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a b s t r a c t

Although anthropogenic emissions decreased, polluted days still occurred in the BeijingeTianjineHebei
(BTH) region during the initial outbreak of the coronavirus disease (COVID-19). Analysis of the charac-
teristics and source distribution of large-scale air pollution episodes during the COVID-19 outbreak (from
23 January to April 8, 2020) in the BTH region is helpful for exploring the efficacy of control measures and
policy making. The results indicated that the BTH region suffered two large-scale air pollution episodes
(23e28 January and 8e13 February), which were characterized by elevated PM2.5, SO2, NO2, and CO
concentrations, while the O3 concentration decreased by 1.5%e33.9% (except in Shijiazhuang, where it
increased by 16.6% during the second episode). These large-scale air pollution episodes were dominated
by unfavorable meteorological conditions comprising a low wind speed and increased relative humidity.
The transport pathways and source distribution were explored using the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT), potential source contribution function (PSCF), and concen-
tration weighted trajectory (CWT) models. The air pollution in the BTH region was mainly affected by
local emission sources during the first episode, which contributed 51.6%e60.6% of the total trajectories in
the BTH region with a PM2.5 concentration ranging from 146.2 mg/m3 to 196.7 mg/m3. The short-distance
air masses from the southern and southwestern areas of the BTH region were the main transport
pathways of airflow arriving in the BTH region during the second episode. These contributed 51.9%e57.9%
of the total trajectories and originated in Hebei, Henan, central Shanxi, and Shaanxi provinces, which
were the areas contributing the most to the PM2.5 level and exhibited the highest PSCF and CWT values.
Therefore, on the basis of local emission reduction, enhancing regional environmental cooperation and
implementing a united prevention and control of air pollution are effective mitigation measures for the
BTH region.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The coronavirus disease (COVID-19) broke out worldwide in the
first half of 2020 and became a global public health threat.
e by Da Chen.

llang@bjut.edu.cn (J. Lang).
Unconventional and stringent prevention and control measures
were implemented by many countries and cities to prevent the
further spread of the virus. In China, preventive lockdownwas first
implemented on January 23, 2020 in Wuhan, Hubei Province, and
was subsequently followed by other provinces and cities (Le et al.,
2020). Through a joint national effort, the lockdown was gradually
lifted, with Wuhan being the last city in China to be removed from
lockdown on April 8, 2020.

Overall, the air quality in China improved during the COVID-19
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outbreak as a result of reduced anthropogenic emissions (Zheng
et al., 2020; Faridi et al., 2020; Chu et al., 2020; Navinya et al.,
2020; Xu et al., 2020). The concentrations of particulate matter
(PM2.5 and PM10, i.e., aerodynamic diameter of <2.5 mm and 10 mm,
respectively), SO2, NO2, and CO decreased in comparison to
2017e2019 in 366 urban areas across mainland China, while the O3
concentration increased (Chen et al., 2020b). However, large-scale
air pollution episodes still occurred, with the daily average con-
centration of PM2.5 exceeding 200 mg/m3 due to unfavorable
meteorological conditions in northern China during the COVID-19
(Le et al., 2020; Wang et al., 2020; Zhang et al., 2020b).

The regional transport of pollutants plays a critical role in the
variation of air quality. The Hybrid Single Particle Lagrangian In-
tegrated Trajectory (HYSPLIT), potential source contribution func-
tion (PSCF), and concentration weighted trajectory (CWT) models
have been extensively applied to investigate the regional transport
pathways of air masses and source distribution during summer,
winter, and pollution episodes (Ding et al., 2017; Li et al., 2017b; Hui
et al., 2019; Xiong and Du, 2020). Studies have investigated the
pollution source distributions corresponding to the Summer
Olympic Games, Asia-Pacific Economic Cooperation (APEC), and
Grand Military Parade held in August 2008, November 2014, and
September 2015, respectively, in Beijing (Liu et al., 2016; Qiao et al.,
2017). Unconventional and stringent emission reduction measures
were also implemented by Chinese government to achieve
“Olympic blue”, “APEC blue”, and “Parade blue”. The emission
reduction rates for SO2, NOx, volatile organic compounds (VOCs),
and PM2.5 in Beijing during these events were 35%e41%, 44%e51%,
30%e57%, and 37%e42%, respectively (no value for PM2.5 during the
2008 Olympics) (Wang et al., 2010, 2017). However, the meteoro-
logical conditions and pollutant emissions during the COVID-19
outbreak were different from these three earlier events or other
studied periods. Firstly, the previous three events were held during
the summer and autumn in Beijing when no air pollution episodes
occurred. The regional transport pathways of air masses may be
influenced by the local climate in different seasons (Wang et al.,
2015b). Secondly, the potential source regions may be influenced
by the emission distribution. In the case of the COVID-19 lockdown
period, there was a larger impact scope and a longer impact time
with a significant emission reduction compared with previous
three earlier events. Chen et al. (2020b) reported that nationwide
contingency plans were implemented to shut down traffic and
public activities in China, and that almost everyone was isolated at
home during the COVID-19.

