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Abstract
To better understand the effects of COVID-19 on air quality in Taiyuan, hourly in situ measurements of  PM2.5(particulate 
matter with an aerodynamic diameter less than 2.5 mm) and chemical components (water-soluble ions, organic carbon (OC), 
elemental carbon (EC), and trace elements) were conducted before (P1: 1 January–23 January 2020) and during (P2: 24 Janu-
ary–15 February 2020) the coronavirus disease 2019 (COVID-19) outbreak. The average concentrations of  PM2.5 dropped 
from 122.0 μg/m3 during P1 to 83.3 μg/m3 during P2. Compared with P1, except for fireworks burning–related chemical 
components  (K+,  Mg2+, K, Cu, Ba), the concentrations of other chemical components of  PM2.5 decreased by14.9–69.8%. 
Although the large decrease of some emission sources, fireworks burning still resulted in the occurrence of pollution events 
during P2. The analysis results of positive matrix factorization model suggested that six  PM2.5 sources changed significantly 
before and during the outbreak of the epidemic. The contributions of vehicle emission, industrial process, and dust to  PM2.5 
decreased from 23.1%, 3.5%, and 4.0% during P1 to 7.7%, 3.4%, and 2.3% during P2, respectively, whereas the contributions 
of secondary inorganic aerosol, fireworks burning, and coal combustion to  PM2.5 increased from 62.0%, 1.8%, and 5.5% to 
71.5%, 9.0%, and 6.2%, respectively. The source apportionment results were also affected by air mass transport. The largest 
reductions of vehicle emission, industrial process, and dust source were distinctly seen for the air masses from northwest.
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Introduction

The coronavirus disease 2019 (COVID-19) that broke out in 
the first half of 2020 is a global infectious disease and spread 
rapidly all over the world. According to the report from 
World Health Organization (WHO), up to 4 June 2021, the 
global epidemic has resulted in 171,782,908 confirmed cases 
of COVID-19 and 3,698,621 deaths (https:// covid 19. who. 
int/). In China, to prevent the spread of the disease, Wuhan 
in Hubei province first announced a lockdown on 23 January 
2020, followed by other provinces in mainland China (Cui 
et al. 2020; Na et al. 2020). After the pandemic outbreak, 
a series of control measures have been taken to prevent the 
further spread of the epidemic across the country, such as 
home quarantine, factories shutdown, and traffic restrictions. 
These control measures had indeed improved the air quality 
in some cities of China (Chu et al. 2021; Faridi et al. 2020; 
Navinya et al. 2020; Zhang et al. 2020a; Zheng et al. 2020).

This special period also could provide an unprecedented 
opportunity to accurately assess how the reduction in source 
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4.Largest reduction of industrial process was seen for the air 
masses from northwest.
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emissions influences the air quality. Previous studies have 
revealed that the control measures during the COVID-19 
period have different effects on the air quality in different 
provinces of China (Zhang et al. 2020b). The observation 
of satellite and ground-based in China indicated that up 
to 90% reduction of certain emission during the city lock-
down period could be identified (Le et al. 2020). During 
the epidemic control period, the average  PM2.5 concentra-
tions decreased by 50% in the Pearl River Delta (Wang et al. 
2021), an average reduction of 47% of  PM2.5 was observed 
in Hangzhou (Qi et al., 2021), and the  PM2.5 concentrations 
of Tangshan decreased by 15% (Li et al. 2020b). The con-
tribution of industrial sources and coal combustion to  PM2.5 
in Tangshan decreased from 28.9 and 11.8% before the epi-
demic control period to 21% and 10% during the epidemic 
control period, respectively. The reduction of emission 
sources during the epidemic period led to the decrease of 
pollutants levels, especially for vehicle emission and indus-
trial process (Fan et al. 2020; Zhang et al. 2020b). Therefore, 
the key of reducing  PM2.5 concentrations and improving air 
quality is to control these main pollution sources.

