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Abstract
As one of the most polluted provinces in China, air pollution events occur frequently in Shandong. Based on the hourly (or 
daily) concentrations of six air pollutants (PM2.5, PM10, O3, NO2, SO2 and CO), the situations of air quality improvement in 
three kinds of cities (key cities, coastal cities and general cities) are assessed comprehensively during 2014–2020. Contrary to 
the daily maximum 8-h average ozone (MDA8 O3), the annual average concentrations of other pollutants show the downward 
trends during 2014–2020. Therein, the improvement rates of annual average concentrations of air pollutants in key cities are 
highest. By 2020, the day proportions of O3 as the primary pollutant are up to 38% in three kinds of cities. Besides, due to 
the impact of COVID-19, the monthly average concentrations of PM2.5, PM10, NO2, SO2 and CO in February 2020 decrease 
by 32.1–49.5% year-on-year. There are still about 50% of population exposed to high-risk regions (Ri > 2), which are mainly 
concentrated in main urban areas and industrial areas. Thus, the adjustment of industrial structure and energy composition 
in the context of carbon peak and carbon neutrality should be implemented in the future.
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Introduction

Long-term exposure to ambient air pollution has signifi-
cantly adverse effects on physical and mental health (Sta-
foggia et al. 2014). There are about 1.8 million premature 
mortalities estimated to be attributable to PM2.5 exposures 
in 2017 (Liu et al. 2021). Therein, Shandong is regarded as 
the second province with the highest premature mortality 
(about 140 thousand deaths per year) in China (Liu et al., 
2016, 2021).

Presently, the researches on the regional distribution 
characteristics of air pollution are mainly concentrated in 
Beijing–Tianjin–Hebei region (Xiao et al. 2020; Zhang and 
Pan 2020a), the Yangtze River Delta region (Ma et al. 2019), 
Northeast China (Gao et al. 2020), Fen-Wei Plains (Wang 
et al. 2020), Cheng-Yu Region (Liao et al. 2018), etc. Due 
to the differences in diffusion conditions influenced by the 
meteorological and geographical factors and emission levels 
affected by industrial structures, economic levels, etc., the 
air pollution in various regions of China also presents dif-
ferent temporal and spatial distribution characteristics (Liu 
et al. 2020). Generally, the concentrations of PM2.5, PM10, 
NO2, SO2 and CO are the highest in winter and the lowest 
in summer, while the O3 concentration peaks in spring and 
summer (Li et al. 2019b). Besides, the boundary of popula-
tion density named by Hu Huanyong Line is of great signifi-
cance in the research on spatial distribution of air pollution. 
Specifically, more serious air pollution is founded in East 
of the Hu Huanyong Line, compared with those in West of 
the Hu Huanyong Line (Huang et al. 2018). With the imple-
mentation of the policies and programs about environmental 
protection and governance, a great progress has been made 
in particulate matter (PM) governance in certain regions of 
China (e.g., Beijing–Tianjin–Hebei region, Yangtze River 

Editorial responsibility: Samareh Mirkia.

 *	 C. Y. Zhu 
	 zchy@qlu.edu.cn

1	 College of Environmental Science and Engineering, Qilu 
University of Technology (Shandong Academy of Sciences), 
Jinan 250353, People’s Republic of China

2	 State Grid of China Technology College, State Grid, 
Jinan 250002, People’s Republic of China

3	 Weifang Municipal Ecology and Environment 
Bureau Shouguang Branch, Weifang 262700, 
People’s Republic of China

http://orcid.org/0000-0001-7568-3836
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-022-04651-5&domain=pdf


9496	 International Journal of Environmental Science and Technology (2023) 20:9495–9504

1 3

Delta). For example, the average annual concentrations of 
PM2.5 in Beijing decrease from 85.9 in 2014 to 38.0 μg/m3 
in 2020, with an annual decline rate approximately 12.7% 
(MEEB 2020). However, O3 has displaced PM2.5 as the pri-
mary air pollutant since 2016 in the economically developed 
areas of China (e.g., Pearl River Delta) (Zhang et al. 2021).