The BeijingeTianjineHebei (BTH) region is the largest economic
core area in northern China; it has highest level of development
and generated 8.5% of the total national gross domestic product
(GDP) in 2019 (http://data.stats.gov.cn/index.htm). The BTH region
has experienced rapid economic development, industrialization,
and urbanization over the last few decades (Lang et al., 2012; Wang
et al., 2015a). Although the air quality in the BTH region has
improved significantly since the implementation of the “Action
Plan for Prevention and Control of Air Pollution” in September 2013
(Geng et al., 2019; Wang et al., 2019), 16 of the 20 most polluted
cities are located in the BTH region according to the 2019 air quality
status reports of 168 cities in China (MEE, 2020).

The COVID-19 lockdown in China provided an excellent oppor-
tunity to investigate the corresponding air pollution characteristics
and source distribution in the BTH region. To provide a sound basis
for the effective control of urban agglomerated air pollution, it is of
great importance to investigate the transport pathways and po-
tential source regions during air pollution episodes. This study
analyzed the air quality during the COVID-19 outbreak (from 23
January to April 8, 2020) and characteristics of large-scale air
pollution episodes in the BTH region. Backward trajectory, PSCF,
2

and CWT analyses were conducted to explore the transport path-
ways and potential source regions of air pollutants during pollution
episodes. The results can help to guide future control strategies and
policy making in the BTH region.

2. Methods

2.1. Data source

In this study, Beijing, Tianjin, and Shijiazhuang were selected to
analysis the air quality and pollution episodes in the BTH region.
Beijing, as the capital of China, is the center of politics, economics,
and culture. Tianjin is one of the four directly governed munici-
palities of China. Shijiazhuang, as the capital of Hebei Province, is an
important industrial city in the BTH region. The hourly concentra-
tions of PM2.5, SO2, NO2, O3, and CO from 35 monitoring stations in
Beijing, Tianjin, and Shijiazhuang were obtained from China’s Na-
tional Environmental Monitoring Centre for the period from 23
January to April 8, 2020. The standard procedure (e.g., monitoring
system, analysis method, quality assurance, and quality control) for
monitoring of pollutants are illustrated in the Text S1. Additionally,
hourly meteorological data including wind speed, relative humid-
ity, and visibility for Beijing, Tianjin, and Shijiazhuang were
collected from the Meteorological Information Comprehensive
Analysis and Process System (MICAPS) of the Chinese Meteoro-
logical Administration. Fig. S1 illustrates the location of the BTH
region and the monitoring stations of air quality and meteorology.
Under normal conditions,1848 sets of data can be collected for each
of the three cities. However, 1839e1840 and 1741e1746 sets of valid
data were obtained for concentration and meteorological, respec-
tively for the three cities. The detailed information of number of
valid data are displayed in Table S2. In case the missing data
occurred, the data were omitted in this study.

