pollutants.

With the implementation of these policies, changes in energy structure are necessary
for improving air quality [4]. For instance, Handan, an industrial city, as one of the “2 +
26” cities with severe air pollution in Hebei province, has significantly improved its air
quality [5,6]. The annual average concentrations of PMi, PM2s, SOz, NO2 and CO in
Handan decreased from 153 pg/m?, 85 pg/m?, 36 pg/m?3, 50 pug/m?® and 3.4 mg/m? in 2017
to 124 pg/m3, 66 ug/m?3, 15 pg/ms, 38 ug/m? and 2.6 mg/m? in 2019, respectively, while the
annual average concentration of Os-8h (the eight-hour average ozone concentration)
remained at a high level with concentrations of 195 and 201 pg/m? in 2017 and 2019.
Although air pollution was generally alleviated, the levels of air pollutants remain
dangerously high and largely exceed the World Health Organization (WHO) air quality
guideline values (https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-
air-quality-and-health (accessed on 5 September 2022)). The hourly and daily
concentrations of air pollutants also frequently surpass the National Ambient Air Quality
Standard (GB 3095-2012). Therefore, far greater effort should be made to improve air
quality in Handan and other similar cities.

In January 2020, the COVID-19 broke out in China and across the world. In order to
control the spread of the COVID-19, the Chinese government launched a Level 1 Public
Health Emergency Response and implemented a series of lockdown measures [7,8]. In the
short term, typical anthropogenic emission sources such as vehicle exhausts, cooking,
construction and industries largely decreased, leading to the decrease in air pollutants
[9,10]. This special period offered a rare and valuable opportunity to more accurately
study how the reduction in local emissions influenced air quality in typical industrial
cities in northern China [11-13] and provided a background reference for studying
regional air pollution in normal periods. Therefore, it is of great significance to study air
quality during the COVID-19 period for the formulation and implementation of air
pollution control measures.

A large number of studies examined air quality changes in cities during the COVID-
19 lockdown both within and across countries, as reviewed previously [14]. For instance,
in India, which is the county ranked second among 15 countries for premature deaths
related to outdoor air pollution in 2010, following China [15], during the COVID-19
period, PMio, PM25, NO2 and SO2 concentrations were reduced by 55%, 49%, 60% and 19%,
respectively, in Delhi, and by 44%, 37%, 78% and 39%, respectively, in Mumbai in the
Indo-Gangetic Plain [16]. It was reported that NO2 and PMio declined, respectively, by
44.0% and 40.3% in an urban-industrial area of mainland Portugal during the national
lockdown from March to May 2020 [17]. However, other studies found that the increases
in the concentrations of Os (by 7 to 7.4 pug/m? or 14 to 17% at urban stations) were broadly
in line with NO2 reductions, and increases in both PMio (5.9 to 6.3 pg/m?) and PM2s (3.9 to
5.0 pg/m?) were recorded at both rural and urban stations in the United Kingdom during
the lockdown [18]. Another global study of eight cities reported significant nonlinear
relationships between the COVID-19 lockdown and air pollution, and variations in the
magnitude of changes in pollutant levels due to local conditions [19]. Therefore, it has
been suggested that, due to the complexity of the atmospheric system, more studies
should be performed to better understand the roles of atmospheric compositions,
meteorological conditions and emissions from specific sectors [20,21], such as different
functional areas, to be able to make effective policies based on the reductions caused by
the COVID-19 lockdown.

Some studies have reported the effect of the lockdown measures during the COVID-
19 period on air quality in China. These studies can be classified into three groups. Firstly,
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some studies focused on individual cities. For example, Lian et al. [22] demonstrated that
the lockdown reduced the concentrations of PM2s, PMi, SOz, NO2 and CO by 3.9-53.3%
(except Os) in Wuhan, and Hu et al. [23] showed that the emissions of SOz, NOx, PM2s and
volatile organic compounds (VOCs) decreased by 11-47% in Shanghai, respectively,
compared with those during the pre-Chinese New Year period. Secondly, some studies
selected neighboring cities or regions for comparison. For instance, Zhang et al. [24]
showed that compared with the pre-COVID-19 period, the concentrations of PM2s, PMuio,
SOz, NO:2 and CO were lowered by 37%, 30%, 29%, 52% and 33% in the Guanzhong Basin
of northwest China, but Os concentration substantially increased. Wang et al. [25] divided
358 Chinese cities into eight climatic regions and found that PM2s decreased by 59.0-64.2%
in cold regions (northeastern and northwestern China), while Os soared by 99.0-99.9% in
warm regions (central south and southern coastal China); climate had less influence on
NOz, which decreased by 41.2-57.1% countrywide during the lockdown. Finally, some
studies selected several megacities for comparison. For example, Pei et al. [26] found that
NO:2 plunged across Beijing, Wuhan and Guangzhou, while PM2s5, SO2 and HCHO (as a
proxy to VOCs) remained stable in major cities during the COVID-19 lockdown. Wang et
al. [8] estimated that the lockdown reduced ambient NO: concentrations by 36-53% in six
megacities (Beijing, Chengdu, Shenzhen, Xi’an, Shanghai and Wuhan) in China. However,
studies on the variations of air pollutants among different functional areas and in
industrial areas during the COVID-19 lockdown have been rare, thus, there is a lack of
direct understanding of the effect of the COVID-19 lockdown on emission changes.