As one of the most polluted areas in China, the proportion 
of days with grade I and II air quality in Shandong Province 
is less than 60%, which is far below the national average 
value (78.8%) in 2016 (MEEC 2016). Therein, five cities, 
including Binzhou, Liaocheng, Zaozhuang, Jinan and Zibo, 
are listed in the top 20 cities with the worst air quality issued 
by Ministry of Ecology and Environmental of the People’s 
Republic of China (MEEC) in 2020 (MEEC 2020). Never-
theless, little research has been done about the spatial and 
temporal distribution characteristics of mass concentrations 
of air pollutants in Shandong. Furthermore, the study on 
urban Comprehensive Air Pollution Index (AQCI) variation 
and population exposure risk to PM2.5 are limited.

In this study, the hourly (or daily) concentrations of six 
air pollutants (PM2.5, PM10, O3, NO2, SO2 and CO) in state 
controlling air sampling sites of 16 cities in Shandong prov-
ince during 2014 to 2020 are analyzed statistically in terms 
of the pollution situation and the spatiotemporal distribu-
tion characteristics. In order to further display the pollution 
characteristics in different kinds of cities, the proportions of 
different primary pollutants and monthly urban AQCI values 
in key cities, coastal cities and general cities are discussed 
in details. Finally, the adverse impacts on exposed people in 
PM2.5 pollution are assessed by using of grid population data 
and grid PM2.5 concentration data. It is hoped that the study 
can provide the data support for the relevant departments to 
carry out the air pollution control and prevent.

Materials and methods

Study area

As one of most polluted provinces in China, Shandong is 
located on the North China plain and nearby Beijing–Tian-
jin–Hebei region (see Fig. 1), which is regarded as one 
of provinces with highest population amount and larg-
est coal combustion, as well as most complete industrial 
categories (Zhou et  al. 2015). For instance, GDP and 
population amount of Shandong in 2020 are estimated at 
about RMB 7.3 trillion and 101.7 million, accounting for 
approximately 7.2% and 7.2% of national total, respec-
tively (NSBC 2021). Linyi (11.0 million), Qingdao (10.1 
million) and Jinan (9.2 million) are the top three popu-
lous cities in Shandong, accounting for about 10.8%, 9.9% 
and 9.1% of provincial total in 2020, respectively (SPBS 
2021). The administrative division of Shandong is adjusted 
in 2019, and now sixteen cities are under Shandong juris-
diction, including Binzhou, Dezhou, Jinan, Jining, Heze, 
Liaocheng, Zibo, Dongying, Qingdao, Rizhao, Weifang, 
Weihai, Yantai, Linyi, Taian and Zaozhuang. Therein, Bin-
zhou, Dezhou, Jinan, Jining, Heze, Liaocheng and Zibo are 
listed in “2 + 26” cities, which are defined as the air pollu-
tion transmission channel cities of Beijing–Tianjin–Hebei 
region (one of the most seriously contaminated areas of 
PM pollution). Combined with the geographical character-
istics and actual situation of air pollution control in Shan-
dong, there are three categories of cities are involved in 
this study, including key cities (Binzhou, Dezhou, Jinan, 
Jining, Heze, Liaocheng and Zibo), coastal cities (Dongy-
ing, Qingdao, Rizhao, Weifang, Weihai and Yantai) and 
general cities (Linyi, Taian and Zaozhuang).