2.2. Model

2.2.1. HYSPLIT
The air-mass backward trajectories were calculated and clus-

tered to track the transport pathways of airflow arriving in Beijing
(39.914� N, 116.405� E), Tianjin (39.117� N, 117.179� E), and Shi-
jiazhuang (38.050� N,114.493� E) using the HYSPLIT model. The 72-
h backward trajectories started every hour (0:00e23:00) each day
andwere calculated at 50, 100, and 500m above ground level (AGL)
using meteorological data (Global Data Assimilation System, ftp://
arlftp.arlhq.noaa.gov/pub/archives/gdas1/) during the air pollu-
tion episodes. Therefore, a total of 72 trajectories per day were
obtained for each of the three cities (Beijing, Tianjin, and Shi-
jiazhuang). A trajectory cluster analysis was also conducted to
divide the abundant trajectories into distinct clusters using the
TrajStat model (version 1.2.2.6).

2.2.2. PSCF
The PSCF is a conditional probability function that can be

applied to identify potential source regions of air pollution because
backward trajectory analysis can only give the air-mass transport
pathways. Prior to performing the PSCF analysis in this study, the
geographic region covered by the trajectories was divided into an
array of 0.5 � � 0.5 � grid cells. The PSCF is defined as PSCFij¼mij/nij,
where nij and mij represent the number of all trajectories and
pollution trajectories through the grid cells, respectively (John
et al., 2012). Grid cells with higher PSCF values indicate that the
corresponding region is a potential source region of severe pollu-
tion. The daily PM2.5 concentration higher than 150 mg/m3 refers to
heavily polluted day based on the Technical Regulation on Ambient
Air Quality Index (on trial; HJ633-2012). Therefore, we set the
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reference value of PM2.5 concentration as 150 mg/m3 in this study.
Pollution trajectories represent the trajectories with pollution
values that exceed this value. To reduce the influence of small
values of nij, an arbitrary weight function, Wij, was multiplied by
the PSCF value to eliminate the uncertainty of small values, where
WPSCF ¼ Wij � PSCFij (Cheng et al., 1993). High WPSCF values
indicate higher probabilities of grid cells being potential source
regions that contribute to air pollution in the target city.

2.2.3. CWT
The WPSCF analysis can only reflect the proportion of polluted

trajectories in a cell grid and cannot distinguish the contributions of
those cell grids with the same WPSCF values as the receptor sites.
Therefore, the CWT analysis was further applied to calculate the
relative contribution of different source areas, inwhich a residence-
time weighed concentration was assigned to each grid cell by
averaging each pollutant mass concentration with a trajectory
associated with the grid cell. The CWT method also used the same
weight function (Wij) to reduce the uncertainty, thus obtaining the
WCWT values.

More detailed descriptions of the backward trajectory, PSCF, and
CWT methods can be found in our previous work (Zhang et al.,
2018a, 2018b, and 2019a).

3. Results and discussion

3.1. Air pollution episodes during the COVID-19 outbreak

The average concentrations of PM2.5, SO2, NO2, CO, and O3 in the
BTH region met the 2nd-level air quality during the COVID-19
outbreak due to reduced emissions (GB3095-2012; Fig. 1). The
average daily PM2.5, SO2, NO2, and CO concentrations should be less
than 75 mg/m3, 150 mg/m3, 80 mg/m3, and 4 mg/m3, respectively for
2nd-level air quality in China. No daily standard is proposed for O3
in China, and the average hourly O3 concentration should be less
than 200 mg/m3. Despite this, polluted days accounted for 20.8%,
29.9%, and 40.3% of the total number of outbreak days in Beijing,
Tianjin, and Shijiazhuang, respectively. In particular, 11.7% of the
days during the COVID-19 outbreak were heavily polluted in Shi-
jiazhuang (Fig. 2), thus indicating an urgent need to control air
pollution. Therefore, the government faces a considerable chal-
lenge to effectively tackle the serious regional air pollution in the
BTH region.

The BTH region suffered two large-scale air pollution episodes,
one from 23 to 28 January and the other from 8 to 13 February.
These were characterized by significantly elevated PM2.5, SO2, NO2,
and CO concentrations. During the first episode, the daily PM2.5
concentration in Beijing, Tianjin, and Shijiazhuang was
(124.5 ± 47.2) mg/m3, (157.5 ± 76.0) mg/m3, and (163.6 ± 24.3) mg/
m3, respectively, with peak hourly values of 204.8 mg/m3, 281.8 mg/
m3, and 235.1 mg/m3, respectively. It was also observed that the SO2,
NO2, and CO concentrations during the first episode increased by
39.0%e136.9%, 5.4%e43.7%, and 90.2e143.0%, respectively, in
comparison to periods without pollution episodes in the BTH re-
gion. In contrast, the O3 concentration decreased by 1.5%e8.4% in
the BTH region (Fig. 1).

