
Introduction

China’s pollution of air has been a worldwide 
attention for decades [1]. As the largest developing 
country in the world, China has experienced rapid 
economic growth over the past few decades, however, 
energy consumption such as coal combustion, 
industrial waste and motor vehicles usage have 
increased, and urban planning and construction have 

been accompanied by rapid economic development 
have all caused environmental air pollution in China, 
making it one of the most polluted countries in the 
world [2]. To mitigate the severe air contamination 
problems, the Chinese governance has promulgated 
a variety of air quality management (LAQM) and 
control policies for major pollution sources [3], 
such as installation of flue gas desulfurization and 
denitrification control devices in coal-fired power 
plants, coal-to-gas conversion, and stricter emission 
standards for automobiles and industrial boilers [4]. 
China has indeed effectively controlled and reduced 
most air pollutants’ concentrations these years [5]. 
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From the analysis of annual concentrations of standard 
air contaminants (PM 2.5, PM10, sulphur dioxide (SO2), 
nitrogen dioxide (NO2), carbon monoxide (CO), and 
ground-level ozone (O3)) in the 74 key cities (the total 
population in these cities accounted for around 41.2% 
of China’s population in 2017) in China from 2013 to 
2017 [2], there were large reductions in annual average 
concentrations of PM2.5, PM10, SO2 and CO and slight 
decline in NO2 concentrations. However, O3 pollution 
and associated impacts on health have become serious 
contemporaneously because of its significant increases 
in average annual concentrations [2, 5]. Since human 
activities are one of the main sources that emit these 
major standard pollutants into the atmosphere [6], it is 
expected that the lockdown reduce the concentration of 
these pollutants in the atmosphere with the expansion 
of the coronavirus disease 2019 (COVID-19, initially 
identified in Wuhan in early December 2019) [7-9]. Due 
to the pandemic of COVID-19, whole China was under a 
special lockdown, because most people were confined to 
their homes to stop the spread of COVID-19, leading to 
large reductions in population movement and industrial 
processes (i.e. the Spring Festival holiday was prolonged 
to after February 10th, the schools, all entertainment 
venues, restaurants, and most enterprises were shut 
down). Mobility, industrial output and energy demand 
kept up many less than normal levels. The reduction in 
the combustion of industrial coal and petroleum was 
related to a significant reduction in the emissions of air 
pollutants from combustion [6], however, widespread 
ambient air pollution still occurred over China [10, 11], 
indicating the generation of them should be influenced 
not only by emission reduction and also multiple factors 
else.

China's surface O3 pollution has attracted 
widespread attention because O3 is the unique air 
quality index (AQI) that has maintained an upward 
trend in recent years [2, 12]. Because of its strong 
oxidation, ground-level O3 has negative influence on 
air quality and ecosystem [13]. Meanwhile, like carbon 
dioxide (CO2), O3 is also an important greenhouse gas 
[14]. Ambient O3 is a characteristic secondary pollutant, 

mainly from photochemical reaction against volatile 
organic compounds (VOCs) and nitrogen oxides (NOx, 
NO + NO2) under high temperatures and sunlight [15] 
and photochemistry of O3 production has a highly non-
linear relationship between volatile organic pollutants 
(VOCs) and NOx. The unprecedented emission 
reduction with relatively low temperatures and sunlight 
in early 2020 is a rare real-life experiment for exploring 
the causes of the increase of O3 surface levels. As the 
capital city of the Shanxi province with heavy depend 
on coal as a major source of heat and electricity in the 
North China, Taiyuan implemented a range of measures 
to control the transmission of infections during the 
COVID-19 eruption in early 2020, providing a chance 
to comprehend the impact on the COVID-19 lockdown 
on the increase of surface levels of O3 and other general 
air pollutants in the North China. 

Therefore, we analysed the characteristics of O3 
and other five general air pollutants (including PM10, 
PM2.5, SO2, NO2 and CO) and meteorological factors. 
We also discussed the correlations among air pollutants 
as well as meteorological parameters and the influence 
of air mass transportation on pollutants. This study 
will provide reference for a comprehensive assessment  
of the impact of lockdown responses. The study results 
are not only relevant for the responses of ambient O3 
and other pollutants to COVID-19 lockdown, they also 
are a starting point for discussing mitigation strategies. 