However, most of the previous studies were conducted 
in Beijing-Tianjin-Hebei region, Yangtze River Delta, and 
Pearl River Delta. There are a few related studies in Shanxi. 
As the capital city of Shanxi, the air quality in Taiyuan in 
2020 ranked the third from the bottom among 168 key cit-
ies in China, according to the comprehensive evaluation 
index of ambient air quality (http:// www. mee. gov. cn/). 
Many energy-intensive industries are located in Taiyuan, 
including coal-fired power plants, steel smelters, and cok-
ing plants (Li et al. 2020a; Zhang et al. 2020c). The num-
ber of civil automobiles in Taiyuan reached 1.8 million by 
the end of 2020 (http:// www. stats. gov. cn/). Although Wang 
et al. (2020) conducted a comparative study on many cities 

in China including Taiyuan during the COVID-19 epidemic 
period, the sources of pollutants and the causes of heavy 
pollution processes were not discussed. To better understand 
the effects of COVID-19 on air quality in Taiyuan, hourly 
concentration of  PM2.5-related components (water-soluble 
ions, OC, EC, and trace elements) was measured before and 
during the COVID-19 outbreak at an urban site in Taiyuan. 
Hourly time-resolution measurement was adequate to reflect 
the process of pollution formation in detail. Positive matrix 
factorization model (PMF), concentration-weighted trajec-
tory (CWT), and backward trajectory were used to explore 
the detailed effects of lockdown in Taiyuan. The results of 
this study could help the government to guide the further air 
quality management for Taiyuan.

Materials and methods

Sampling site

Taiyuan is located in the north-central part of Shanxi Prov-
ince, which lies in the western part of the heavily polluted 
North China Plain (Fig. 1a). The specific terrain description 
has been introduced in our previous study (Li et al. 2016). 
The related measurements were conducted during the period 
from 1 January 2020 to 15 February 2020 at an air qual-
ity monitoring site (37.87° N, 112.54° E) (Fig. 1b) on the 
roof of the laboratory building of the Environmental Sci-
ence Research Institute of Taiyuan, China. The sampling 
site is surrounded by traffic roads, residential buildings, and 
commercial offices, which can represent the urban environ-
ment. There were no obvious emission sources around the 
sampling site.

(a) (b)

Fig.1  The topographic map of the sampling site in Taiyuan (the red dot) (a) and location of the sampling site (cross symbols) (b)
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Instrument

In this study, the levels of OC and EC in  PM2.5 were meas-
ured by the RT-4 laboratory OC/EC analyzer produced by 
Sunset Lab in the USA. The carbon components collected 
on the quartz film were analyzed by thermal/optical method 
with a time resolution of 1 h. The concentrations of water-
soluble ions in  PM2.5 including sulfate  (SO4

2−), nitrate 
 (NO3

−), ammonium  (NH4
+), sodium ion  (Na+), chloridoid 

 (Cl−), magnesium ion  (Mg2+), potassium(K+), and calcium 
ion  (Ca2+) were monitored continuously by a model ADI 
2080 online analyzer (MARGA, Metrohm Applikon) at the 
time resolution of 1 h. Hourly concentrations of trace ele-
ments including K, Ca, Cr, Mn, Fe, Cu, Zn, As, Se, Ba, Ni, 
and Pb were measured by an online multi-element analyzer 
(Model Xact 625, PALL Corporation, USA). The metal 
composition in airborne particles was measured by the 
standard method (X-ray photo fluorescence analysis, XF) 
prescribed by US EPA. The operation, calibration, and main-
tenance of the instrument were strictly operated according to 
their instruction manual. The inlet of all instruments is about 
13 m above the ground. Detailed introduction on quality 
assurance and control (QA/QC) of instrumentation could 
be found in the Supporting information. Additionally, the 
meteorological parameters including wind direction (WD), 
wind speed (WS), temperature (T), relative humidity (RH), 
 PM10,  PM2.5, and trace gases  (SO2,  NO2,  O3, and CO) were 
acquired from the Taiyuan Environment Monitoring Central 
Station.  PM10,  PM2.5, and trace gases  (SO2,  NO2,  O3, and 
CO) were measured using Thermo instruments (Thermo 
Fisher Scientific, Franklin, Massachusetts, USA), and spe-
cific instrument models can be found in Table S3.

To ensure the validity of the data, chemical mass clo-
sure has been done which can be expressed as follows: 
 [PMchem] = [Organic matter] + [EC] + [Mineral dust] + [Trace 
metals] + [Sulfate] + [Nitrate] + [Ammonium] + [Chloride] 
(Huang et al. 2017). In this study, [OM] = 1.6 × [OC] (Cao 
et al. 2007; Turpin and Lim 2001). Mineral species was 
calculated as Mineral dust = [CaO] +  [MnO2] +  [Fe2O3] +  [
K2O] = 1.40 × [Ca] + 1.58 × [Mn] + 1.43 × [Fe] + 1.21 × [K
], [Trace metals] = Ni + Cu + Pb + Zn + As + Se. Compari-
son of the reconstructed results and the measured  PM2.5 is 
shown in the Supplement (Fig. S1), and the correlation (R2) 
between the measured and reconstructed  PM2.5 mass was 
0.91, indicating that the data is reliable.