In this study, we analyzed air quality and meteorological conditions before and after
COVID-19 (during 1 January to 3 March 2020) in an industrial city, Handan, in northern
China, and compared the observed results with the corresponding period in 2019.
Furthermore, we compared the differences in air quality changes at nine different
functional areas, including traffic area, industrial area, commercial area, construction site,
residential area, township area, enterprise area, scenic area and village. Moreover,
correlation analysis and potential source contribution function (PSCF) analysis were used
to explore the possible factors resulting in air quality changes in Handan city during the
COVID-19 period, which will provide scientific support to formulate air pollution control
policies and improve air quality in China.

2. Methodology
2.1. Study Area

Handan, with a population of 9.55 million, is a city known as a key old industrial
base in North China. Handan is bordered by the Taihang Mountains to the west and the
North China Plain to the east and belongs to China’s Third Ladder; the terrain is high in
the west and low in the east, which is not conducive to the diffusion of air pollutants
(Figure 1). Moreover, Handan is located at the junction of the four major provinces (Hebei,
Henan, Shandong, and Shanxi) with intense pollutant emissions in China, and the air
pollution is serious [27]. Hence, it is easy to increase the interregional transport of air
pollutants. It has been reported that Handan was one of the five cities with the worst air
quality among 338 cities in China in the past five years.
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Figure 1. Locations of the observation sites at nine functional areas in Handan.

2.2. Observation and Data Sources

In order to study the changes in air quality in Handan city during the COVID-19
period, the daily air quality data (i.e., air quality index (AQI), PMio, PM2s, NO2, SOz, CO
and Os) of Handan measured during the COVID-19 period (from 1 January to 3 March) in
2020 and the corresponding period (13 January to 16 March) in 2019 were obtained from
the Grid Precision Monitoring and Decision Platform
(http://117.78.34.120:8007/BigData/Main (accessed on 5 September 2022)). The
meteorological parameters including temperature, relative humidity (RH) and wind
speed during the COVID-19 period in 2020 and the corresponding period in 2019 were
also obtained from the same platform. The air quality and meteorological data were the
averages of measurement results from national air quality monitoring stations in Handan.

The daily ambient air pollutant concentrations of nine different functional areas in
Handan were measured during the COVID-19 period (1 January to 3 March) in 2020,
which were conducted by the local monitoring stations at the representative sites (Figure
1). Detailed information about the nine monitoring sites can be found in Table S1.

Based on the National Contingency Plan for Public Health Emergencies issued by the
State Council and the epidemic prevention and control situation, Hebei Province launched
a Level 1 Public Health Emergency Response on 24 January 2020, which was also the
traditional Chinese New Year’s Eve. In order to exclude the impact of festival activities
during the Chinese New Year period on air quality, the period from 21 January to 31
January was labeled as the Chinese New Year period. Handan resumed essential aspects
of life and production on 14 February 2020, although a large area was still under epidemic
prevention and control. According to this timeline, to better understand the changes in air
pollutants, the whole observation period (named as the COVID-19 period in this study)
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was divided into four stages: Stage I: pre-COVID-19 period (1-20 January 2020); Stage II:
the Chinese New Year period (21-31 January 2020); Stage III: COVID-19 lockdown period
(1-14 February 2020); and Stage IV: post-COVID-19 period (15 February-3 March 2020).

For comparison, the corresponding period from 13 January to 16 March 2019 was
chosen based on the date of the Chinese New Year in 2019 (5 February 2019,
corresponding to the Chinese New Year on 25 January 2020) and correspondingly divided
into four stages. This ensured that the impact of human activities on air pollution during
the Chinese New Year period was consistent, and the comparison analysis could be more
accurate. Moreover, the relation of meteorological factors with the lunar calendar is better
than that with the solar calendar, which can reduce the difference in the impact of
meteorological factors on air pollution in different years.

2.3. Backward Trajectory and Potential Source Contribution Function Analysis

Twenty-four-hour backward trajectories of air masses starting from Handan city
(36.61° N, 114.19° E, 500 m above ground level) during the COVID-19 period were
calculated  with  MeteoInfo  3.04 combined  with  TrajStat  software
(http://www.meteothink.org/index.html, accessed on 5 September 2022), and
meteorological data were downloaded from the National Center for Environmental
Prediction (NCEP) Global Data Assimilation System (GDAS))). The air mass trajectories
were clustered into 6 types of trajectories using the Euler method.