Material and Methods

Study Area Description

Taiyuan (111°30’~113°09’E, 37°27’~38°25’N), 
a typical city of heavy reliance on coal as its main 
source of heat and power, is located in the north 
of Fenhe plain with a population of approximately  
4.2 million. Its urban and rural land areas are 
respectively ~1500 km2 and ~5500 km2, and the terrain 
resembles a bowl surrounded by hills in its west, north, 
and east directions. The sampling site is located in the 

Fig. 1. The national controlling air sampling site (NCS, star) with Wusu international airport (WIA, plane) and agrometeorological station 
(AS, pin).
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downtown area of Taiyuan and has been described in 
detail by previous study [16].

Acquisition of the Published Data

The hourly ambient mass concentrations of criteria 
air pollutants including PM10, PM2.5, SO2, NO2, CO 
and O3 at a national controlling air sampling site 
(NCS, 37.8195◦N, 112.57◦E, ~25 m above ground) were 
downloaded from the real time dataset published by 
the air monitoring data centre of Ministry of Ecology 
and Environment of the People's Republic of China 
(http://datacenter.mep.gov.cn). The meteorological 
characteristics, including air temperature (T), relative 
humidity (RH), wind speed (WS) and direction 
(WD), visibility (V), pressure (P) were obtained 
at the Wusu International Airport (WIA, 37.76ºN, 
112.64ºE) and information on daily sunshine hours 
and average daytime solar irradiance were obtained at 
an agrometeorological station (AS, 37.75ºN, 112.75ºE). 
WIA and AS are about 8 km and 20 km away from 
NCS (see Fig. 1). 

Stage Division

According to the local response to the COVID-19 
outbreak during in early 2020, the present study period 
was from 1st January to 30th March 2020, dividing 
into four stages: before lockdown (BL, January 1-24), 
the Level I (LI, January 25-February 23) and Level II 
(LII, February 24-March 9) response periods, and after 
lockdown (AL, March 10-31), respectively. Scheme of 
activities are summarized in detail in Table 1.

Backward Trajectory of Air Mass 
and PSCF Model

Air pollutants contained in an air parcel at regional 
background or remote locations are largely influenced 
by the source regions through which they travel [17]. 
To identify transmission events in different regions and 
better explain the geographical and phase patterns of 
the pollutant concentration, the HYbrid single-particle 
Lagrangian integrated trajectory model (Version 4) 
(HYSPLIT4) was used to calculate the 48-hour air mass 
back trajectories arriving at the sampling point during 
the sampling period. HYSPLIT4 was published by the 
National Oceanic and Atmospheric Administration 
(NOAA) (https://ready.arl.noaa.gov/HYSPLIT_traj.php). 
The reach height was set 500 m above the ground based 
on the meteorological dataset from "ftp://arlftp.arlhq.
noaa.gov/pub/archives", and the model runs four times a 
day at 0:00, 6:00, 12:00, and 18:00 UTC. 

The Potential Source Contribution Function (PSCF) 
is a practical approach by TrajStat software (http://
meteothink.org/) to identify regional source [18] on 
the basis of HYSPLIT model [19, 20]. PSCF calculates 
the probability that a source is located at latitude i 
and longitude j and can be collected and transported Ta
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to the receptor site along the trajectory via back trajectory  
of the air parcel passing through this location.  
The zone of concern is divided into i × j small equal 
grid cells. The PSCF value in the cell (i, j) is defined as 

mij/nij, where nij is denoted as the number of times that 
the trajectories passed through the cell (i, j) and mij 
is the numbers of “polluted” trajectory endpoints in the 
same cell [18]. Cells with high PSCF values are related to 

Fig. 3. Daily values of temperature (T), relative humidity (RH), wind speed (WS) and direction (WD), visibility (V), pressure (P), 
average solar irradiance (SI) and daily hours of sunlight during BL, LI, LII and AL stages.