During the second episode, the PM2.5 concentration reached
(148.4 ± 59.3) mg/m3, (126.4± 27.7) mg/m3, and (130.9± 52.7) mg/m3

in Beijing, Tianjin, and Shijiazhuang, respectively, which were
1.7e2.0 times higher than the 2nd-level air quality standard in
China (24 h average concentration of 75 mg/m3). The SO2, NO2, and
CO concentrations during the second episode increased by 16.9%e
33.9%, 4.5%e89.5%, and 97.3%e207.0%, respectively, in comparison
to periods without pollution episodes in the BTH region (Fig. 1). The
O3 concentration decreased by 16.4% and 33.9% in Beijing and
3

Tianjin, respectively, but increased by 16.6% in Shijiazhuang.
Related studies also found that the average O3 concentration
increased during the COVID-19 outbreak compared to 2017e2019
in Hubei Province (Xu et al., 2020), western China (Zhang et al.,
2020a), and 366 urban areas across mainland China (Chen et al.,
2020b). An increased O3 concentration is believed to be mainly
due to the reduced NO2 that hinders the reaction between NO and
O3, thus increasing the atmospheric oxidizing capacity (Le et al.,
2020; Nichol et al., 2020; Xu et al., 2020). Support for this expla-
nation is provided by the NO2 concentration in Shijiazhuang, which
was 26.8% and 45.5% lower than that in Beijing and Tianjin,
respectively, during the second episode. Several studies also re-
ported that NOx reduction did not significantly avoid air pollution
during the COVID-19 outbreak (Tian et al., 2020; Chen et al., 2020a).

These large-scale air pollution episodes were dominated by
unfavorable meteorological conditions that comprised a low wind
speed and increased relative humidity. The wind speed during the
two episodes decreased by 57%, 74%, and 34%, respectively, in Bei-
jing, Tianjin, and Shijiazhuang compared with periods without
pollution episodes, while the humidity increased by 50%, 58%, and
23%, respectively (Fig. 3). A stable vertical atmospheric structure
weakens the atmospheric turbulent exchange and hinders the
diffusion of air pollutants in the vertical direction (Shen et al., 2018;
Zhang et al., 2013). There was no significant difference in wind
speed between the two heavy pollution periods in Beijing and
Tianjin, while the wind speed increased by 41% during the second
episode compared with the first episode (Fig. 3). The humidity
increased by 22% and 15% in Beijing and Tianjin, respectively during
the second episode compared with the first episode, while the
decreased by 16% in Shijiazhuang. Therefore, in terms of wind
speed and humidity, the meteorological conditions in Beijing and
Tianjin during the second episode were more unfavorable to the
diffusion of pollutants compared with the first episode, while
Shijiazhuang was the opposite. Zheng et al. (2020) found that the
sulphate, organic carbon, and secondary inorganic aerosols
increased by 2.5%e8.7% in Wuhan city between 23 January and
February 22, 2020, thus suggesting the enhanced secondary for-
mation of PM2.5 with increased humidity. Chang et al. (2020) re-
ported that the rapid formation of secondary inorganic (mostly
nitrate) aerosols was the main factor contributing to air pollution
during the COVID-19 outbreak. Our previous results also demon-
strated that secondary inorganic aerosols dominated particulate
matter (e.g., an average of 48% and 61% in PM2.5 and PM1 (i.e.,
aerodynamic diameter of <1.0 mm)) and played an essential role
during air pollution episodes in Beijing (Liu et al., 2017; Zhang et al.,
2018a).

3.2. Backward trajectory analysis during the pollution episodes

The local emission of pollutants and regional pollutant transport
both have important impacts on the atmospheric environment. The
backward trajectories along with a cluster analysis were conducted
to reveal the transport pathways of air masses arriving in the BTH
region during the two pollution episodes. A total of 432 trajectories
were obtained for each of the three cities (Beijing, Tianjin, and
Shijiazhuang) and the abundant trajectories were then divided into
four clusters.