Fig. 1   Geographical distribution 
of study area and city classifica-
tions
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Methods

Air quality composite index (AQCI)

Air quality composite index (AQCI) is a dimensionless value 
describing the comprehensive status of the city’s ambient 
air quality, determined by summing the individual indices 
of six air pollutants (PM10, PM2.5, SO2, NO2, CO and O3), 
the bigger AQCI value, the greater comprehensive pollution 
level (Ye et al. 2018). The individual index Ii of pollutant i 
is calculated according to Eq. 1:

where Ci represents the pollutant i concentration, if i is 
SO2, NO2, PM10 or PM2.5, Ci is the monthly average con-
centration; if i is CO, Ci is the 95th percentile of the daily 
mean concentration; if i is O3, Ci is the 90th percentile of 
the daily maximum 8-h average (MDA8) O3 concentration. 
Si represents secondary standard limit (for SO2, NO2, PM10 
and PM2.5: annual mean concentration limit; for CO: daily 
average concentration limit; for O3: MDA8 O3 concentration 
limit). Isum for pollutant i (AQCI) is calculated according to 
Eq. 2:

Population exposure risk (Ri)

Air quality has an important impact on human health. We 
propose the indicator of population exposure risk (Ri) to 
characterize the amount and level of population that are 
affected by PM2.5 air pollution for 16 cities in Shandong 
(Zhang and Pan 2020b). Ri is defined as follows:

where Ri represents the PM2.5 population exposure risk in 
grid i; POPi is the population in grid i; Ci is the PM2.5 mass 
concentration value in grid i; n is the sum of grids in the 
study area.

Data sources

In this study, the hourly monitoring data of six regulated air 
pollutants (PM2.5, PM10, O3, NO2, SO2 and CO) are obtained 
from the Platform of Urban Ambient Air Quality Informa-
tion of Shandong (http://​fb.​sdem.​org.​cn:​8801/​AirDe​ploy.​
Web/​AirQu​ality/​MapMa​in.​aspx). As the necessary data 
for carrying out the assessment of population exposure 
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risk to PM2.5, the grid data of PM2.5 with a resolution of 
0.1° × 0.1° and the grid data of population with a resolution 
of 1 km × 1 km are cited to the Earthdata (2016) and the 
LandScan (2016), respectively.

Results and discussion

Interannual variations and distribution 
characteristics of air pollutant concentrations 
from 2014 to 2020 in Shandong

PM2.5

The variation trends of concentrations of PM2.5 from 2014 
to 2020 are shown in Fig. 2. As can be seen, the annual aver-
age concentrations of PM2.5 in 16 cities decrease from 40.8 
to 104.8 μg/m3 in 2014 to 26.0–55.0 μg/m3 in 2020, with 
the annual decrease rate of 6.4–11.8%. However, the spe-
cific values of PM2.5 concentrations in inland cities are still 
higher than the concentration limit of Grade II (35 μg/m3) 
issued by China Ambient Air Quality Standards (CAAQS) 
(GB3095-2012).

The air pollution transmission channel cities are rec-
ognized as “2 + 26” cities firstly in February 2017 in the 
working scheme of air pollution control for Beijing-Tianjin-
Hebei and surround regions in 2017, which is issued by 
MEEC. Subsequently, the regional work mechanism and 
measures of combined defense and control for air pollutions 
are built and implemented. Thus, the assessment period can 
be divided into two parts: 2014–2017 and 2017 to 2020. 
Specifically, the annual average PM2.5 concentrations of 
key cities, coastal cities and general cities in 2017 decrease 
by about 29.0%, 26.7% and 30.3%, compared with those 
in 2014, respectively. With the implementation of compre-
hensive prevention program of regional air pollution in key 
cities, the annual average PM2.5 concentrations of key cities 
decrease from 66.8 in 2017 to 51.5 μg/m3 in 2020, with 
decrease proportion of 22.2%, which is higher than those in 
coastal cities (16.8%) and other cities (13.9%).

As can be seen from Fig. 2, the annual average values of 
PM2.5 concentrations in 16 cities are all higher than their 
median values. Therein, the difference values between 
the mean and median of PM2.5 concentrations in 16 cit-
ies are estimated at about 8–18 μg/m3 and 6–13 μg/m3 
in 2014 and 2020, respectively. Generally, the difference 
values present a downward trend in this period, which 
indicates that the extreme air pollution events resulting in 
significant PM2.5 concentrations are decreasing in numbers 
every year. Besides, the maximum values of PM2.5 con-
centrations in the most of the cities increase firstly (from 
2014 to 2015) and then decrease (from 2015 to 2020). 
Taking Liaocheng as an example, the maximum value of 

http://fb.sdem.org.cn:8801/AirDeploy.Web/AirQuality/MapMain.aspx
http://fb.sdem.org.cn:8801/AirDeploy.Web/AirQuality/MapMain.aspx
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PM2.5 concentrations in 2015 is about 566 μg/m3, which is 
approximately 1.5 times higher than that in 2020.