Fig. 2. Hourly concentrations of PM10, PM2.5, SO2, NO2, CO and O3.
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the arrival of air parcels at a receptor site with pollutant 
concentrations higher than a given value. These cells 
indicate areas that have a ‘high potential’ contributions 
to the pollution at a receptor site [21]. In this study, the 
criterion values were set to the mean O3 (representative 
pollutant) concentrations of each stage and the PSCF 
was weighted by the empirical weight value determined 
by the number of endpoints of air mass trajectories in the 
grid (Wij). The domain was in the range of 30-55ºN and 
75-120ºE with more than 95% of the back trajectories 
in the geographic areas and the resolution was  
0.5º × 0.5º.

Results and Discussion

Overall Characteristics of General Air Pollutants 
and Meteorological Factors

Hourly concentrations of PM10, PM2.5, SO2, NO2, 
CO and O3 are illustrated in Fig. 2. Daily values 
of meteorological parameters are shown in Fig. 3.  
Fig. 4 and Table 2 show the staged variation of the six 
pollutants based on their daily average concentrations. 
Daily average concentration of O3 was set as the highest 
average of the measured ozone from eight consecutive 
hours  in a day and referred to as O3-8 hr [13].

From Fig. 2, the variation tendencies of PM10, 
PM2.5, SO2, NO2 and CO were consistent with each 
other, while O3 showed the reverse change trend. 

Fig. 4. Daily average concentrations (circles) with median values (thicker lines), the distances between the first and third quartiles 
(boxplots) and the minimum and maximum values (whiskers) of PM10, PM2.5, SO2, NO2, CO and O3 before lockdown (BL), during 
lockdown in the 1st stage (LI) and the 2nd stage (LII), and after lockdown (AL), respectively. The percentages followed the arrows indicate 
the variations between the stages. The curves represent the normal distributions of the data (ball). The numbers of the data in BL, LI, LII 
and AL were 24, 30, 15 and 22, respectively. 
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PM10, PM2.5, SO2, NO2 and CO underwent remarkable 
reductions during and after the lockdown while O3 
pollution was generally amplified during the lockdown 
in Taiyuan. During the period of observation, the 
average daily mass concentrations of PM10, PM2.5, SO2, 
NO2, CO and O3-8hr in Taiyuan were 122.60, 80.65, 
29.84, 44.55, 1.30×103 and 75.56 μg m-3, respectively 
(Table 2). Although the decrease of the five pollutants 
were underwent in Taiyuan from an overall lockdown 
stages, it was quite apparent that the mass concentrations 
of both PM10 and PM2.5 greatly exceeded the daily 
average Grade I limit (DAILVs, 50 μg m-3 and 35 μg m-3) 
of the Ambient Air Quality Standard of China (CAAQS, 
GB 3095-2012) in all stages (Fig. 2, 4 and Table 2) and 
the days of PM10 and PM2.5 concentrations exceeded the 
daily average Grade I limit were 85 and 72, respectively 
(Fig. 4), which indicated that Taiyuan was suffering 
from heavy particulate matters pollution during  
the study period and were also reflected in visibility 
(Fig. 3). In addition, the average mass concentrations 
O3-8 hr during the AL stage (101.92 μg m-3) exceeded the 
Grade I limiting value (100 μg m-3). It can be seen that 
the weather conditions in Taiyuan were basically stable, 
the wind speed is low (<2 m/s), the relative humidity is 
moderate (51.2%), and the average solar irradiance and 
daily hours of sunlight gradually increased during the 
observation period (Table 1 and Fig. 3).

Staged Characteristics of Pollutants

PM10, PM2.5, SO2, NO2 and CO

From Fig. 4 and Table 2, PM10, PM2.5, SO2, NO2 
and CO experienced a more significant reduction 
from the period of BL to LI and mixed variations 
from LI to LII and AL. The average concentrations 
decreased from 171.58, 126.08, 41.84, 64.17 and 1.9×103 
μg m-3 in BL stage to 100.06, 71.22, 30.74, 34.29 and 
1.19×103 μg m-3 in LI stage for PM10, PM2.5, SO2, NO2 
and CO, respectively, with different rate fall, which 
saw 41.7%, 43.5%, 26.5%, 46.6% and 37.4% drops. Of 
them, the NO2 emissions reduced the highest, which 
are comparable to the reductions observed in Milan 
(45.6%) in Italy [22],  Almaty (49%) in Kazakhstan [23] 
and Kolkata (47%) in India [24] and lower than those 
in Wuhan (53.3%) [25] and Shanghai (59.1%) [26] in 