Potential source contribution function (PSCF) is a method to preliminarily identify
major source regions of air pollutants based on airmass trajectory analysis [28,29]. The
area covered by all the airmass trajectories calculated during the observation period was
divided into 0.5° x 0.5° grids. Then, the PSCF value was calculated as follows:

PSCF, = i (1)
where Njj is the number of the trajectory segment endpoints over Grid ij, and M; is the
number of these endpoints with the pollutant concentration higher than a criterion value
over Grid ij. The threshold was set as the second-level average daily standard value of 75
pg/m? in China’s Ambient Air Quality Standard. In order to reduce the uncertainty caused
by the small number of Njj in some grids, the weight factor Wi was introduced as
Equations (2) and (3). The weighted PSCF (WPSCF) value is obtained by multiplying PSCF
value with Wij. The calculation formula is as follows [30,31].

1, 80 < N;;
0.7, 20<N; <80

.. = y = 3
Wi =042, 10< N, <20 ©

0.05, N;; <10
3. Results and Discussion
3.1. Variations in Meteorological Conditions and Air Pollutants
3.1.1. Meteorological Conditions

Meteorological conditions play an important role in air pollution [32-34]. Figure 2
shows the time series of hourly meteorological parameters in Handan during the COVID-
19 period in 2020 and the corresponding period in 2019. Figure 3 shows the differences in
meteorological parameters between 2019 and 2020.



Sustainability 2022, 14, 11531 6 of 20

pre-COVID-19 Chinese New Year COVID-19 lockdown post-COVID-19

| 2019
—2020

n 4
.....u,......’..u.an...‘A..r.u .l.ﬂ.a.u.m. AH

™
l \L

Relative humidity (%) Temperature (°C) Wind speed (m/s)

<

w

=3

<
n

AQI
N~
>
<

<

wn
<
s

PM3 5_19 (ng/m’)
>

PMy 5 (ng/m)

<

S0 (ng/m’)

NO; (ug/m)

CO (mg/m3)

03 (ng/m)

Stage I 1 I v

Figure 2. Variations in meteorological parameters (hourly), AQI and air pollutants (daily) in
Handan during the COVID-19 period in 2020 and the corresponding period in 2019. PM25-10 was the
coarse fraction of PMio with aerodynamic diameter larger than 2.5 um, calculated as the difference
between PMio and PMzs.
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Figure 3. Averages of meteorological parameters in Handan during the COVID-19 period in 2020
and the corresponding period in 2019. The brackets with *** means meteorological parameters have
significant differences (independent-samples t-test, p < 0.05) between 2019 and 2020.

During Stage I (pre-COVID-19), there was no significant difference (f-test, p > 0.05) in
wind speed between 2019 and 2020, while air temperature was lower, and RH was higher
in 2020 (p < 0.05) (Figure 3). RH is a very important factor to favor hygroscopic growth
and secondary formation, which can substantially aggravate particulate pollution in
North China during winter [35]. Therefore, during Stage I the meteorological conditions
might aggravate the accumulation of air pollutants and secondary formation via aqueous-
phase chemical reactions [36]. During Stage III (COVID-19 lockdown), there was no
significant difference (p > 0.05) in RH between 2019 and 2020. Although there were
statistical differences in air temperature and wind speed during Stage 11, the air was quite
stable with weak wind (average wind speed < 3 m/s, i.e., static weather) and low air
temperature (<4 °C), which inhibited the dispersal of the pollutants. Zhang et al. (2019)
[37] reported that meteorological conditions had less impact than anthropogenic
emissions based on PMzs trends from 2013 to 2017 in China. Zhang et al. [38] reported that
in 2017 relative to 2013, only approximately 13% of the total PMas reduction resulted from
meteorological changes in the BTH region. Considering the synergistic effects of various
meteorological factors, the impacts of meteorological conditions on air quality in 2020
could be regarded as close to that in 2019 during Stage III.

3.1.2. Air Pollutants

According to the air quality during the five years of 2015-2019 in Handan, severe air
pollution usually occurs during October to March (next year), and severe pollution days
accounted for over 95% of the days in these months every year. The annual mean PMzs
decreased gradually from 96.5 pg/m? in 2015 to 71.0 pg/m? in 2019 in Handan and the
decreasing rate slowed down from 2018 (74.6 ug/m?) to 2019 (71.0 ug/m?), similar to the
conditions in the BTH region and surrounding areas (the annual decreasing rate was 7.8
11.8%  from 2015 to 2018 and 1.7%  from 2018 to  2019)
(http://117.78.34.120:8007/BigData/Main (accessed on 5 September 2022)). Therefore,
given the meteorological conditions and declining trends of air pollutants, the comparison
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of air pollutants during Stage III between 2020 and 2019 can efficiently reflect the impact
of the COVID-19 lockdown on air quality.