Especially, the values of interquartile range (IQR) in 
different cities within 7 years have decreased steadily 
though there have been some fluctuations. The values of 
IQR in 2020 decrease by 18.2–53.0%, compared to those 
in 2014, for instance. These indicate that the pollution 
days with high PM2.5 concentration values reduce gradu-
ally because of the implementation of air pollution preven-
tion and control actions, such as Action Plan of Air Pol-
lution Prevention and Control in Beijing–Tianjin–Hebei 
region and its surrounding areas (Wang 2020). Further-
more, the decreasing IQR value demonstrates the air qual-
ity improvement in the future becomes more and more 
difficult based on conventional means. Therefore, carbon 
dioxide reduction brings about the energy composition 
adjustment and the industry structure optimization is the 

available measures to mitigate conventional air pollutant 
emissions (Zhang and Lin 2012).

O3

Ozone (O3) is one of the secondary pollutants formed by 
chemical reactions of NOX and VOCs under the action of 
sunlight and heat, which is complicated and difficult to 
control (Chen et al. 2020). Contrary to other five pollut-
ants, the annual average MDA8 O3 concentrations in Shan-
dong exhibit an overall upward tendency during 2014 to 
2020 (see Support Information (SI) Fig. S1). Specifically, 
the annual average MDA8 O3 concentrations in key cities 
and general cities increase from 94.5 μg/m3 and 90.9 μg/
m3 in 2014 to 109.9  μg/m3 and 111.6  μg/m3 in 2020, 
with an annual growth rate of 2.6% and 3.5%, respec-
tively. Simultaneously, the annual average MDA8 O3 

Fig. 2   The variation trends of concentrations of PM2.5 in 16 cities from Shandong province during 2014 to 2020
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concentrations in coastal cities fluctuate narrowly around 
105 μg/m3

. These are mainly due to the comprehensive 
results caused by many factors, including the significantly 
discharge of VOCs from anthropogenic sources, the lack 
of related studies on the formation mechanism of ozone, 
the depression of the heterogeneous absorption of HO2 by 
aerosol with the decline of PM2.5 concentrations and so 
on (Li et al. 2019a).

As we know, the standard deviation (SD) is usually used 
as the statistics parameter to characterize the dispersion 
degree of the data set. Due to lack of effective supervi-
sion and management for fugitive emission of VOCs from 
predominate sources (e.g., pharmaceutical industry, paint, 
ink and adhesive industry), the SD value of annual average 
MDA8 O3 concentrations in 16 cities displays the decline 
trend during 2014 to 2020 in general. All of this shows that 
ozone pollution has become a common problem in all cities.

Mostly, the annual average values of MDA8 O3 concen-
trations in 16 cities are higher than their median values in the 
corresponding years. For example, the annual average values 
of MDA8 O3 concentrations and their median values are 
estimated at about 94–113 μg/m3 and 91–107 μg/m3 in 2020, 
respectively. Moreover, the values of IQR have showed the 
shrinking trends for 16 cities from 2014 to 2020 in general, 
which are consistent with the variation tendencies of IQR 
for PM2.5. Compared with PM2.5, there are fewer outliers 
(> Q3 + 1.5 IQR) for MDA8 O3 concentrations in the period 
of 2014 to 2020 (see SI Fig. S1). These indicate that there 
are few severely polluted events caused by the increase of 
ozone concentrations. However, ozone pollution has become 
an urgent problem affecting the air quality in summer. There 
are about 46–78 days for MDA8 O3 concentrations from 7 
cities (Binzhou, Dezhou, Heze, Jinan, Jining, Liaocheng and 
Zibo) exceeding the Grade II limit (160 μg/m3) in 2020, for 
instance. Therefore, the collaborative prevention and control 
of ozone and fine particulate matter must be strengthened.