China, Delhi (60.1%) and Mumbai (78.1%) in India [24]  
(Table 3). From the period of LI to LII, marked and 
slight reductions occurred for SO2 (34.1%) and CO 
(1.7%) while PM10 (11.2%), PM2.5 (3.0%) and NO2 (21.6%) 
had varying degrees of increase. Except SO2 with a 
slight increase of 8.8%, the AL stage marked further 
decreases in PM10 (3.4%), PM2.5 (34.8%), NO2 (6.1%) 
and CO (24.8%) compared to the LII. Additionally, we 
found that the proportions of changes in different air 
pollutants vary greatly. In different stages, that largely 
was due to the pollution source of different pollutants.  
It is known that coarse particles (PM10) in the megacities 
are mainly composed of man-made fugitive dust from 
natural dust from the ground, industrial activities 
and roads, growth of secondary aerosol particles, and 
construction activities in urban areas [27] and biomass 
burning, industrial emissions fossil fuel combustion, 
and vehicle emissions are the main anthropogenic 
sources of PM2.5 [6, 10, 22, 28]. The main sources of CO 
emissions are incomplete combustion processes, such as 
transportation, home heating [22]. Great decrease and 
slightly increase in SO2 during the lockdown (LI and 
LII) and AL stages suggested SO2 control was effective 
during lockdown and normal days. Industrial and coal-
fired power plants were the primary sources of SO2 in 
Taiyuan city. NO2 entered the atmosphere mainly from 
both the burning of fossil fuels and the photochemical 
oxidation of nitric oxide emitted from combustion 
processes, soils, plants, and so on [6]. Since pollutants 
SO2, NO2 and CO are emitted directly from the local 
sources, their concentrations were more affected by the 
regional sources relative to O3 and PM2.5 [29]. Therefore, 
the pollution mitigation in Taiyuan during LI was 
mainly due to restrictions on industrial activities and 
transportation. The inconsistent patterns of these five 
air pollutants during LII and AL stages suggested the 
important contributions of factitious factors and impacts 
of regional transport during the lockdown. We observed 
that the slight increase and then great decrease in NO2 
and PM2.5 concentrations occurred during LII stage and 
AL stages due to the production intensity is higher than 
the BL period, which made up the production deficiency 
during the COVID-Lockdown period. Additionally, the 
slight changes above might be ascribed to the numbers 
and dispersion of data as shown in Fig. 4. 

Table 2. Daily average mass concentrations (μg m-3) of each air pollutants in different areas.

Pollutants BL LI LII AL All stages Grade I values

PM10 171.58 100.06 111.24 107.46 122.60 50

PM2.5 126.08 71.22 73.33 47.78 80.65 35

SO2 41.84 30.74 73.33 22.05 29.84 50

NO2 64.17 34.29 41.68 39.12 44.55 80

CO 1900 1190 1170 880 1300 4000

O3-8hr 42.55 84.73 71.39 101.92 75.56 100
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O 3

The level of urban air pollution is mainly affected by 
local emissions and chymic mechanisms [30]. Pollution 
mitigations were expected, because it is consistent 
with typical fluctuations in energy demand before, 
during, and after lockdown. However, on the contrary 
to other pollutants above, unexpected O3 pollution 
was generally amplified during lockdown in Taiyuan.  
As shown in Fig. 4, compared to BL stage, O3 exhibited 
a more marked increase in LI (99.1%), LII (67.8%)  
and AL (139.5%) stages, which was consistent with  
the recent literature. Table 3 summarized the percent 
drop and rise of the above five air pollutants and O3 
induced by lockdown in Taiyuan and other cities of China 
and other countries. Take O3 for example, ambient O3 
levels increased around the lockdown i.e. 116.6%, 145% 
and 20.5% in Wuhan (the city that COVID-19 initially 
identified) [11], Hangzhou [10] and the Yangtze River 
Delta Region (YRDR) [31], China, 20.7%, 35.1%, 37.4% 
and 66.1% in Mumbai, Singrauli, Delhi [24] and Kolkata 
[32], India, 40% 50%, 26.9% and 30.4% in California, 
New York, Ohio and Washington, USA, [33], 15%  

in Almaty, Kazakhstan [23], 169.9% in Milan, Italy 
[22] and 30% in Sao Paolo, Brazil [34]. Widespread O3 
pollution occurred during the lockdown indicated that 
the generation of O3 should be influenced not only by 
emission reduction and also multiple factors else.