PMF model

The PMF model is commonly used to identify the sources 
of  PM2.5 and estimate the associated contributions, the 
USEPA PMF 5.0 model was used in this study (Huang 
et al. 2014; Reff et al. 2007). Detailed principle and meth-
odology can be found in the EPA 5.0 Fundamentals and 

User Guide and previous study (Kim et al. 2003). The 
concentrations of  PM2.5,  NO3

−,  SO4
2−,  NH4

+, several trace 
elements (K, Ca, Cr, Mn, Fe, Cu, Zn, As, Se, Ba, Pb, Ni), 
OC, and EC were used for source apportionment of  PM2.5. 
It is worth noting that  Cl− and other elements have not 
been taken into account for PMF analysis since most of 
their atmospheric concentrations were below their method 
quantification limits (MDLs). In addition, to avoid redun-
dant species,  Ca2+and  K+ were excluded from the dataset 
but Ca and K were taken into account. In this work, if the 
concentration is less than or equal to the method detection 
limit (MDL), the uncertainty (Unc) was calculated using a 
fixed fraction of the MDL: Unc = 5/6 × MDL; others were 
calculated based on the following equation:

In this study, the error fractions of  PM2.5, OC, EC, 
 SO4

2−,  NO3
−, and  NH4

+were estimated to be 15%, those 
of other species were 10%.  PM2.5 was set as the total vari-
able. The predicted species showed good correlations with 
the measured species (Table S2). To estimate the uncer-
tainty of the PMF solution, the displacement (DISP) and 
bootstrap (BS) method were used.

Concentration‑weighted trajectory (CWT)

The potential source contribution function (PSCF) (Ash-
baugh et al. 1985; Su et al. 2020) was commonly used to 
access the potential sources of pollutants, but this method 
can only reflect the proportion of pollution trajectories in 
each grid and cannot distinguish the differences between 
moderate and severe sources when  PM2.5 concentrations 
are slightly or much higher than the standard. In order 
to emphasize the spatial variation of the concentration of 
pollution source, the concentration-weighted trajectory 
(CWT) was used to calculate the potential source concen-
tration weight of airflow trajectory in area, to show the 
variation of sources of  PM2.5 before and after the outbreak 
of the epidemic more visually. The geographic region was 
divided into an array of 0.5 ◦× 0.5 ◦ grid cells. The calcula-
tion formula is as follows:

where Cij is the average weight concentration on the grid 
ij; l is the trajectory;Cij is the corresponding  PM2.5 mass con-
centration when the trajectory l passes through the grid ij; 
and τijl is the time that trajectory l stays in grid ij. The Cij 
high-value grid area is the main external source area that 
contributes to the particulate pollution in Taiyuan.

Unc =

√

(Error Fraction × concentration)2 + (0.5 ×MDL)2

Cij =
1

∑M

l=I
�ijl

M
�

l=I

Cl�ijl
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Air mass backward trajectory analysis

The air-mass backward trajectories were calculated and clus-
tered to track the transport pathways of airflow arriving in 
Taiyuan (37.87° N, 112.54° E) using the GIS-based software 
named TrajSat (Wang et al. 2009). Taking into account the 
life cycle of the secondary pollutants, the post-regression 
simulation time is set to 72 h to better reflect the true sta-
tus of the airflow trajectory on the regional scale of the 
atmospheric boundary layer (Roig Rodelas et al. 2019; Wu 
et al. 2009). The backward trajectories started every hour 
(0:00–23:00) each day and were calculated at 500 m above 
ground level (AGL) using meteorological data (Global Data 
Assimilation System, (ftp:// arlftp. arlhq. noaa. gov/ pub/ archi 
ves/ gdas1/)) during the study period.

Results and discussion

Variations of concentrations of gaseous pollutants 
and PM2.5 chemical composition

To better illustrate the significant effects of the epidemic 
outbreak on air quality, we divided the whole period into 
two periods (P1 and P2): before the epidemic outbreak 
(P1:1–23 January2020) and during the epidemic outbreak 
(P2:24 January–15 February2020). The average concentra-
tions of  PM2.5, gaseous pollutants  (SO2,  NO2, CO, and  O3), 
water-soluble inorganic ions, OC, EC, and trace elements 
before (P1) and during (P2) the outbreak of COVID-19 were 
summarized in Table 1. The average concentrations of  PM2.5 
changed from 122.0 μg/m3 during P1 to 83.3 μg/m3 during 
P2, decreased by 31.7%. The concentration of  SO2,  NO2 and 
CO decreased from 35.2 μg/m3, 65.3 μg/m3, and 1.7 mg/m3 
to 26.9 μg/m3, 32.5 μg/m3, and 1.1 mg/m3, which decreased 
by 23.6%, 50.2%, and 35.3%, respectively. The largest 

decrease in  NO2 was related to the large decrease in traffic 
volume during P2, which will be discussed in the “Source 
apportionment” and “CWT analysis of  PM2.5sources” sec-
tions. However, the concentration of  O3 increased from 
22.4 to 54.1 μg/m3, increased by 141.5%.  SO4