3.2.1. Accumulation of local emissions resulting in the first pollution
episode

The backward trajectories mainly originated from local emission
sources during the first pollution episode in the BTH region. It can
be observed that clusters 2, 3, and 1 represented the dominant
trajectories in Beijing, Tianjin, and Shijiazhuang, respectively, and
corresponded to 58.3%, 51.6%, and 60.6% of the total trajectories



Fig. 1. Time series of air pollutant concentrations during the COVID-19 outbreak in the BeijingeTianjineHebei region.

Fig. 2. Proportion of different pollution grades during the COVID-19 outbreak in the BeijingeTianjineHebei region.

N. Zhao, G. Wang, G. Li et al. Environmental Pollution 267 (2020) 115617

4



Fig. 3. Time series of meteorological parameters during the COVID-19 outbreak in the BeijingeTianjineHebei region.

Fig. 4. The 72-h air mass backward trajectories and clusters arriving in the BeijingeTianjineHebei region during the two pollution episodes.
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(Fig. 4aec). The average air pollutant concentrations and meteo-
rological data in each cluster were also calculated to evaluate the
impact of individual pathways on air quality in the BTH region
(Fig. 5). The dominant clusters in Beijing and Shijiazhuang con-
tained the highest PM2.5 concentrations (146.2 mg/m3 and 173.3 mg/
m3, respectively) as well as high SO2, CO, and O3 concentrations.
The lowest wind speed and visibility were also found in the
dominant clusters, with a wind speed of 0.6 m/s in Beijing and
visibility of 2.1e3.0 km in Beijing and Shijiazhuang. The relative
humidity reached 61.2% and 64.2% in Beijing and Shijiazhuang,
respectively; hence, the conditions were favorable for the second-
ary formation of PM2.5. For Tianjin, cluster 3 from the northeast was
dominant (e.g., from Tangshan, a heavily polluted city with an
average PM2.5 concentration of 160.5 mg/m3 during this period) and
contained the second highest PM2.5 concentration of 196.7 mg/m3.
Although cluster 1 from the west contained the highest PM2.5
concentration (222.5 mg/m3), the trajectories only contributed
12.7% of the total trajectories.

The long-distance air mass from the northwest area of the BTH
region contributed relatively little to the first pollution episode,
with contributions of 30.6%, 35.6%, and 13.2% to the total trajec-
tories for Beijing, Tianjin, and Shijiazhuang, respectively (PM2.5
concentrations of 76.2 mg/m3, 67.2 mg/m3, and 138.6 mg/m3). This air
mass either primarily originated in western Mongolia and passed
thorough eastern Inner Mongolia (e.g., cluster 4 in Beijing, clusters
2 and 4 in Tianjin, and cluster 2 in Shijiazhuang) or in eastern China
(e.g., Xinjiang) and passed thorough western Inner Mongolia (e.g.,
cluster 1 in Beijing and cluster 3 in Shijiazhuang) before arriving in
Fig. 5. Trajectory ratios, air pollutant concentrations, and meteorological conditions of each
episode.

6

the BTH region.

3.2.2. Short-distance transmission resulting in the second pollution
episode

The short-distance air masses from the southern and south-
western areas of the BTH regionwere the main transport pathways
of airflow arriving in the BTH region during the second pollution
episode. It can be observed that clusters 2, 2, and 4 represented the
dominant trajectories in Beijing, Tianjin, and Shijiazhuang,
respectively, contributing 52.8%, 57.9%, and 51.9% to the total tra-
jectories (Fig. 4def). For Beijing, the dominant cluster from the
southern region (e.g., Baoding, Shijiazhuang, and Taiyuan) con-
tained the highest PM2.5 concentration (192.4 mg/m3). High SO2,
NO2, CO, and O3 concentrations, a high humidity, and a low visi-
bility were also associated with the dominant cluster (Fig. 6). Many
cities in the southern region of Beijing also experienced serious air
pollution during the second pollution episode, especially Baoding
and Shijiazhuang, where the air quality reached a severe pollution
level (average PM2.5 concentration of 176.5 mg/m3 and 137.2 mg/m3,
respectively). Zhong et al. (2018) reported that the formation of
PM2.5 pollution in Beijing was primarily caused by pollutants
transported from the south of Beijing. Our previous results showed
that the average contribution to PM2.5 in Beijing from the sur-
rounding regions was 35.4% when the daily PM2.5 concentration
exceeded 75 mg/m3 in January of 2010 (Lang et al., 2013).