Figure 4 shows that short-term control measures due to the COVID-19 lockdown had
an obvious effect on reducing air pollutants in the North China Plain. The average PM2s
concentration in 42 cities of the North China Plain was 49 pg/m? during the COVID-19
lockdown period, which was dramatically reduced from 117 ug/m3 (by 58%) during the
corresponding period (Stage III) in 2019. This result indicated that the reduction in
anthropogenic emissions largely reduced PM2s pollution in the NCP. Xing et al. [39]
estimated the emission changes during the COVID-19 lockdown (23 January-5 March)
using a response model and found that the anthropogenic emissions of primary PMzs on
the NCP were reduced by 63% compared to hypothetical emissions without lockdown
effects.
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Figure 4. Average PM2s concentrations in the North China Plain region during (a) the COVID-19
lockdown period in 2020, and (b) the corresponding period in 2019.

The time series of daily average AQI and concentrations of air pollutants during the
COVID-19 period in 2020 and the corresponding period in 2019 are shown in Figure 2,
and Figure 5 shows the comparison of the averages of air pollutant concentrations during
different stages between 2019 and 2020. As mentioned above, the comparison of air
quality data during Stage III of 2019 and 2020 can efficiently reflect the impact of the
COVID-19 lockdown (Figures 2 and 5). Compared with during other stages, PM2s-10,
PM2s, NO2, and CO reduced most significantly during Stage III (COVID-19 lockdown)
from 2019 to 2020. PMzs-10 showed the largest reduction of 66.6%, followed by NO:
(58.4%), SO2 (55.1%), PM2s (50.1%) and CO (31.3%). However, compared to Stage III in
2019, Os increased by 13.9%. These results indicate that the implemented lockdown
measures such as quarantine at home and travel restrictions had significant effects on
reducing air pollutants, except Os. Secondary formation played important roles in PMzs
and Os formation during the COVID-19 lockdown, especially for the haze periods [11,40].
The reduction in PM2s and the increase in Os emphasized the importance of PMzs5 and Os
synergetic control.
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Figure 5. Averages of air pollutant concentrations in Handan during the COVID-19 period in 2020
and the corresponding period in 2019.

NO: reduction and Os increase during the COVID-19 lockdown were also reported
across most of China, yet the variation extents were different [41-46]. The decrease in NO2
should mainly be attributed to the significant traffic reductions during the COVID-19
epidemic [41]. The concentration of Os is related to that of NO:z due to the photochemical
reactions and titration process. In contrast to NO:z reduction, Os increase was caused by
less NO available to react with Os, as well as less heterogeneous HO: radical loss and
higher actinic flux (i.e.,, photochemical formation from precursors such as VOCs) with
lower particle concentration [41,44].

It is worth noting that the SOz concentration during the COVID-19 period in 2020 was
much lower than in 2019, especially in Stage I, Il and IV, SO: decreased by 61.4%, 55.1%
and 60.5% (Figure 5). This result may be related to the total coal consumption control (e.g.,
the replacement of coal with gas and electricity) implemented in Handan city, which
reduced the amount of coal combustion and SO: emissions to a certain extent [4,45,46].
During the Chinese New Year period (Stage II), the peak values of PM2s5, NO2 and CO in
2020 were higher than in 2019 (Figure 2), and PMz5, NO2, CO and Os increased by 26.7%,
27.9%, 24.0% and 17.2%, respectively (Figure 5). In contrast, PM2s-10 and SOz reduced by
38.3% and 22.7%, respectively; however, the degree was much lower than the other three
stages (Figure 5). Hu et al. [47] reported that fireworks during the Chinese New Year
period contributed about 59% to PM:2s concentration and 29% to SO2 in Handan in 2018.
These results indicate that the air pollution during the Chinese New Year period was still
serious, which was probably caused by the intense primary emissions, e.g., large amounts
of fireworks burning in suburban areas [48], and secondary aerosol formation under
higher relative humidity (Figure 3). Therefore, banning fireworks during the Chinese New
Year period would be important to improve air quality.

Compared with the pre-COVID-19 period in 2020, PM25-10, PM25, SO2, NOz, and CO
decreased by 45.9%, 42.4%, 20.7%, 66.1% and 31.2%, respectively, but Os increased by
126% during the COVID-19 lockdown period (Figure 5). NO: dropped the most, further
indicating that the COVID-19 lockdown significantly reduced traffic emissions. In
addition to the comparison between 2019 and 2020, the changes in NO: proved that the
COVID-19 lockdown indeed reduced NO:, because the influences of meteorological



Sustainability 2022, 14, 11531

10 of 20

factors on air quality were secondary during the COVID-19 lockdown period [26]. The
significant increase in O3 might be related to a significant decline in the emission ratio of
NOxand VOCs from anthropogenic emissions due to the strongly VOC-limited conditions
in the NCP in winter [39,49]. Under VOC-limited conditions, a reduction in VOCs
emission inhibits the Os formation, but a reduction in NOx emission increases the Os
formation [50]. Liu et al. [51] conducted a comprehensive observation and CMAQ

modeling analyses of surface Os across China for periods before and during the lockdown
and found that the decrease in the emission ratio of NOx (decreased by 46%) and VOCs