2−,  NO3
−, 

and  NH4
+ were the three dominant ions in  PM2.5, the total 

concentrations accounted for 44.8% and 45.7% of  PM2.5 
during P1 and P2, respectively. The average concentra-
tions of  SO4

2−,  NO3
−, and  NH4

+ decreased from 22.0 μg/
m3, 17.7 μg/m3, and 15.0 μg/m3 during P1 to 14.0 μg/m3, 
13.7 μg/m3, and 10.4 μg/m3 during P2, decreased by 36.4%, 
22.6%, and 30.7%, respectively. The concentrations of the 
other three ions  Cl− (69.2%),  Na+(50.0%), and  Ca2+(42.9%) 
suffered from dramatic decreases, while the concentration 
of  K+(80.0%) and  Mg2+(185.7%) increased during P2. 
The concentrations of some elements K, Cu, and Ba also 
increased by 80.9%, 34.0%, and 148.3%. Previous studies 
have reported that K, Cu, Mg, and Ba were fireworks burn-
ing–related elements (Kong et al. 2015), indicating that the 
Taiyuan was still affected by fireworks burning during the 
Spring Festival and Lantern Festival. As for the other ele-
ments, the concentrations of Ca, Cr, Mn, Fe, Zn, As, Se, Ni, 
and Pb during P2 decreased by approximately 57.3%, 46.5%, 
49.6%, 46.0%, 43.7%, 47.8%, 18.4%, 37.8%, and 38.8%, 
respectively; shutdown of industry and construction sites 
was an important reason for the reduction of these elements. 
OC in  PM2.5 can be derived from both primary emissions 
and secondary formation (Huang et al. 2014), while EC is 
mainly from primary emission (Bond et al. 2013; Cao et al. 
2013). OC and EC during P2 decreased by 15.2% and 65.7%, 
respectively. The wind rose diagram in P1 and P2 (Fig. S4) 
showed that the WS and WD of P1 and P2 have no obvious 
change, and the average WS during P1 and P2 is 1.5 m/s and 
1.7 m/s, respectively. Therefore, it showed that the reduction 
of these pollutants during P2 was mainly due to the reduc-
tion of pollution source emissions.

Table 1  Mean and standard 
deviation (SD) of the five 
criteria air pollutants (μg/m3), 
CO(mg/m3) and main  PM2.5 
chemical species including 
water-soluble ions (μg/m3), 
trace elements (ng/m3), OC and 
EC (μg/m3) during P1 and P2

Variables P1 P2 Variables P1 P2
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

PM2.5 122.1 ± 67.2 83.3 ± 54.6 K 929.3 ± 430.4 1681.5 ± 2573.0
Na+

K+

Mg2+

Ca2+

Cl−
NH4

+

NO3
−

SO4
2−

Ba
Pb
EC

0.6 ± 0.4
0.5 ± 0.4
0.07 ± 0.2
0.7 ± 0.8
2.6 ± 2.0
15.0 ± 11.8
17.7 ± 10.4
22.0 ± 23.7
38.3 ± 36.4
102.4 ± 67.3
3.5 ± 2.6

0.3 ± 0.2
0.9 ± 1.8
0.2 ± 0.3
0.4 ± 0.4
0.8 ± 1.8
10.4 ± 7.4
13.7 ± 9.1
14.0 ± 11.6
95.1 ± 193.2
62.7 ± 44.6
1.2 ± 1.1

Ca
Cr
Mn
Fe
Cu
Zn
As
Se
Ni
OC
SO2

490.4 ± 442.5
43.9 ± 49.3
76.2 ± 60.7
974.4 ± 692.0
20.3 ± 23.1
181.4 ± 110.5
17.8 ± 15.9
10.3 ± 6.0
11.9 ± 19.1
16.5 ± 7.3
35.2 ± 20.0

209.6 ± 114.3
23.5 ± 37.7
38.4 ± 39.3
525.9 ± 469.1
27.2 ± 49.0
102.2 ± 68.2
9.3 ± 6.2
8.4 ± 5.0
7.4 ± 15.0
14.0 ± 8.8
26.9 ± 17.5

