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Abstract
With the rapid development of industrialization and urbanization in China, energy and vehicle consumption have continued 
to increase in recent years and air pollution has become serious. In early 2020, Corona Virus Disease 2019 broke out in 
Wuhan, China. From January 29, 2020, several sources of the air pollution almost all stopped working, including gasoline 
burning vehicles, dust producing building sites, coal-fired factories, etc. Five indicators of the atmospheric environmental 
quality were observed from December 19, 2019 to April 30, 2020 in nine cities and 1-h average concentrations, 24-h aver-
age concentrations and Air Quality Index were assessed. The 1-h average concentrations of the nitrogen dioxide, the ozone 
and the sulfur dioxide showed obvious difference though the closure did not change the sequence of the five pollutants’ 
concentrations in the air at diverse sampling moments. The changing of the 24-h average concentrations of the five pollut-
ants indicated the amount of pollutants in the air were greatly affected by human activities. The nitrogen dioxide, the sulfur 
dioxide and the particulate matters decreased obviously in the closure. The air in the metropolis and the south-east cities 
were relatively clean and the pollutants’ concentrations decreased slightly during the closure period. The northern and the 
heavy industrial cities showed significant drop on air pollution indicators and the air quality of the two city groups could 
be greatly improved if some effective measures could be taken of environmental management and regional development.
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Introduction

Due to human activities, pollutants discharged into the 
atmosphere formed air pollution, which posed negative effect 
on human health and destroyed ecological balance (Liu et al. 
2020; Chen et al. 2016; Li et al. 2016; West et al. 2016). 
The particulate matter pollution in the air has increased lung 
cancer’s incidence, the sulfur oxides caused regional acid 

rain, the nitrogen oxides and ozone were the main pollutants 
causing photochemical smog (Jaffe and Zhang 2017; Jing 
et al. 2016; Liu et al. 2016; Wu et al. 2017). Besides, exces-
sive ozone could also lead to the weakening of lung function 
and tissue damage (Jaffe and Zhang 2017; Jaffe et al. 2018; 
Tang et al. 2020; Yang et al. 2019).

With the rapid development of industrialization and 
urbanization in China, energy and vehicle consumption 
have continued to increase in recent years and air pol-
lution has become serious (Gao et al. 2018; Song et al. 
2017; Tian et al. 2018). The main sources of air pollution 
in China were the coal consumption for living and pro-
duction and the main pollutants were particulate matters 
and sulfur dioxide (He et al. 2017; Hu et al. 2017, 2015; 
Jing et al. 2016). Particulate pollution, as a representa-
tive of air pollution, has become one of the major prob-
lems limiting the sustainable development of urban and 
regional economy and posing adverse effect on human 
health since 2000 and the average annual concentration 
of inhalable particulate matter exceeded the national sec-
ond-class standard in two-thirds of cities in China (Song 
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et al. 2017; Gao et al. 2018).With the popularity of the 
cars in Chinese families, the gasoline consumption has 
increased rapidly in recent years, and the pollution prob-
lems such as nitrogen dioxide and ozone have become 
increasingly noticeable. The sources of air pollution were 
complex and such man-made sources as industrial boilers 
and kilns, coal-fired power plants, industrial processes, 
dust, vehicle emissions, volatile sources, residents’ liv-
ing, agricultural sources were usually involved. The 
source analysis of the pollutants in the air has been one 
basic technology for the control of regional air pollution 
and it required the comprehensive application of multi-
disciplinary and multiple models (Cheng et al. 2016; Gao 
et al. 2018; Hu et al. 2017; Liu et al. 2020; Tian et al. 
2018; Wu et al. 2017).

In early 2020, Corona Virus Disease-2019 (abbrevi-
ated as COVID-19) broke out in Wuhan, China. From 
January 29, 2020, all provinces in China have succes-
sively launched the first level emergency response mech-
anism for public health emergencies: most factories and 
construction sites were shut down, the residents stayed 
at home, the public transport in cities were stopped. 
This special period is called COVID-19 closure. In the 
COVID-19 closure, several sources of the air pollution 
almost all stopped working, including gasoline burning 
vehicles, dust producing building sites, coal-fired fac-
tories, etc. The COVID-19 in China was quickly and 

effectively controlled. From February 21st the residents’ 
life and factories’ production were slowly resumed and 
were gradually backed to the normal level by the end of 
March.