(32%) contributed to net Os enhancement in North China. To control Os pollution in

Handan, the synergetic control of NOx and VOCs is required

3.2. Distinct Variations in Air Pollutants among the Different Functional Areas

Figure 6 shows the variations in daily air quality at different functional areas in

Handan among the four stages during the COVID-19 period. Figure 7 and Table S2 show
the changes in air pollutants at different functional areas in Handan during the COVID-
19 lockdown period (Stage III) compared with the pre-COVID-19 period (Stage I). PMas-
10, PM25 and CO significantly decreased in all functional areas (Figures 6 and 7, Table S2),
but the reduction degree of air pollutants varied among different functional areas. From
Stage I to III, both PM25-10 (63.7%) and PM2s5 (51.5%) showed the largest reduction in the
commercial area, PM2s-10 reduced the least in the construction site (31.9%) and the village

(32.4%), and the minimum decrease (40.6%) of PM:zs occurred in the scenic area. The
different reduction degrees of PM2s-10 and PM2s were caused by the different sources of
particulate pollutants in different functional areas. For instance, dust from construction
activities and soil dust in the village contributed more to coarse particles (PMz2s-10) [42,52],
and the secondary formation of anthropogenic and biogenic precursors contributed more

to fine particles in the commercial and scenic areas, respectively
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Figure 6. Variations in the concentrations of air pollutants at the different functional areas of
Handan during COVID-19 period in 2020. Horizontal lines and dots in each box are the median and
mean values, respectively. The 25th and the 75th percentiles are indicated by the lower and the
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upper boundaries of each box, respectively. The lower and upper whiskers represent the 5th and
the 95th percentiles, respectively. The black dots represent outliers.

Figure 7. The changes (%) in air pollutants in different functional areas in Handan during the
COVID-19 lockdown period (Stage III) compared with the pre-COVID-19 period (Stage I).

SO: showed quite different variation trends among different functional areas
(Figures 6 and 7, Table S2). SOz lowered the most by 48.7% in the residential area, followed
by the traffic area (30.5%) and the commercial area (18.6%), while SOz reduced by less than
10% or even increased in other functional areas during the COVID-19 lockdown period.
The results imply that the restrictions on coal combustion in the urban area (e.g.,
residential, traffic and commercial areas) were relatively stricter than in other functional
areas in Handan. The concentration of SO: in the village was higher than other functional
areas during the whole observation, although there was a significant reduction during the
post-COVID-19 period (Figure 7). Similarly, Yuan et al. [42] reported that compared with
the pre-COVID-19 period, the average SOz concentrations at an urban site in the megacity
Hangzhou, China decreased by 22%, much higher than at urban-industry, and suburban
sites (9%) during the COVID-19 lockdown period. Notably, SO2 showed a great increase
of 80.6% in the industrial area, indicating that the major sources of SO, e.g., heavy
industries, coal-fired power plants and residential heating [26,53,54], were still running
during the lockdown. Previous studies also reported that the effects of the COVID-19
control measures on SOz were less significant in China [26,54].

NO: showed a trend of decrease to different extents in different functional areas,
except the township area during the COVID-19 lockdown period. Unsurprisingly, NO2 in
the traffic area plunged dramatically by 70.0% from 65.3 ug/m?® (Stage I) to 19.6 ug/m?
(Stage III) due to traffic reduction, followed by the residential area (64.9%), scenic area
(63.9%) and enterprise area (58.4%), and the least reduction (5.3%) occurred in the
commercial area. NO2 in the township area increased by 9.7%. The changes in NO:
showed that lockdown measures led to an efficient reduction in emission from vehicles,
and the effect was more obvious in the urban area. However, the decrease in the degree
of NOx showed little variations (82-83%) among the urban, urban-industry, and suburban
sites in the much more developed city of Hangzhou [42].

CO reduced in all functional areas by 26.8-44.1% during the COVID-19 lockdown
period (Figure 6 and Table S2). CO reduced the least (26.8%) in the industrial area and the
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most in the residential area (44.1%) and the traffic area (34.8%). CO is primarily emitted
from industries and vehicles [54,55]. The lowest reduction in the industrial area also
related to the running of heavy industries and coal-fired power plants during the
lockdown, although CO emitted from vehicles was largely reduced. Figure 7 also showed
that the concentration of CO in the village was higher than other functional areas,
followed by the construction site during the whole observation. This was probably
because residential heating had to be operational in these areas, and emissions from
residential heating was one of the major sources of CO.