NO2 65.3 ± 22.5 32.5 ± 13.6 CO 1.7 ± 0.6 1.1 ± 0.4
PM10 162.0 ± 77.7 106.5 ± 59.1 O3 22.4 ± 20.1 54.1 ± 27.7
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Pollution events analysis during P1 and P2

The outbreak of the epidemic led to a sharp drop in the 
concentrations of pollutants in many places in China (Fan 
et al. 2020). In this study, when the hourly concentration of 
 PM2.5 more than 24 consecutive hours exceeds 150.0 μg/
m3, the period was defined as a pollution event. Finally, 
three pollution events E1 (1.9–1.13), E2 (1.24–1.26), and 
E3 (2.6–2.9) were selected (Fig. 2). During E1, the maxi-
mum daily average concentration of  PM2.5 was 250.4 μg/
m3 on 12 January, and the hourly concentration could reach 
358 μg/m3 at 19:00 on 12 January. This pollution event can 
be further divided into two pollution processes. From 12:00 
on 9 January to 11:00 on 10 January, the hourly concentra-
tion of  PM2.5 was higher than 150 μg/m3. From 12:00 on 
10 January, with the increase of WS, the pollutant concen-
tration decreased rapidly in a short time. From 15:00 on 
11 January to 7:00 on 13 January, the hourly concentration 
of  PM2.5 exceeded 150 μg/m3 for 41 consecutive hours. At 
15:00 on 13 January, the WS from the northeast wind rose to 
2.0 m/s, and the concentration of  PM2.5 dropped to less than 

100 μg/m3. During E1,  SO4
2−,  NO3

−, and  NH4
+ were the 

main ions in  PM2.5, the average concentrations were 46.9 μg/
m3, 22.8 μg/m3, and 25.5 μg/m3, respectively, and the sum 
of the average concentrations accounted for 52.5% of  PM2.5. 
When the hourly concentration of  PM2.5 reached 358.0 μg/
m3, the proportion of  SO4

2−,  NO3
−, and  NH4

+ in  PM2.5 was 
59.3%. Many previous studies have shown that the conver-
sion of precursor gases is the main source of these three ions 
under low T and high RH in winter (Zheng et al. 2015). The 
molar ration of sulfate or nitrate to sum of sulfate and  SO2 or 
nitrate and  NO2 could be used as the indicators of secondary 
transformation (Sun et al. 2006). During E1, SOR and NOR 
were 0.5 and 0.2, respectively. As for elements, K, Ca, Fe, 
and Zn were the four dominant elements, with average con-
centrations of 819.8 ng/m3, 156.0 ng/m3, 696.3 ng/m3, and 
171.0 ng/m3, respectively. The average concentrations of OC 
and EC were 16.3 μg/m3 and 3.7 μg/m3, respectively. OC/EC 
can be used to evaluate the source of pollutants. When the 
value of OC/EC is between 1.0 and 4.2, it indicated that the 
carbonaceous aerosol came from vehicle exhaust emissions 
(Schauer et al. 2002). When the value of OC/EC is between 

Fig.2  Time series of  PM2.5 and its major components (twelve elements, eight water-soluble ions, OC, and EC) and meteorological data (wind 
speed (WS), wind direction (WD), temperature (T), and relative humidity (RH)) during the study period

51Air Quality, Atmosphere & Health (2022) 15:47–58



1 3

2.5 and 10.5, it indicates that the emission comes from coal 
burning. During E1, the value of OC/EC was 4.4. It can be 
seen that the heterogeneous reaction of gaseous pollutants, 
vehicle emissions, coal combustion, and road dust may be 
the important sources of    PM2.5during E1.

Both E2 and E3 pollution events all occurred during P2. 
The average concentrations of  PM2.5 during E2 and E3 were 
138.8 μg/m3 and 135.8 μg/m3, respectively. The hourly max-
imum concentrations could reach 258.0 μg/m3 and 227.0 μg/
m3, respectively. During E2 and E3,  SO4

2−,  NO3
−, and  NH4

+ 
were still the main ions in  PM2.5, and the sum of these three 
ions accounted for 43.0% and 50.9% of  PM2.5, respectively. 
During E2, the concentrations of  SO4

2−,  NO3
−, and  NH4

+ 
were 18.5 μg/m3, 25.3 μg/m3, and 15.9 μg/m3, respectively. 
During E3, the concentrations of  SO4