The period, from the end of 2019 to the closure in 
January, then gradually recovery from the end of Febru-
ary and returning to normal in April, was also the chang-
ing process of air pollution contributors. Thus the aims 
of the study were: (1) to observe the concentrations of air 
pollutants of the Cities in the four months in China, (2) to 
assess and characterize the air pollution in the COVID-
19 Closure, (3) to infer the contribution of various pol-
lution sources to air pollution from the characterization 
in the period and analyze the impact of human activities 
on air pollution of the cities so that provide some infor-
mation for decision makers on the control of regional air 
pollution in the nation.

Nine cities were selected as the observation sites and 
data were recorded from December 19, 2019 to April 30, 
2020. The location of the cities was described in Fig. 1 
and the characteristics were listed in Table 1.

Beijing, Shanghai and Guangzhou are three mega cit-
ies in China, with extremely high population density, 
economic density and traffic. Beijing is the capital of 
the nation, located in the north and east, being the politi-
cal center, cultural center, scientific and technological 
innovation center of China. Shanghai is the international 

Fig. 1  Sketch map of the nine 
observed cities



2055International Journal of Environmental Science and Technology (2021) 18:2053–2062 

1 3

economic, financial, trade, shipping and technological 
center in China. Guangzhou is in the east and south of the 
nation, being an important central city with international 
trade center and comprehensive transportation hub. The 
three cities were grouped as reprehensive metropolis in 
China (abbreviated as MC).

Chengdu and Guiyang are the capital cities of Sichuan 
Province and Guizhou Province, respectively. The two 
cities were both located in south-west China and the 
plateau and mountain are the main areas. The two cit-
ies have high green coverage and were both vital cit-
ies for ecological leisure resort. Chengdu and Guiyang 
were grouped as reprehensive south-west cities in China 
(abbreviated as SC).

Harbin, Hohhot and Urumqi are the provincial capital 
of Heilongjiang, Inner Mongolia Autonomous Region 
and Xinjiang Uygur Autonomous Region. The three cit-
ies are important central cities in northern China. The 
urban terrain in the north China is mainly plain with 
relatively small population and economic density. It is 
cold and dry in winter, and the coal consumption is large 
in winter due to centralized heating in these cities. The 
three cities were grouped as reprehensive northern cities 
(abbreviated as NC).

Taiyuan is the capital of Shanxi Province. It is one of 
the most important energy and heavy industry bases of 
the nation. Thus, the city is selected as the typical heavy 
industrial city (abbreviated as HC).

Materials and methods

Data collection

The five indicators of the atmospheric environmental 
quality, including the concentrations of the particulate 
matters with particle size below 10 microns (abbrevi-
ated as PM10) and those below 2.5 microns (abbreviated 
as PM2.5), nitrogen dioxide concentrations (abbreviated 
as NO2), sulfur dioxide concentrations (abbreviated as 
SO2) and ozone concentrations(abbreviated as O3) were 
observed from December 19, 2019 to April 30, 2020. All 
data were collected from the automatic monitoring sta-
tions of the atmospheric environment in the nine cities.

In the observation, the four periods, that was pre-
closure period (from December 19, 2019 to January 28, 
2020), closure period (from January 28, 2020 to Febru-
ary 21, 2020), gradual resumption period (from February 
22, 2020 to March 31, 2020) and post-closure period (the 
whole April), were covered and totally the observation 
lasted 134 days. Real-time concentrations of the pollut-
ants were recorded every two hours from 6:00 a.m. to 
10:00 p.m (nine intervals in total). The instantaneous 
concentrations at some time were not obtained for the 
data failing to be updated in real-time. The data collec-
tion rate was about 88% and finally 9556 groups of data 
were observed and applied in characterizing the air pol-
lution of the cities in the COVID-19 closure in China.

Characterization indicators

Three indicators were applied in assessing the air qual-
ity of the cities: 1-hour average concentrations, 24-hour 
average concentrations and the value of the comprehen-
sive air quality index (abbreviated as AQI).

1‑h average concentrations

1-hour average concentrations, denoted as (1-hour-P)ij, 
were the arithmetic mean of the pollutants’ concentra-
tions in any hour. In the observation, the 1-hour average 
concentrations of the five pollutants were recorded in 
nine intervals per day in the nine cities. The indicators 
were evaluated by the average values of the nine cities at 
each moment using the following formula.