Correlations Among Air Pollutants 
and Meteorological Parameters

The cross relationships (Spearman’s rank) among 
the six air pollutants (PM10, PM2.5, SO2, NO2, CO and 
O3) and the five meteorological factors (T, RH, WS, 
V, SI) based on daily mean data during the sampling 
period infer the pollutants’ possible common sources 
and the influence by the meteorological conditions and 
illustrated in Fig. 5.

Correlations Among Air Pollutants

As Fig. 5 shown, the strong positive correlations 
among PM10, PM2.5, SO2, NO2 and CO were found, 
implying the common local dominant sources, such as 
fossil fuels combustion [35, 36]. CO had good positive 

Table 3. Comparison of percent (%) changes of each air pollutants induced by lockdown in different areas.

Areas PM10 PM2.5 SO2 NO2 CO O3 References
Taiyuan

China

-41.7 -43.5 -26.5 -46.6 -37.4 99.1 This work
Wuhan -40.2 -36.9 -3.9 -53.3 -(3.2~34.5) 116.6 [25]
Beijin-
Tianjin-
Hebei

-13.7 -5.9 -6.8 -24.7 -4.6 [52]

Shanghai -40.9 -24.6 -59.1 24.2 [26]
Hefei -44.8 -27.1 -65.2 17.5

Nanjing -35.9 -27.5 -42.7 4.6
Suzhou -37.4 -27.3 -56.4 12.3

Hangzhou -38.5 -32.9 -50.5 8.2
Shaoxing -40.4 -32.0 -42.8 0
Hangzhou -54 -59 -22 -82* -27 125 [28]

Delhi

India

-55.0 -49.3 -19.5 -60.1 37.4 [24]
Mumbai -44.6 -37.4 -39.0 -78.1 20.7
Singrauli 58.9 15.3 11.8 -12.5 35.1
Kolkata -44.9 -41.2 42.3 -47.7 -16.4 66.1 [32]
Delhi -52 -41 -50 -29 7 [53]

Mumbai -47 -33 -75 -46 8
Kolkata -34 -23 -60 -29 17

California

USA

-63.9 -63.3 -66.7 -55.6 40 [33]
New York -45.3 -55.1 -48.3 50

Ohio 19.0 4.7 -30.6 -4.8 26.9
Washington 14.7 -28.6 -13.6 30.4

Milan Italy -39.5 -37.1 -19.9 -43.1 -45.6 169.9 [22]
Almaty Kazakhstan -21 7 -35 -49 15 [23]

Sao Paolo Brazil -29.8 -54.3 -64.8 30 [54]
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correlations with PM10 (0.66), PM2.5 (0.68), SO2 (0.66) 
and NO2 (0.65) and negative correlation with O3 (-0.42), 
suggesting the primary emissions from industrial and 
traffic emissions were relatively dominated the local 
pollution. O3 had strong adverse correlations with the 
other five pollutants and had the most robust relationship 
with NO2 (-0.52) and comparative relationships with the 
other four pollutants, suggesting precursor consumption 
and oxide formation. According to the recent studies, 
the unprecedented reduction in NO2 [30, 37, 38] and 
PM2.5 [28, 37] emissions were considered as main or 
partial causes of increase in O3 concentrations during 
the lockdown, which was in consistent with that in 
this work. The levels of ambient O3 and NO2 were 
inextricably linked with non-linear relationship (Fig. 
6) because of the chemical coupling of O3 and NOx 
(NO + NO2) and the increment in the level of O3 was 
accompanied by a resultant reduction in the level of 
NO2 [38-40]. O3 had stronger negative correlations 
with the PM2.5 (-0.42) than PM10 (-0.38), mainly because 
the growth of secondary aerosol particles contributed 
to PM2.5 more than PM10 in the megacities and the 
reduction of PM2.5 was conducive to the formation of O3 
[6, 22, 27, 41] which promoted the increase in O3 during 
the lockdown period [28]. Additionally, the reduced NO2 
lead to enhancement of O3 in urban areas of Taiyuan, 
further increasing the atmospheric oxidizing capacity 
and promoting the formation of secondary aerosol 
because of nonlinear production chemistry and titration 
of ozone in winter [37].