2−,  NO3
−, and  NH4

+ 
were 29.7 μg/m3, 20.2 ug/m3, and 19.2 ug/m3, respectively; 
the SOR and NOR during E2 were 0.3 and 0.4, and the SOR 
and NOR during E3 was 0.4 and 0.3, respectively. During 
E2, the concentrations of K, Cu, and Ba were 4465.8 ng/
m3, 83.0 ng/m3, and 342.3 ng/m3, respectively, which were 
5.4, 4.4, and 17.3 times higher than those during E1. K, 
Cu, and Ba are the reliable indicators of fireworks burning 
(Kong et al. 2015). Since 19:00 on 24 January, the concen-
trations of these three elements increased rapidly, and the 
hourly maximum concentrations could reach 17,201.0 ng/
m3, 279.0 ng/m3, and 1439.0 ng/m3 at 9:00 on 25 January. 
E3 occurred during the Lantern Festival. Compared with 

E2, E3 is also affected by the fireworks burning. The average 
concentrations of elements K, Cu, and Ba were 1923.1 ng/
m3, 28.6 ng/m3, and 73.0 ng/m3, respectively. In addition to 
the impact of fireworks burning, unfavorable weather condi-
tions (low WS and higher RH) were also the main reasons 
for the higher concentrations of pollutant during the pollu-
tion events (Fig. S5).

Source apportionment

In this study, PMF 5.0 was employed to conduct source 
apportionment. After multiple runs of different factors, six 
main sources of  PM2.5 were finally identified, including coal 
combustion, secondary inorganic aerosol, fireworks burning, 
dust source, industrial process, and vehicle emission. The 
source profiles and diurnal variations of different sources 
derived from the PMF model are shown in Fig. 3 and Fig. 4, 
respectively. BS and DISP were conducted to analyze the 
uncertainty of the PMF model at six factors. The results 
were presented in Table S1 and Table S2. As for the selected 
PMF solution, no swaps occurred in DISP runs (Table S1) 
and more than 94% of the BS runs were mapped for all fac-
tors (Table S2). Thus, the results of PMF runs were stable.

Factor 1 can be identified as the source of coal com-
bustion (CC). Higher loadings of As and Se and mod-
erate loading of OC and EC were found in this factor, 
indicting a typical source profile of CC (Liu et al. 2019; 

Fig.3  Factor profiles (% of spe-
cies) of each source during the 
study period at Taiyuan
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Tian et al. 2015); a series of coal-electricity bases were 
built in Shanxi (Liu et al. 2018). Thus, it was reasonable 
to attribute this factor to CC. Factor 2 was characterized 
by higher contributions of  NO3

−,  SO4
2−,  NH4

+, and OC 
(Lyu et al. 2016; Zheng et al. 2019), and this factor can 
be identified as secondary inorganic aerosol (SIA). Fac-
tor 3 can be identified as the source of fireworks burning 
(FB). K, Cu, and Ba accounted for the largest proportion 
in this factor. According to some previous studies, K, 
Cu, and Ba are used to display different colors during the 
process of fireworks burning (Kong et al. 2015; Rai et al. 
2020). Additionally, as seen from the diurnal variation of 
firework burning during P2 (Fig. 7), the higher emissions 
of fireworks burning at night also could confirm it. The 
concentrations of fireworks-related elements (K, Ba, and 
Cu) increased rapidly during the night of New Year’s Eve. 
Factor 4 can be identified as a source of dust source (DS). 
This factor was distinguished by higher loadings of crus-
tal elements such as Ca, Fe, and Ba (Lyu et al. 2016; Su 
et al. 2020). In factor 5, Cr, Mn, Fe, and Ni accounted for 
a relatively higher proportion (Taiwo et al. 2014). As for 
the steel plants, a large amount of Fe and Mn were released 
during the production process (An et al. 2015). A large 
steel smelter in Taiyuan produced 10.7 million tons of 
steel in 2020, so this factor can be attributed to industrial 
processes (IP). Factor 6 can be identified as the source of 
vehicles emission (VE), OC, EC, Cu, and Zn accounted for 
the relatively higher proportions (Xia and Gao 2011; Yao 
et al. 2016). The diurnal variations of vehicles emissions 

showed the peaks in the morning and evening during P1. 
The diurnal variations during P2 were not obvious due to 
the strict traffic control measures (Fig. 4).