(1 − hour − P)ij =

∑9

m=1
(1 − hour − P)mij

9

Table 1  Description of the observed nine cities*

* In table, H. means if central heating is provided in the city in win-
ter, Y means yes and N is no. P. denotes the number of population in 
2019 and the unit is million. Area is the area of the city and the unit is 
square kilometers. GDP is the value of the gross domestic product of 
the city in 2019 and the unit is billion Yuan

Cities H P Area GDP

Metropolis (MC) Beijing Y 21.5 1485 3537
Shanghai N 24.4 1426 3815
Guangzhou N 15.3 1249 2362

Typical southwest city (SC) Guiyang N 4.8 360 404
Chendu N 16.6 949 1534

Typical northern city (NC) Urumqi Y 3.5 436 310
Hohhot Y 3.1 260 279
Harbin Y 10.8 435 630

Typical heavy industrial city 
(HC)

Taiyuan Y 4.2 438 403
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where (1-hour-P)ij was the 1-hour average concentration of 
the pollutant P on the i-th moment of the j-th day, for exam-
ple (1-hour-NO2) meant 1-hour average concentration of 
the nitrogen dioxide in the air. (1-hour-P)mij was the 1-hour 
average concentration of the pollutant on the i-th moment 
of the j-th day in the m-th city. The units of the pollutants’ 
concentrations were all µg/m3.

24‑h average concentrations

24-hour average concentrations, denoted as (24-hour-P)ij, 
were the arithmetic mean of the pollutants’ 24-hour aver-
age concentration in a natural day and it was actually the 
daily average concentrations. In the calculation, the cit-
ies were divided into four groups mentioned above. The 
indicators were assessed using the following formula.

where (24-hour-P)ij was the 24-hour average concentration 
of the pollutant P on the i-th city group of the j-th day, for 
example (24-hour-SO2) meant 24-hour average concentra-
tion of the sulfur dioxide in the air. (24-hour-P)mij was the 
average concentration of the pollutant at the m-th moment 
in the i-th city group of the j-th day.

AQI

AQI was the most commonly used index in air quality 
evaluation in China and it was a comprehensive descrip-
tion of air quality status based on fine particulate mat-
ter, inhalable particulate matter, sulfur dioxide, nitrogen 
dioxide and ozone. The calculation procedure of the 
index referred to the Technical Regulations on Air Qual-
ity Index (AQI) (HJ633-2012) of China. 1-hour-AQI of 
the nine intervals from 6a.m. to 10p.m. and 24-hour-AQI 
of the four city groups were both analyzed in the study.

(24 − hour − P)ij =

∑9

m=1
(24 − hour − P)mij

9

Results and discussion

The 1‑h average concentrations at the nine intervals

The distributions of 1-hour average concentrations of the 
five pollutants at the nine intervals were described in 
Fig  2, in which the abscissa is the observation time and 
the ordinate is the concentration of pollutants. All the 
units of the pollutants were µg/m3. Four periods were 
identified on the abscissa with different colors of lines. 
The pre-closure period was from December 19, 2019 to 
January 28, 2020, the closure period was from January 
29, 2020 to February 21, 2020, the gradual resumption 
period was from February 22, 2020 to March 31, 2020 
and the whole April was the post-closure period. In each 
figure, the 1-hour average concentrations of the corre-
sponding pollutant at the nine intervals were listed.

Of the five pollutants, the 1-hour average concentra-
tions of PM10 and PM2.5 had no regular temporal dis-
tribution, while the other three pollutants changed with 
time in a day. The concentrations of the nitrogen diox-
ide turned lower from 2:00p.m. to 6:00p.m and higher 
both from 8:00 a.m. to 10:00 a.m and from 8:00p.m. to 
10:00p.m. The distribution of the 1-hour average con-
centrations of the ozone was opposite to those of the 
nitrogen dioxide, which gradually increased from 6 a.m., 
peaked at about 4-6 p.m., and then gradually decreased. 
The distributions were consistent with many research 
conclusions (Girgzdiene et al. 2002; Lu et al. 2010; Mao 
et al. 2003; Notario et al. 2012). The concentrations of 
the two pollutants fluctuated at diverse intervals. From 
the figure we can see that the concentrations of the ozone 
were mainly related to the light intensity and air tem-
perature. When the concentrations of the ozone were low 
from night to morning, the concentrations of the nitrogen 
dioxide gradually increased, but when the concentrations 
of the ozone were high in the afternoon, the concen-
trations of the nitrogen dioxide decreased. Besides, the 
1-hour average concentrations of the nitrogen dioxide 
were mainly affected by the flow of motor vehicles. The 
peak time of the commuting was 8:00-10:00a.m and 
6:00-8:00p.m., and the concentrations of 1-hour-NO2 
turned higher in the two intervals (Fig. 2). The distribu-
tion of 1-hour average concentrations of the sulfur diox-
ide was similar with that of the ozone, it increased from 
6 a.m., peaked at about 12a.m-2p.m., and then gradually 
decreased.