In contrast, Os showed a significant increase in all functional areas. The largest
increase (242.0%) was in the township area, followed by the commercial area (202.3%), the
scenic area (194.4%), and the lowest increase (14.7%) in the industrial area. The different
increasing degrees in Os was probably associated with the different declining emission
ratios of NOx and VOCs in different functional areas [51], for instance, the largest decrease
in the emission ratio of NOx/VOCs in the township area. In addition, surface ozone
generation is related to photochemical reactions under solar radiation. The PM2s and
PM2s-10 in the commercial area were reduced more than those in the industrial area
nearby. The lower PM would provide more favorable conditions for photochemical
generation and the large increase in Os in the commercial area. Wu et al. [50] also found
that a difference in the increase in Os concentration at roadside (64%) and non-roadside
(33%) stations during the full lockdown period. Yuan et al. [42] also reported that during
the COVID-19 lockdown period, the average Os mass concentrations increased differently
at the urban, urban-industry and suburban sites by 125%, 114% and 102%, respectively in
Hangzhou, China, compared with the pre-COVID-19 period. However, Os concentrations
in most functional areas in Handan increased by up to about two times (Figure 6 and Table
52), which was much more significant than in Hangzhou during the COVID-19 lockdown
period.

Urban stations may experience different weather conditions from semi-urban and
rural ones due to urban heat island (UHI), green roofs, anthropogenic heating, etc. These
factors also impact the air quality in urban and suburban areas. In this study, we did not
consider the influence of these factors on the variation of air pollutants among different
functional areas, so it is possible that these conditions could have an impact on the results
of our study, which requires further studies in the future.

3.3. Source Identification of Air Pollutants during the COVID-19 Lockdown Period

Although air pollutant emissions were significantly suppressed during the COVID-
19 lockdown period in Handan, the levels of Os and particle pollution still largely
exceeded the WHO air quality guideline values. According to the State of Global Air, air
pollution  contributed to  6.67 million deaths in 2019 worldwide
(https://www .stateofglobalair.org/health/global (accessed on 5 September 2022)).
Previous studies have suggested that premature mortality is not only related to locally
emitted air pollutants, but also to long-distance transported pollutants [15,56]. Thus, it is
necessary to identify the sources of air pollution and make joint efforts to prevent and
control air pollution in different regions.

3.3.1. Correlation Analysis

Correlation analysis was applied to identify the sources of air pollution during the
COVID-19 period (Table 1). The pollutants with good correlation have similar variation
patterns and are likely from the similar emission source, and vice versa [57]. Mobile
sources (e.g., vehicles) emit NO2 and CO [55], while stationary sources (e.g., industrial
emissions) emit SO2 and CO [58]. The correlation between NO: and CO was generally
more significant than that between SOz and CO in Handan (Table 1), implying that CO
was more related to mobile sources. There were significant positive correlations between
NO:z and PMzs-10, PM25, SO2 and CO during the pre-COVID-19 period, indicating that
vehicle exhausts were a major pollution source. During the COVID-19 lockdown period,
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the correlation coefficients between PMzs5, and SOz, CO increased, but the correlation
coefficients between PM2s and NO: decreased. This result verifies that stationary sources
(e.g., industrial emissions) made a significant contribution to PMzs5 during this period in
Handan. The large heavy industries, coal-fired power plants, and household cooking and
heating continued to run, although some small private industries were closed in Handan
during the COVID-19 lockdown period [44,54]. The relatively slight reduction in SOz and
CO concentrations further supports this argument (Figure 5). Compared with Stage III in
2019, NO2 showed a more significant correlation with PM2s-10, PM25, SO2 and CO during
the COVID-19 lockdown period, probably because NO: was also emitted from sources
similar to PM2s-10, PM2s5, SO2 and CO, such as industrial sources, when the traffic source
of NO2 reduced.

Table 1. The correlation between air pollutants during the COVID-19 period in 2020 and the
corresponding period in 2019.

2019 PMo:s0 PM:s SO: NO: CO 2020 PMo:s0 PM:zs SO: NO: CO
Stage I Stage I
PM2s 0.834 ** PM2s 0.592 **
SO 0.019 -0.009 SO 0.564*  0.199
NO: 0.592*  0.627*  0.688 ** NO: 0.628* 0.799** 0.581 **
CO 0611* 0772* 0405 0.797** CO 0493* 0.804* -0.108 0.541*
O  -0.681* -0.628** -0.251 -0.725** -0.526* Os -0.240 -0.511* -0.22  -0480* -0.443
Stage 11 Stage II
PM2s  0.879 ** PM2s  0.798 **
SO 0.780*  0.671* SO 0.261 -0.236
NO: 0711*  0.874*  0.654* NO:2 0956* 0.647* 0411
CO 0.795* 0927* 0.621* (0.898 ** CO 0707* 0.820* -0.064 0.673*
Os 0.367 0.13 0.701 * 0.134 0.22 Os -0.833* -0482 -0.379 -0.844** -0.257
Stage 111 Stage 111
PM2s  0.943 ** PM2s  0.757 **
SOz 0.008 -0.012 SOz 0.435 0.344
NO: 0.616* 0.564*  0.649* NO: 0.640* 0.709* 0.812**
coO 0719* 0.701* 0335  0.780** CO 0.742* 0926* 0.603* 0.875**
Os -0.305 -0.238  0.594* 0.211 0.296 Os 0.243 -0.032  0.655* 0.468 0.175
Stage IV Stage IV
PM2s  0.712** PM:s 0413
SO  -0.020 0.158 SOz 0.381 -0.001
NO:z 0.217 0.445  0.808 ** NO:z 0287  0.725*  0.276
Cco 0.199 0.534* 0.854* 0.835** CcO 0242  0.839*  0.052  0.750**
O3 0.416 0.580 * 0.148 0.338 0.464 Os 0.339 -0.353  0.527*  -0.342 -0.246

Note: ** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05
level (two-tailed).