The interannual variations and distribution characteristics 
of concentrations of other four air pollutants (PM10, NO2, 
SO2 and CO) are described in SI Sects. 1 and 2. Meanwhile, 
the Pearson correlation is applied to determine the effects of 
NO2 in the formation of O3 with a significant level of < 0.05 
(Rahman et al., 2019). Pearson’s correlation coefficients 
between the annual concentrations MDA8 O3 and NO2 in 
different cities of Shandong are shown in Table S1. Ozone 
concentrations are negatively correlated with NO2 in all cit-
ies. A similar conclusion is obtained by Song et al (2017) 
and Paraschiv et al (2020). Specifically, the Pearson cor-
relation coefficients between MDA8 O3 and NO2 in key cit-
ies, coastal cities and general cities are estimated at about 
− 0.35, − 0.21 and − 0.28, respectively. These are expected 
since the negatively correlated pollutant NOX are ozone 
precursors, and therefore a rise in ozone concentrations is 
associated with a reduction in the levels of NOX.

Analysis of monthly variation in air quality

The monthly average concentrations of six air pollutants 
in Shandong from 2014 to 2020 are shown in Fig. 3. As 
can be seen, the monthly average concentrations of PM2.5, 
PM10, NO2, SO2 and CO show the “u” type distributions 
from January to December in general, with the appearance 
of the maximum concentrations in winter months (January 
and December), and the minimum concentrations in summer 
months (June and August). These indicate that coal com-
bustion is one of the main sources for above pollutants. On 
the contrary, the monthly average MDA8 O3 concentrations 
exhibit the “n” type distribution at the same period. The 
maximum and minimum values of MDA8 O3 concentrations 
are found in July and December, respectively (Song et al. 
2017).

Besides winter months, high concentrations of PM10 are 
also found in March and April. This is mainly because large-
scale strong sandstorms originated in Mongolia migrate to 
the southeastward with northwest airflow. Previous studies 
have indicated that both coal combustion source and motor 
vehicle are two main anthropogenic sources of NOX (Zhou 
et al. 2021). Therefore, the concentrations of NOX are cor-
related positively with coal consumptions and vehicle trips. 
Generally, the high concentrations of NO2 are found in heat-
ing season. However, the concentration values of NO2 in 
February are lower than these in other months during heat-
ing season of 2020. These are mainly due to the low traffic 
flow during the Spring Festival in the February. Especially, 
in order to prevent the spread of COVID-19, the central 
government of P.R. China issued the strictest prophylactic 
measures during January 26, 2020 to February 29, 2021. 
In this period, China’s economic activity exhibits the sharp 
drop-off trend due to the implementation of home-based 
quarantine, stoppage and out-of-production. As a result, the 
monthly concentrations of PM2.5, PM10, SO2, CO and NO2 
decrease by about − 44.7%, − 49.5%, − 48.4%, − 32.1% and 
− 48.2% in February 2020 year-on-year, respectively. Gen-
erally, the high monthly average MDA8 O3 concentrations 
are concentrated in spring and summer. Therein, the highest 
value of monthly average MDA8 O3 concentrations is found 
in June due to the intense solar radiation and high tempera-
ture. Especially, the MDA8 O3 concentrations in September 
remain in high level in certain years, which are affected by 
higher temperature than those in the same period of the year 
(Yin et al. 2021).