After COVID-19 outbreak, the contributions of these 
sources varied greatly due to the implementation of strict 
lockdown control measures. As shown in Fig. 5, compared 
with P1, except for the increase for the concentration of FB, 
the concentrations of the other five sources during P2 all 
decreased. Among them, the concentrations of VE, DS, IP, 
SIA, and CC decreased by 80.9%, 57.4%, 47.6%, 22.3%, and 
23.8%, respectively. A series of strict control measures dur-
ing P2 was the direct reason for the decrease. The concentra-
tion of FB increased by the factors of three. The contribution 
of each source to  PM2.5 is different from the change of the 
concentration. The contribution of SIA showed the marked 
increase from 62.0 to 71.5%, and it is consistent with the 
previous studies during COVID-19 (Li et al. 2020b; Zheng 
et al. 2020). The contribution of CC also increased from 5.5 
to 6.2%; the COVID-19 pandemic led to the shutdown of 
many industries and decreased of the CC emissions from 
these sectors. However, the government-enforced home 
order might increase the electricity consumption and coal 
heating, which offset the decreases of CC contributions to 
industrial activities to some extents (Li et al. 2020b). The 
contribution of fireworks burning to  PM2.5 increased from 
1.8% during P1 to 9.0% during P2 because of the Spring 
Festival and the Lantern Festival. In order to reduce the air 
pollution caused by the fireworks burning during the Spring 
Festival, the policy of prohibiting firework burning should 

Fig.4  Diurnal variations of  PM2.5 sources derived from the PMF model during P1 and P2
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be strictly regulated in urban areas. Strengthening the emis-
sion control of FB in rural areas should be the next priority 
to prevent the occurrence of heavy polluting processes dur-
ing the holidays. For other three sources, contribution of 
VE to  PM2.5 presented the largest decrease from 23.1% dur-
ing P1 to 7.7% during P2. The proportion of DS decreased 
from 4.0 to 2.3%. The proportion of IP decreased from 3.5 
to 3.4%.

CWT analysis of PM2.5 sources

In addition to local emissions, regional transport also could 
affect the concentrations of pollutants. As shown in Fig. 6, 
the potential source areas and relative contribution of source 
areas for different sources were identified by CWT. In order 
to reflect the effects of the epidemic more intuitively, the 
concentration range of the same pollution source was set 
to the same level. During P1, the concentrations of  PM2.5 
from VE showed the higher values (> 24 μg/m3) on the large 
scale. High-value areas exceeding 40 μg/m3 were mainly 
distributed near the sampling point. Compared with P1, the 
contribution area of VE during P2 decreased significantly, 
and most of the spatial concentrations of  PM2.5 from VE 
were lower than 8 μg/m3. Since January 24, the intensity of 
intra-city travel in Taiyuan decreased significantly (https:// 
qianxi. baidu. com/ 2020/). Potential source areas with higher 
values (8–10 μg/m3) of DS were mainly distributed in local 
areas during P1. With the shutdown of construction activi-
ties and the reduction of road traffic, the average concentra-
tions from DS were lower than 2 μg/m3 during P2 on large 
scale. As seen from Fig. 6, source areas of FB with lower 

values (< 12 μg/m3) during P1 only distributed in the north-
eastern area of Taiyuan on small scale. The higher values 
(> 21 μg/m3) of FB during P2 were mainly distributed in 
Inner Mongolia, Shaanxi, and southwest of Shanxi. The 
hourly concentration could reach to 120.5 μg/m3 at 9:00 on 
25 January, and the average concentration of FB increased 
by 254%. As for IP, the source areas of high concentrations 
(6–9 μg/m3) during P1 were mainly distributed in the south-
west of the sampling point. During P2, the potential source 
areas of IP also reduced, and the average concentration of 
IP decreased by 33%, but there are still small areas of higher 
concentration (7–9 μg/m3) in the northeast areas of the sam-
pling site. The potential source region with concentrations 
exceeding 100 μg/m3 of SIA during P1 mainly distributed 
in the northwest of sampling site, including Inner Mongo-
lia, Shaanxi, and Shanxi Provinces. The higher value region 
(70–100 μg/m3) of SIA during P2 was mainly distributed 
in the northwest and south of the sampling site. The aver-
age concentration decreased from 74.8 μg/m3 during P1 
to 59.8 μg/m3 during P2, decreased by 20%. The potential 
source areas of CC were located in the western region of 
Shanxi and eastern region of Shaanxi during P1. Due to 
the shutdown of some industries, the CC used in industry 
decreased during P2, but heating and power supply were 
not interrupted, so the average concentration of CC only 
decreased by 23% during P2. The higher concentration areas 
of CC were mainly located in the southwest of the sampling 
point during P2.

During the whole study period, the air masses were clas-
sified into three clusters (Fig. 7). Source contributions of six 
factors for each trajectory cluster are also shown in Table 2. 