Correlations between Air Pollutants 
and Meteorological Factors

Meteorological factors have a crucial influence on 
the accumulation, diffusion and removal of atmospheric 
pollutants [36]. As shown in Fig. 5, the concentrations 
of PM2.5, SO2, NO2 and CO had a negative correlation 
with temperature. High temperature may decrease 

temperature stratification stability, promote vertical 
movement of air pollutants [42], and cause dilution 
and diffusion of air pollutants [43]. O3 were positively 
correlated with temperature, with a correlation 
coefficient of 0.65. This was due to the high temperature 
leading to the occurrence of photochemical reactions, 
causing the accumulation of ground-level O3 [44]. PM10, 
PM2.5, SO2, NO2 and CO were positively correlated 
with relative humidity, and the correlation coefficients 
were 0.76, 0.54, 0.32, 0.36 and 0.50, respectively. High 
relative humidity can increase the concentration of PM 
by promoting the distribution of semi-volatile substances 
into the aerosol phase. A humid atmosphere is usually 
accompanied by a lower boundary layer, which further 
increases the concentration of pollutants from the 
main source [45]. At the same time, all air pollutants 
except O3 were negatively correlated with wind speed 
and visibility. Breeze were the cause of weak dilution 
of primary pollutants, which accelerates the formation 
and accumulation of secondary PM [35, 46]. On the 
contrary, strong winds increase the dispersion and 
dilution of pollutants, flushing PM pollutants out of the 
city [47]. From Fig. 5, with the exception of PM2.5, PM10, 
SO2, NO2 and CO, O3 had very weak positive correlation 
with wind speed with the correlation coefficient of 0.20, 
which should be ascribed to the different influences 
between primary and secondary pollutants by weak 
wind speed during the study period. Besides, the average 
data of wind speed might not representative of the 
actual situation and thus the backward trajectories of air 
masses were discussed below. Subsequently, increased 
visibility and solar radiation increase O3 formed by 
photochemical reactions [48], interpreting that O3-8hr 
had positive correlation with visibility (0.65) and solar 
irradiance (0.77) (Fig. 5). In spring and summer, due 
to the high solar radiation intensity and daily duration, 
the photolysis of NO2 is promoted, and the growth of 
O3 is more common [22]. From Fig. 5, besides O3, the 
solar irradiance had relatively good negative correlation 
with NO2 (-0.56), implying the promotion of photolysis 
of NO2. It can also be seen from Fig. 7 which shows 

Fig. 5. Spearman’s rank correlations among air pollutants and 
meteorological parameters (* p<0.05).

Fig. 6. Scatter diagram of O3 v.s. NO2.
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the dependence of O3-8hr concentration in BL, LI, 
LII and AL on daylight hours and solar radiation, the 
increases in daylight hours (Table 1) and average solar 
irradiance during daylight hours might appear crucial 
factors causing higher O3 concentrations.

Influence of Air Mass Transport 
on the Pollutants

Since the significant reduction in the emissions of 
air pollutants because of the COVID-19 lockdown, 
air mass transports might play an important role in 
the concentration of pollutants in the study region.  
Thus the backward trajectories of air masses at altitudes 

of 500 m during the four stages were applied to roughly 
evaluate the impact of transports on the concentration 
of air pollutants and illustrated in Fig. 8. As shown, 
the backward trajectories were divided into four, 
four, three and three clusters during BL, LI, LII and 
AL stages, respectively. In the surveyed region, the 
trajectory clusters during BL stage were made from 
north (44.79%) with very slow transmission speed of 
air parcels, indicating the dominated pollutants were 
mainly from the north of the city, where the Second 
Power Station and Taiyuan Iron and Steel Factory are 
located [16]. Another contribution came from southwest 
(18.75%), where some of the China's top pollution areas 
(such as Lvliang, Linfen and Yuncheng) are located.  
A similar situation was in LI stage with 59.81% 
trajectory clusters from south-southwest. During LII 
and AL stages, the dominated trajectory clusters were 
from southeast (46.67% and 32.95%). The south-
eastern wind originated from Shandong, Hebei and 
Henan provinces and passed through Fenhe Plain, 
transporting pollutants from high-concentration areas 
[27, 49, 50] in to Taiyuan. To a certain extent, due 
to the bowl-shaped geographical topography [4], air 
parcels from west-south-east regions swept across 
the Fenhe Plain and carried the pollutants to Taiyuan, 
where the surrounding mountains slowed down the 
speed of transmission, leading to increased pollutants.  
The trajectory clusters from northwest gradually 
increased during LI (40.19%), LII (53.33%) and  
AL (61.04%) compared to BL (36.46%) may dilute  
local atmospheric pollutants, which should be part of 
the reason for the decrease in the concentration of the 
five pollutants. However, the gradual increase of O3 
levels during the four stages suggested considerable 
partial precursors of O3 were from outside of the study 
area. 