Fig. 2  Distribution of 1-h average concentrations of the five pollut-
ants. In figure, the abscissa is the observation time and the ordinate 
is the concentration of pollutants. All the units of the pollutants were 
µg/m3. Four periods were identified on the abscissa with different 
colors of lines. The pre-closure period was from December 19, 2019 
to January 28, 2020, the closure period was from January 29, 2020 to 
February 21, 2020, the gradual resumption period was from February 
22, 2020 to March 31, 2020 and the whole April was the post-closure 
period

◂
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As figure shows, the distributions of 1-hour average 
concentrations of the five pollutants were consistent in 
the four periods from December 19, 2019 to April 30, 
2020. The COVID-19 closure did not change the trend 
of the distribution of the pollutants in the air at diverse 
moments.

The 24‑h average concentrations in the four city 
groups

The 24-hour average concentrations of the five pollutants 
in the four city groups were described in Figure 3. Of 
the nine cities, Beijing, Shanghai and Guangdong were 
grouped as reprehensive metropolis (abbreviated as MC), 
Chengdu and Guiyang were reprehensive south-west cit-
ies (abbreviated as SC), Harbin, Hohhot Urumqi were 
reprehensive northern cities (abbreviated as NC) and Tai-
yuan was regarded as the typical heavy industrial city 
(abbreviated as HC). In the figure, the abscissa is also 
the observation time and the ordinate is the concentration 
of pollutants. All the units of the pollutants were µg/m3. 
Four periods were also identified on the abscissa with 
different colors of lines. The values of China’s air qual-
ity standards on the pollutants were also shown on the 
figures. The Yellow straight line was the 24-hour average 
concentration of the pollutant corresponding to the first 
grade air quality (denoted as the first class in the figure) 
and the red one was that of the second grade (denoted as 
the second class). The standard values of the ozone and 
the second class of the sulfur dioxide were not applica-
ble, and the standard values of the nitrogen dioxide in the 
two classes were the same.

The 24-hour average concentrations of the five pol-
lutants showed significant differences in the four city 
groups and were greatly determined by human activities. 
The characteristics of the air pollution in the cities were 
mainly determined by the energy structure. Because 75% 
of the energy consumption in China was coal, the air 
pollution of the most cities was soot pollution. Among 
all cities Taiyuan was the most typical in China. The 
24-hour average concentrations of the PM10, PM2.5, 
SO2 and NO2 of Taiyuan were all the highest among 
the four city groups, which was caused by the industrial 

structure and energy consumption of the city. The con-
centrations of the particulate matter and the sulfur diox-
ide in the metropolis were the lowest among the four 
city groups, which was due to the environmental protec-
tion and effective environmental management in these 
cities. The concentrations of the five pollutants in the 
south-west cities were maintained at a low level, which 
was related to their low economic density and favorable 
ecological environment.

The concentrations of the nitrogen dioxide, sulfur 
dioxide and PM2.5 decreased obviously in the COVID-
19 closure. The 24-hour-NO2 in February were only 
about half of those in January and December, 2019, and 
this trend was consistent in all the four city groups. The 
24-hour-PM2.5 has been maintained at a low level from 
the COVID-19 closure till the end of April. The con-
centrations of PM10 decreased slightly in the COVID-
19 closure. The 24-hour-O3 continued to increase from 
December to April and the COVID-19 closure almost 
had no effect on the ozone concentrations. So from all 
the above we can infer that the amount of pollutants in 
the air were greatly affected by human activities, espe-
cially the nitrogen dioxide, the sulfur dioxide and the 
particulate matters.