Fig. 5  The average concentrations of the identified sources (a) and source contributions to total  PM2.5 (b) during P1and P2
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The air masses for Cluster 1 (C1) originated from the south-
ern area of Shaanxi Province and passed the southwestern 
areas of Taiyuan; this cluster made up for 47.2% of the air 
masses. The air masses for Cluster 2 (C2) and 3 (C3) all 
came from northwest areas of the sampling site; C2 was 
originated from Kazakhstan near Xinjiang Uygur Autono-
mous Region, and C3 was originated from Mongolia; these 
clusters accounted for 14.3% and 38.1% of the air masses, 
respectively. We further analyzed the contributions of six 

sources during the two periods (P1, P2) for different air mass 
clusters. Compared to P1, the concentrations of  PM2.5 in 
C1, C2, and C3 during P2 decreased by 8.9%, 35.9%, and 
29.4%, respectively. As for the strict travel control meas-
ures, the contributions of VE in C1, C2, and C3 during P2 
decreased by 65.3%, 79.3%, and 76.1%. Due to the shut-
down of construction activities during P2, the contribution 
of DS decreased by 48.8%, 31.3%, and 74.2% for C1, C2, 
and C3, respectively. The concentration of IP decreased by 

Fig.6  Concentration-weighted trajectory (CWT, µg/m3) values of source contributions during P1and P2
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6.7%, 31.4%, and 27.8% for C1, C2, and C3, respectively. 
The concentrations of SIA decreased by 4.7%, 34.9%, and 
8.3% for C1, C2, and C3, respectively. The concentrations 
of CC decreased by 42.4%, 10.6%, and 27.8% for C1, C2, 
and C3, respectively. In contrast to other sources, the con-
centrations of FB increased by 21.4%, 775.0%, and 156.0% 
for C1, C2, and C3, respectively. During the transport pro-
cess, the carried gaseous precursors  (SO2,  NO2,  NH3) could 
be transformed into secondary aerosol and resulted in rapid 
increases of  PM2.5 concentrations in the downwind area 
(Bressi et al. 2014; Li et al. 2015). The concentrations of 
SIA on C2 and C3 were nearly twice as high as those on C1. 
In order to effectively improve the air quality of Taiyuan, we 
also should pay attention to the regional transport of pollut-
ants on the basis of strengthening the local emission control.

Conclusion

In this study, the chemical composition, sources of  PM2.5, 
transport pathways, and potential source regions of air pol-
lution were investigated before and during the COVID-19 

outbreak in Taiyuan. The concentrations of  PM2.5 and its 
components decreased significantly during the epidemic 
outbreak due to the reduction of anthropogenic emission 
sources. However, two air pollution events still occurred 
during P2 when strict lockdown measures were imple-
mented. The PMF model-resolved source analysis showed 
that VE, CC, SIA, DS, FB, and IP were the main sources 
of  PM2.5 in Taiyuan before and during the COVID-19 out-
break; except for fireworks burning, the air masses reach-
ing Taiyuan from different potential geographical regions 
showed substantial reductions of the mass contributions 
from various sources. CWT results showed that the north-
west of sampling sites, such as Shaanxi and Inner Mongo-
lia, and the southwest of Shanxi Province were the main 
potential source regions. It is worth noting that the emis-
sion control of fireworks during the holidays should also 
be further controlled to prevent the occurrence of heavy 
pollution events. The emission reduction of vehicles has a 
significant impact on the improvement of air quality, and 
the development of clean energy should continue to be 
promoted. Due to the significant impact on the air quality 
of Taiyuan caused by regional transport, strict emission 

Fig.7  Cluster analysis of 72-h 
air-mass back-trajectories arriv-
ing at Taiyuan and concen-
trations of each source from 
different air mass clusters for 
the study period including P1 
and P2

Table 2  Average concentrations 
(μg/m3) of six sources in cluster 
C1, C2, and C3 during P1 and 
P2

Cluster Time PM2.5 VE IP DS FB SIA CC

C1 P1 57.1 12.1 1.5 4.3 2.8 38.6 9.2
P2 52.0 4.2 1.4 2.2 3.4 40.4 5.3

C2 P1 131.4 26.1 3.5 3.2 1.2 87.5 4.7
P2 84.2 5.4 2.4 2.2 10.5 57.0 5.2

C3 P1 132.8 31.8 5.4 6.2 2.5 74.7 7.2
P2 93.7 7.6 3.9 1.6 6.4 68.5 5.2
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mitigation actions and joint measures to control air pollu-
tion should be enforced on the regional scale.
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