Fig. 7. Daily average concentrations of O3-8hr as function 
of daily hours of sunlight and average solar irradiance during 
daylight hours during BL, LI, LII and AL stages.

Fig. 8. Staged clusters of 48 h backward trajectories starting at Taiyuan (receptor site is marked by dot) at 500 m altitudes and the 
percentage of allocation to each cluster.
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Furthermore, the horizontal distributions of the 
weighted PSCF values for the six pollutants were 
calculated by combining the backward trajectories 
with their hourly values and are presented in Fig. 9. 
As depicted, the local emissions were significant for 
those primary pollutants such as PM10, PM2.5, SO2, 
NO2 and CO and the same patterns were found among 
them. The potential sources for them showed distinct 
staged variations such as the northwestern area of 
Shanxi Province and the northeastern regions of 
Shaanxi Province during BL stage, and the southwest-
southeastern regions during lockdown other stages  

(Fig. 9a-e). In terms of O3 (Fig. 9f), the local 
photochemistry was enhanced during lockdown period 
because strong photochemical reactivity. The potential 
source of O3 should be explained carefully since it 
is not directly emitted into the atmosphere and has 
complex chemical properties with VOCs and NOx [51]. 
The majority of the O3 might be formed by 
photooxidation near the receptor site. Local emission 
of precursors of O3 was very low during BF stage and 
gradually increased during LI, LII and AL stages. In 
addition, high O3 concentration during BL stage were 
connected with air masses coming from northeastern 

Fig. 9. Staged weighted PSCF distributions of O3 in Taiyuan (the receptor site is marked by red star).
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regions such as the northern part of Shanxi Province 
and the eastern part of Hebei Province while higher 
O3 concentrations during LI, LII and AL stages were 
connected with air masses coming from southeastern 
regions such as Hebei, Henan and Shandong Province, 
which was in line with discussions on the trajectory 
clusters.

Conclusions

In this study, PM10, PM2.5, SO2, NO2, CO, O3 as well 
as meteorological parameters have been investigated 
before, during and after the COVID-19 lockdown in the 
early 2020 and the main conclusions are summarized. 

The average mass concentrations of PM10, PM2.5, 
NO2, SO2, CO and O3 in Taiyuan were 122.60, 80.65, 
29.84, 44.55, 1.30×103 and 75.56 μg m-3, respectively. 
The average mass concentrations of PM10 and PM2.5 in 
all stages were greatly exceeded the daily average level 
I limit of CAAQS. The average mass concentrations O3-
8hr during the AL stage (101.92 μg m-3) exceeded its 
Grade I limiting value.
1. PM10 (-41.7%), PM2.5 (-43.5%), SO2 (-26.5%), NO2 

(-46.6%) and CO (-37.4%) underwent a more marked 
reduction while O3 (99.1%) pollution was amplified 
during lockdown. 

2. O3 were negatively correlated with the other 
pollutants and positively correlated with temperature, 
visibility and the average solar irradiance during 
daylight hours. The increases in daylight hours 
and average solar irradiance during daylight hours 
might appear crucial factors causing higher O3 
concentrations. 

3. The reduction of PM2.5 and NO2 promoted the 
increase in O3 during the lockdown period. 

4. Most of the O3 might be formed by photooxidation 
near Taiyuan and connected with air masses from 
the northern part of Shanxi Province during BL 
stage and Henan, Hebei and Shandong Province 
during LI, LII and AL stages.
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