The monthly AQCIs of key cities, coastal cities and other 
cities from 2014 to 2020 are listed in SI Fig. S6. As a whole, 
the variation trends of monthly AQCIs in different years 
are consistent. However, the monthly AQCIs vary signifi-
cantly in different month (see Fig. 4). As can be seen, the 
monthly AQCIs of key cities, coastal cities and general cities 
in 2020 are estimated at about 3.6–8.2, 2.7–5.8 and 3.5–7.2, 
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respectively. Although the comprehensive work of air pol-
lution control and prevent has been done, the air quality of 
key cities is still worse than that of general cities due to the 
significant emissions of air pollutants from anthropogenic 
sources. In the context of carbon peak and carbon neutral-
ity, artificial means of air pollution prevent in terms of the 
adjustment of industrial structure and energy composition in 
key cities should be implemented in the future.

Generally, the minimum monthly AQCIs in 16 cities 
are found in August. January and December are the two 
months with the highest AQCIs. Based on the analysis of 

the proportions of Ii of air pollutants, the highest proportions 
of I

PM
2.5

, I
PM

10

 and I
O

3

 are found in January (36.6–40.9%), 
March (27.8–28.6%) and August (31.5–35.4%) in above 
three kinds of cities, respectively. These imply that PM2.5, 
PM10 and O3 are the key factors having adverse effect on air 
quality in winter, spring and summer, separately. In terms 
of autumn months, O3, PM10 and PM2.5 are regarded as the 
primary pollutants in September, October and November, 
respectively. The main causes are listed as follows: suitable 
O3 formation environment in September (e.g., high tempera-
ture), high fugitive dust discharges from high frequency and 

Fig. 3   Monthly average con-
centrations of six air pollutants 
from 2014 to 2020
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intensity usage of agricultural equipment in autumn harvest 
season and significant PM2.5 emissions from tremendous 
coal combustion in central heating season.

In addition, the emission reduction of NOX should be paid 
more attention in the future, the highest proportions of I

NO
2

 
can be up to 20.8–22.9% in October in three kinds of cities, 
for instance.

Urban air quality and its primary pollutants 
in Shandong

The primary pollutant is defined to be the pollutant with the 
highest IAQI and the pollutant with the greatest contribution 
to air quality degradation. On the basis of Technical Regu-
lation on Ambient Air Quality Index, air quality is defined 
to be six grades. The air quality grade is rated as good if 
IAQI is in the range (0, 50], moderate in the range [51, 100], 
lightly polluted in the range [101, 150], moderately polluted 
in the range [151, 200], heavily polluted in the range [201, 
300] and severely polluted in the range (300, 500].

The air quality calendar in 16 cities during 2014 to 2020 
is illustrated in SI Fig. S7. The average number of heavy 
polluted days and severe polluted days in 16 cities decreases 
significantly from 35 days in 2014 to 9 days in 2020. Mean-
while, the good and moderate rate of Shandong has increase 

monotonously from 44.9% in 2014 to 69.1% in 2020 (MEES 
2020).

The contribution rates of primary air pollutants in 16 cit-
ies in 2014 and 2020 are listed in Fig. 5. With the widely 
application of advanced air pollutant control devices (e.g., 
WFGD) and the greatly improvement in combustion effi-
ciency based on the replacement and modification for coal 
fired boilers, there is no day for CO and SO2 as the primary 
pollutant in 16 cities when AQI value is higher than 50 in 
2020. However, the proportions of NO2 as primary pollut-
ant in Qingdao, Binzhou, Rizhao and Dongying are up to 
5.2–9.0% in 2020, which implies that the emission reduc-
tion of NOX from fossil fuel combustion and mobile source 
should be paid more attention in above coastal cities during 
the 14th Five Year Plan Period.

With the implementation of air pollution prevention and 
control action, the emissions of the regulated air pollutants 
(e.g., PM2.5, PM10, SO2, NOX) from anthropogenic sources 
have been reduced substantially. As a result, the contribution 
rates of primary air pollutants in 16 cities have been changed 
greatly in 2020, compared to those in 2014. Although the 
total contribution rates of PM2.5 and PM10 as the primary 
pollutants are still more than 50% in key cities and general 
cities during the days with AQI over 50, the day proportions 
of O3 as the primary pollutant are the highest. Specifically, 

Fig. 4   The proportions of individual index (Ii) of air pollutants and their monthly AQCIs in 16 cities in 2020
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the day proportions of O3 as the primary pollutant are up 
to 38.7%, 37.9% and 38.4% in key cities, coastal cities and 
general cities, respectively. Besides, the proportions of days 
with AQI under 50 in key cities, coastal cities and general 
cities have increased from 1.1%, 8.6% and 2.1% in 2014 to 
8.7%, 23.5% and 8.2% in 2020.