During the COVID-19 lockdown and post-COVID-19 periods, Os exhibited an
insignificant correlation (p > 0.05) with other air pollutants (except for SOz), while it was
negatively correlated with other air pollutants during the pre-COVID-19 and Chinese
New Year periods in 2020. These results suggest that the traffic control would be effective
to reduce particulate pollution but would not prevent a rise in Os, as mentioned above
[41,43].
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3.3.2. Diagnostic Ratio Analysis

The WHO suggested that the ratio of PM25/PMuo is 0.65 for developed countries and
0.5 for developing countries in the absence of a locally measured ratio [59], demonstrating
that the reduction in PM2s is crucial for controlling atmospheric particulate pollution. The
PM25/PMo ratio is useful in reflecting the contribution of anthropogenic emissions to
particulate pollutants [60]. From Stage I to III, there were no obvious changes (~0.71) in
PM25/PMo (Figure 8), indicating that fine particles dominated particulate pollution due to
intense anthropogenic emissions in Handan; the pollution sources of fine and coarse
(PM25-10) particles are similar during these periods, as evidenced by the significant
correlation (Table 1).
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Figure 8. The ratios of air pollutants in Handan during the COVID-19 period in 2020 and the
corresponding period in 2019.

The PM:25/CO ratio is used as a good indicator of primary combustion sources [61].
A higher PM25/CO ratio suggests a more important contribution of secondary formation
to PMz2s than primary emission. The PM25/CO ratio decreased from 72.7 during Stage I to
62.0 during Stage III, and PM25/SO: also slightly decreased from 13.9 to 10.6 (Figure 8),
but the correlations between PM2s and CO, SOz became more significant (Table 1). These
results suggest that stationary sources such as industrial emissions played an important
role during the COVID-19 lockdown period. In contrast, PM25/NO:2 increased from 2.2 to
4.0 (Figure 8) and their correlation became weaker (Table 1), while NO2/CO reduced
largely from 34.5 to 16.1. These results imply that the COVID-19 lockdown measures led
to a much more significant reduction in NO2 and CO from mobile source emissions in
Handan [55].

Compared with the corresponding period in 2019, the ratios of PMas to PMi, CO,
NO2 and SO: were larger during the pre-COVID-19 period, and particularly, PM25/SO2
increased most significantly. These results suggest that the coal substitution policy
implemented in Hebei province since 2017 achieved a remarkable effect, leading to a
decrease in SOz emissions from 2019 to 2010 (Figures 4 and 5). Compared with 2019, the
ratios of PM25/PMi0 and PM25/SO:2 were slightly or significantly higher in 2020 during
Stage II, as mentioned above, which may mainly be caused by enhanced PM:zs due to
fireworks emissions and/or secondary formation.
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3.3.3. Backward Trajectory Clustering and Potential Source Analysis

In order to further understand the possible factors affecting air pollution in Handan
city during the COVID-19 period, the backward trajectories of air masses were calculated
and clustered (Figure 9).
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Figure 9. Cluster analysis of air mass backward trajectories (a,c,e,g) and potential source regions of
PM:zs (b,d,f,h) in Handan during the COVID-19 period in 2020. (a,b) Pre-COVID-19 period, (c,d)
Chinese New Year period, (e,f) COVID-19 lockdown period, and (g h) post-COVID-19 period.

During the pre-COVID-19 period (Figure 9a), the majority of air masses (except
Cluster 5) transported slowly from southern Hebei province and surrounding areas,
indicating a regional or local contribution to air pollution in Handan. During the Chinese
New Year period (Figure 9c¢), the air masses also mainly originated from southern Hebei
(Cluster 2, 4, 5) or the surrounding northern Henan province (Cluster 1) and moved
slowly. A minor fraction of the air masses came northeasterly across Shandong Province
from Bohai Sea (16.7%, Cluster 3, 6). During the COVID-19 lockdown period (Figure 9e),
the air masses mainly came westerly from Shanxi Province (Cluster 2, 6) and easterly or
northeasterly from Hebei province (Cluster 1, 5), and a part of them originated from the
central southern Henan province (Cluster 4). During the post-COVID-19 period (Figure
9g), the air masses originating from northern Henan province (Category 3) accounted for
the most (27.0%), and long-distance transported air masses from Inner Mongolia (Cluster
1) and Mongolia (Cluster 4) accounted for 17.3% and 15.5%, respectively, followed by
those from southern Hebei, Shanxi and Shaanxi provinces.
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Previous studies have researched the interregional transport of air pollution. For
example, Chang et al. (2019) indicated that, although local PM25 emissions were dominant
in all 13 cities within the BTH area, regional transport from Shandong and Henan
Provinces contributed as much as 12.9% of PM2s emissions [62]. Zhang et al. (2017)
reported that large quantities of air pollutants (primary PM:zs) were transported to the
BTH region from Shandong, Jiangsu, Anhui, and Henan provinces via the southerly wind,
accounting for 11.6%, 9.2%, 6.7%, 11.8% of BTH, respectively [63]. Moreover, Chang et al.
(2022) found that the inter-transport contributions of black carbon increased extensively
above the atmospheric boundary layer of the Yangtze River Delta under stable weather
conditions [64]. Therefore, it is necessary to further explore the interregional transport of
air pollution to provide suggestions for pollution prevention measures during the
COVID-19 period.