For Tianjin, cluster 2 from the southern region (e.g., Hebei and
Henan provinces) was dominant and contained the lowest PM2.5
concentration of 114.0 mg/m3. Although cluster 4 contained the
trajectory cluster arriving in the BeijingeTianjineHebei region during the first pollution



Fig. 6. Trajectory ratios, air pollutant concentrations, and meteorological conditions of each trajectory cluster arriving in the BeijingeTianjineHebei region during the second
pollution episode.
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highest PM2.5 concentration of 154.6 mg/m3, it only represented
12.3% of the total trajectories. For Shijiazhuang, the dominant
cluster was from southwest region (e.g., central Shanxi and Shaanxi
provinces) and contained the second highest PM2.5 concentration
(152.6 mg/m3). Cluster 3 from the southern region contained the
highest PM2.5 concentration (193.3 mg/m3), but trajectories
accounted for just 13.2% of the total.

The long-distance air masses (e.g., clusters 1 and 3 in Beijing,
clusters 1 and 4 in Tianjin, and cluster 2 in Shijiazhuang) during the
second pollution episode also accounted for similar proportions
and originated from the northwest of the BTH region, contributing
29.2%, 24.8%, and 29.4% to the total trajectories in Beijing, Tianjin,
and Shijiazhuang, respectively. This agrees with the findings during
the first episode. The transport pathways of airflow in the BTH
region were consistent with the results of Chang et al. (2020),
whereby differential transport patterns rather than local emissions
may have been responsible for fluctuating aerosol concentrations
in Shanghai.
3.3. Potential source regions during the pollution episodes

3.3.1. PSCF analysis
The potential source regions with high WPSCF values (>0.5)

were mainly located in the local areas and surrounding regions of
Beijing and Shijiazhuang during the first pollution episode (Fig. 7a,
c). For Tianjin, apart from the local area, high WPSCF values were
also observed in the northeast (e.g., Tangshan City and western
7

Liaoning Province) (Fig. 7b). These observations were generally in
good agreements with our backward trajectory analysis as the air
pollution was more dominated by local emissions during this
period.

During the second pollution episode in Beijing, the potential
source regions with high WPSCF values were mainly located in the
south-central region of Hebei and western region of Shandong. This
finding relates to the various industrial facilities in these areas,
which are intensively distributed with a large energy consumption
and high air pollutant emissions (Zheng et al., 2019; Zhou et al.,
2017, Fig. 7d). This result is consistent with the potential source
regions of PM1e2.5 in Beijing during the autumn of 2016 (Zhang
et al., 2018b), thus proving that air pollutants were transported
from locations close to Beijing rather than by long-distance trans-
port. Our previous study showed that the contributions of emis-
sions from Shandong Province and the south-central region of
Hebei Province (e.g., Baoding, Cangzhou, Shijiazhuang, Hengshui,
Xingtai, and Handan) to the airborne PM2.5 in Beijing were 8.1% and
4.3%, respectively, during a pollution episode (Zhang et al., 2019b).
For Tianjin, the potential source regions with high WPSCF values
were primarily located in the southern region (e.g., Shijiazhuang,
Handan, Xingtai, and Zhengzhou), which agrees with the domi-
nance of cluster 2 (Fig. 7e). Besides, high WPSCF values were also
found in the western and northwest areas of Tianjin. These were
situated along the pathway of dominant clusters 1, 3, and 4, which
exhibited higher PM2.5 concentrations (125.8e154.6 mg/m3)
compared with cluster 2 in the southern region. For Shijiazhuang,



Fig. 7. Weighted potential source contribution function (WPSCF) maps for PM2.5 arriving in the BeijingeTianjineHebei region during the two pollution episodes.
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the potential source regions with high WPSCF values were
concentrated in the central region of Shaanxi Province and in the
southern region of Shijiazhuang, which was consistent with the
results for Tianjin (Fig. 7f).