The characteristics of AQI

The values of the 1-hour-AQI at the nine intervals and 
the 24-hour-AQI in the four city groups were described 
in Fig.  4. AQI has no units and the number ranged from 
0 to 500. AQI values expressed different air quality levels 
and were significant guiding for the health protection and 
outdoor exercise intensity of different populations. The 
lower the index, the better the air quality is. According 
to the value of AQI, the air quality could be divided into 
from grade 1 to grade 6: excellent, good, mild pollution, 
moderate pollution, severe pollution and serious pollu-
tion. The AQI value of 0-50 indicated that the air quality 
was excellent. That of 51-100 denoted the air quality 
was good, it indicated that some pollutants may have a 
weak impact on the health of some sensitive people, who 
should reduce their outdoor activities. The AQI value 
of 101-150 indicated mild pollution; 151-200, moderate 
pollution; 201-300, severe pollution and >300, serious 
pollution. In the distribution of the 24-hour-AQI, differ-
ent levels of air quality were distinguished by different 
colors of straight lines (Fig. 4).

The 1-h-AQI values at the nine intervals were ran-
domly distributed, which indicated that the AQI values 
were influenced by many factors, such as instantaneous 

Fig. 3  Distribution of 24-h average concentrations in the four city 
groups. In figure, MC denoted Beijing, Shanghai and Guangdong, SC 
was Chengdu and Guiyang, NC was Harbin, Hohhot Urumqi and HC 
denoted Taiyuan. The Yellow straight line was the 24-h average con-
centration corresponding to the first grade air quality and the red one 
was that of the second grade

◂



2060 International Journal of Environmental Science and Technology (2021) 18:2053–2062

1 3

temperature, humidity, wind speed, wind direction, ter-
rain and so on. In terms of the probability, the AQI val-
ues at 10 p.m. were the most likely to be highest in a day 
and the AQI values from12 a.m. to 2 p.m. were the most 
likely to have the lowest value of the whole day. This 
might be due to the sharp decrease in ground temperature 
in winter night, which led to the low temperature of the 
atmosphere close to the ground (Jeong and Park 2017; 
Li et al. 2017). The "temperature reversal" phenomenon 
occurred and made it difficult for pollutants to diffuse. 
As a result, the concentrations of the pollutants in the air 
at night could be higher than those during the day.

The AQI values of the MC and SC cities were mostly 
within 100, indicating that the air in these two city groups 
were relatively clean. During the closure period, the 24-h-
AQI of the two groups decreased slightly. The AQI values 
of the NC and HC groups were rather high in the pre-closure 
period with both above 150 and sometimes even more than 
200. After the COVID-19 closure, the AQI values dropped 
significantly and all being below 150 till the end of April. 
The temporal distributions of the AQI values showed that 

the air quality of the NC and HC city groups could be greatly 
improved if some effective measures could be taken on envi-
ronmental management and regional development.

Conclusion

With the rapid development of industrialization and urbani-
zation in China, energy and vehicle consumption have 
continued to increase in recent years and air pollution has 
become serious. In early 2020, Corona Virus Disease 2019 
broke out in Wuhan, China. From January 29, 2020, sev-
eral sources of the air pollution almost all stopped working, 
including gasoline burning vehicles, dust producing building 
sites, coal-fired factories, etc. Five indicators of the atmos-
pheric environmental quality were observed from December 
19, 2019 to April 30, 2020 in nine cities and totally 9556 
groups of data were observed and applied in characterizing 
the air pollution of the cities in the COVID-19 closure in 
China.

Fig. 4  Distribution of 1-h-AQI and 24-h-AQI
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1-h average concentrations, 24-h average concentra-
tions and Air Quality Index were assessed. The 1-h aver-
age concentrations of the nitrogen dioxide, the ozone and 
the sulfur dioxide showed obvious intervals’ difference 
though the closure did not change the trend of the inter-
val’s distribution of the five pollutants in the air. The 
amount of pollutants in the air were greatly affected by 
human activities, especially the nitrogen dioxide, the sul-
fur dioxide and the particulate matters, which decreased 
obviously in the closure. The air in the metropolis and 
south-east cities were relatively clean and the pollut-
ants’ concentrations decreased slightly during the closure 
period. The northern and heavy industrial cities showed 
significant drop on air pollution indicators and the air 
quality of the two city groups could be greatly improved 
if some effective measures could be taken on environ-
mental management and regional development.
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