To investigate the spatial distribution of air pollution sources during the COVID-19
period in Handan city, the primary pollutant PM2s was selected for a potential source
analysis (Figure 9). The areas with high WPSCF values (more than 0.55) were mainly
distributed in the surrounding areas of Handan in Hebei province and the surrounding
provinces of Shanxi, Henan and Shandong during the pre-COVID-19 period (Figure 9b).
During the Chinese New Year period, the main source areas of PM2s were concentrated
in southern Hebei province (Figure 9d). In these two periods, local emissions or regional
transported pollutants made a major contribution to air pollution in Handan. During the
COVID-19 lockdown period (Figure 9f) and post-COVID-19 period (Figure 9h), the areas
with high WPSCF values (more than 0.55) largely shrunk, indicating that the PMoas
pollution in all surrounding regions of Handan eased.

In addition, the contribution of long-distance or inter-regional transport to heavy
PMo2s pollution weakened significantly. This was likely a benefit of the COVID-19
lockdown measures across China, implying that the implementation of the joint
prevention and control of atmospheric pollution policy is effective to improve air quality.

4. Conclusions

By comparing with the corresponding period in 2019 and comparing with different
functional areas of Handan, we analyzed the air quality changes related to the lockdown
during the COVID-19 period. Compared with 2019, PM2s-10, PM25, NOz2 and CO exhibited
the largest reduction during the COVID-19 lockdown period (Stage III) in 2020. NO:
decreased the most by 58.4%, followed by PM2s-10 (66.6%), SO2 (55.1%), PM25 (50.1%) and
CO (31.3%), whereas Os increased by 13.9% during Stage III from 2019 to 2020. These
results imply that the lockdown measures had significant effects on reducing air
pollutants, except Os. The opposite variations in PM2s5 and Os emphasized the importance
of PMas and Os synergetic control due to their secondary formation from precursors.
Similarly, from the pre-COVID-19 period to the COVID-19 lockdown period in 2020, the
reductions in PM2s-10, PM25, SOz, NO2 and CO were significant, especially NO2 (66.1%),
but Os increased by 126%. The significant increase in Os might result from the decline in
the emission ratio of NOx and VOCs from anthropogenic emissions under strongly VOC-
limited conditions in the NCP. To control Os pollution in Handan, the synergetic control
of NOx and VOCs is required.

Among different functional areas in Handan, air pollutants showed distinct variation
degrees from the pre-COVID-19 period to the COVID-19 lockdown period. Both PM25-10
(63.7%) and PMa2s (51.5%) showed the largest reduction in the commercial area. NO2
showed the largest reduction (70%) in the traffic area. SO lowered the most by 48.7% in
the residential area but increased greatly by 80.6% in the industrial area. Os pollution
increased in all functional areas to different extents (14.7-242%). These results reflect that
the sources of air pollutants in different functional areas are different, so it is necessary to
formulate air pollution control measures according to functional areas.

The correlation analysis and ratio analysis among different air pollutants verified
that stationary sources (e.g., industrial emissions) made a significant contribution to PM2s
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during the COVID-19 lockdown period in Handan. In addition, COVID-19 lockdown
measures led to a much more significant reduction in NOz and CO from mobile source
emissions. However, a control on traffic emissions would be effective to reduce particulate
pollution but would not prevent a rise in Os in Handan. The potential source contribution
function analysis indicated that the PM2s pollution in all surrounding regions of Handan
eased, and the contribution of long-distance or inter-regional transport to heavy PMas
pollution weakened significantly during the lockdown period. The natural experiment
during the COVID-19 period demonstrated that the implementation of the joint
prevention and control of atmospheric pollution policy is effective to improve air quality.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/su141811531/s1, Table S1: “Information of the monitoring stations
in the nine different functional areas in Handan”; Table S2: “The changes (%) of air pollutants at
different functional areas in Handan during COVID-19 lockdown period (Stage III) compared with
the pre-COVID-19 period (Stage I)”.
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