3.3.2. CWT analysis
The potential source regions with higher WCWT values gener-

ally agreed with the results of the WPSCF during the first pollution
episode (Fig. 8aec). However, the results of WCWT differed to the
Fig. 8. Weighted concentration weighted trajectory (WCWT) maps for PM2.5 arriv

8

WPSCF results in some aspects in Beijing, whereby high WCWT
values were also found in Tangshan. In addition, the regions with
lowerWCWT values indicate that PM2.5 pollution in the BTH region
was unaffected by long-distance transport from eastern Inner
Mongolia and eastern China during this episode.

During the second pollution episode, the potential source re-
gions with higherWCWT values were consistent with the results of
the trajectory cluster andWPSCF in Beijing, whereas they covered a
wider range than the WPSCF results for Tianjin and Shijiazhuang
ing in the BeijingeTianjineHebei region during the two pollution episodes.
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(Fig. 8def). For example, in Tianjin, the potential source regions
were located in the south-central region of Hebei Province and
western region of Shandong Province (WCWT of >100 mg/m3) as
well as Henan Province and eastern Hubei Province. For Shi-
jiazhuang, the potential source regions were located in the south-
west region (e.g., Shanxi and central Shaanxi provinces) and
southern region. The high probabilities and levels of the WCWT
observed in southern, southwest, and northwest regions of the BTH
region during the second pollution episode further confirmed that
regional pollution transport in addition to local emissionsmay have
influenced the air quality.
3.4. Comparison with other studies

Although the source distribution of air pollution during the
COVID-19 outbreak in the BTH region has not been reported else-
where to date, several studies have analyzed the source distribution
in this region during other periods (Table 1), which can be
compared with the results obtained here.

Zhang et al. (2015) reported that the potential sources for Beijing
during the winter of 2013 were mainly located in Beijing itself and
in the surrounding regions with a WPSCF value of >0.7, which is
consistent with our results for Beijing during the first pollution
episode. On the contrary, both Wang et al. (2015b) and Li et al.
(2017a) found that the clusters from the north and northwest of
Beijing were prevailing during the winter and contributed 75%e
95%, whereas we determined contributions of just 41.7%e47.2% for
Beijing during the two pollution episodes. We note that Wang et al.
(2015b) and Li et al. (2017a) reported an average PM2.5 concentra-
tion of 74 mg/m3 and 82 mg/m3, respectively, which are considerably
lower than that during the two pollution episodes in our study
(124.5e148.4 mg/m3). We speculate that the contribution of air
masses from the southern area of Beijing might have increased
during the air pollution episodes. The results of the PSCF analysis
indicate that the major potential sources were mainly focused in
southern, western, and eastern Hebei Province, and north-western
Shandong Province (WPSCF of >0.5) (Wang et al., 2015b). This is in
general agreement with our results for Beijing during the second
pollution episode (south-central Hebei and western Shandong
provinces). Li et al. (2017a) also found potential sources in central
Inner Mongolia corresponding to aWPSCF of >0.8. Qiao et al. (2017)
reported that the airflow from southern Hebei Province and
Table 1
Source distribution of air pollution in the Beijing-Tianjin-Hebei region during other peri

Study area Period Dominant trajectory (contribution)

Beijing Winter 2013 e

Beijing Winter 2005e2010 North and northwest of Beijing (95%

Beijing Winter 2014, 2015 Northwest of Beijing (75%)

Beijinga June and October 2008 covered by
the Olympic Games

Southeast of Beijing (23%)
Northwest of Beijing (23%)
Southern of Beijing (21%)

Beijing December 2017 to December 2018 e

Tianjin Pollution episode during March 9
e17, 2018

Eastern Hebei, western Shandong, ea
Henan, and eastern Hubei (76%)

Pollution episode during
November 22e30, 2018

Eastern Hebei (49%)

Tianjin Pollution episode during winter
2017

e

Shijiazhuang
Shijiazhuang Pollution episodes 2011e2018 Inner Mongolia, Shaanxi, and Shanxi

a The results of PM10. d indicates not reported.
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western Shandong Province exerted the most significant external
influence on the air quality in Beijing during the 2008 Olympics,
which was generally consistent with our results for Beijing during
the second pollution episode. However, the dominant clusters in
Qiao et al. (2017) were from the southeast, northwest, and southern
areas of Beijing, which contributed 23%, 23%, and 21% to the total
trajectories; thus, these results differ to our study as we found that
they were mainly from the southern region (52.8%) during the
second pollution episode. Dong et al. (2020) determined that the
potential source regions with high WPSCF values were primarily
located in northern and central Shanxi Province, which is the
largest coal production area in China.

Zhao et al. (2019) analyzed the transport pathways and potential
source regions in Tianjin during two pollution episodes in 2018. The
dominant trajectories were from the southern region and contrib-
uted 49%e76% of the total trajectories, which agrees with our re-
sults during the second episode (57.9%). Zhao et al. (2019) also
found that the southern region contributed the most to the level of
PM2.5, with the PSCF value exceeding 0.9 during the two pollution
episodes. Higher PSCF values were also observed in southern
Mongolia, which is consistent with our results for the second
pollution episode. Lv (2019) reported that the clusters from Inner
Mongolia, Shaanxi, and Shanxi contributed 41%, which agrees with
our results for Shijiazhuang during the first pollution episode
(39.4%). Liu et al. (2019) also determined the potential source re-
gions of PM2.5 in Tianjin and Shijiazhuang during awinter pollution
episode in 2017, although the regional coverage was not wider than
our results.

The results of these studies evidence that pollution transport
pathways and potential source regions are influenced by
geographical location and local climate, thus indicating the
importance of the present study of the BTH region during the
COVID-19 outbreak to explore the source distribution.
4. Conclusion

Improving our understanding of the transport pathways and
potential source regions of air pollution is critical for the develop-
ment and implementation of pollution control policy. Although air
quality in the BTH region was effectively improved during the
COVID-19 lockdown in China, two large-scale air pollution episodes
did occur from 23 to January 28, 2020 and from 8 to February 13,
ods.

Potential source regions Literature

Local area and Hebei Zhang et al.,
(2015)

) Southern, western, and eastern Hebei, and north-
western Shandong

Wang et al.,
(2015b)

Southern Hebei, northern Shanxi, western Shandong,
and central Inner Mongolia

Li et al.,
(2017a)

Southern Hebei, western Shandong Qiao et al.,
(2017)

Northern and central Shanxi Dong et al.,
(2020)

stern Consistent with the dominant trajectory Zhao et al.,
(2019)

Southern Hebei, western Shandong, and southern
Mongolia
Southern Tianjin, central and southern Hebei, northern
Shandong, and northern Henan

Liu et al.,
(2019)

Southern Hebei and central Shanxi
(41%) e Lv, (2019)
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2020. Thesewere characterized by significantly elevated PM2.5, SO2,
NO2, and CO concentrations as a result of the unfavorable meteo-
rological conditions during these periods. The wind speed during
these two episodes decreased by 34%e74% in comparison to period
without pollution episodes, while the humidity increased by 23%e
58%. Meteorological conditions should be considered when setting
control strategies and air quality goals. Although anthropogenic
emissions reduced significantly during the COVID-19 lockdown, the
O3 concentration increased during the second pollution episode in
Shijiazhuang. A synergistic control including a reduction in the
NOx/VOCs ratio is required to reduce the O3 concentration because
a high ratio was most likely responsible for the increased O3 con-
centration. Local pollutant emissions and regional pollutant
transport have important impacts on the atmospheric environ-
ment. The air pollution in the BTH region was mainly affected by
local emission sources during the first episode, whereas the second
episode was affected by short-distance air masses that originated
from Hebei, Henan, central Shanxi, and Shaanxi provinces. Thus it
can be seen that the emission reduction of anthropogenic sources
cannot completely offset the impact of unfavorable meteorological
conditions on air quality. Therefore, on the basis of local emission
reduction, enhancing regional environmental cooperation and
implementing a united prevention and control of air pollution are
effective mitigation measures for the BTH region.
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