In order to clarify the actual pollution situation of individ-
ual pollutant, the days with IAQI over 100 for PM2.5, PM10 
and O3 of 16 cities in 2014 and 2020 are counted elaborately. 
Please see SI Sect. 3 for more details.

Population exposure risk to PM2.5 in Shandong

The spatial distribution of population exposure risk to PM2.5 
in Shandong in 2016 and 2020 is shown in Fig. 6. In this 
study, the PM2.5 population exposure risk levels are divided 
into six categories, including extremely safe (Ri = 0), safe 
(0 < Ri ≤ 1), relatively safe (1 < Ri ≤ 2), relatively dangerous 
(2 < Ri ≤ 3), dangerous (3 < Ri ≤ 5) and extremely dangerous 
(Ri > 5) (Zhang and Pan 2020b).

Based on the statistics analysis of grid data of Ri, we find 
that the average values of Ri in key cities, coastal cities and 

general cities decrease from 2.4, 1.4 and 2.1 in 2016 to 1.6, 
1.0 and 1.6 in 2020, with an annual decreasing rate of 9.0%, 
6.6% and 6.9%, respectively. Nevertheless, there are substan-
tial amount grids listed in the region with high population 
exposure risk (Ri > 2). Specifically, the proportions of grid 
amount with high population exposure risk (Ri > 2) in key 
cities, coastal cities and general cities decrease from 40.0%, 
15.6% and 34.4% in 2016 to 20.6%, 10.3% and 22.6% in 
2020, respectively. Among them, the amount of extremely 
dangerous grids (Ri > 5) in key cities, coastal cities and gen-
eral cities account for approximately 3.5%, 2.6% and 4.2% 
of the sum of grids in study area in 2020. In terms of the 
population exposed to high risk areas (Ri > 2), the specific 
proportion values are estimated at about 55.2%, 49.9% 
and 51.1% in key cities, coastal cities and general cities in 
2020, respectively. Especially, the proportions of population 
exposed to extremely dangerous areas in three kinds of cities 
are up to 25%. These imply that high pollution areas are also 
the regions with high population density.

With respect to the spatial distribution characteristics of 
Ri, the extremely dangerous areas are concentrated in main 
urban areas, industrial areas and central district of counties 

Fig. 5   The contribution rates of primary air pollutants in 16 cities in 2014 and 2020

Fig. 6   Spatial distribution of population exposure risk to PM2.5 in 2016 and 2020
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in general. These are mainly because of high population den-
sity and serious pollution of PM2.5 in above areas.

As we know, the air pollution causes the adverse effects 
on human health and the health-related economic factors, 
such as human health costs and labor productivity, while 
the decrease of PM2.5 concentrations can provide sustain-
able health and economic benefits to the cities (Martinez 
et al. 2018).

Conclusions

Owing to the implementation of air pollution prevention and 
control actions for haze, the annual average concentrations 
of PM2.5, PM10, SO2, NO2 and CO decrease from 80.9 μg/
m3, 140.9 μg/m3, 59.0 μg/m3, 45.7 μg/m3 and 1.4 mg/m3 in 
2014 to 46.3 μg/m3, 82.9 μg/m3, 12.0 μg/m3, 31.5 μg/m3 and 
0.8 mg/m3 in 2020, with an annual decrease rate of 8.9%, 
8.5%, 23.3%, 6.0% and 9.4%, respectively. However, the 
annual average MDA8 O3 concentrations increase from 97.9 
in 2014 to 107.4 μg/m3 in 2020, with an annual growth rate 
of 1.6%. By 2020, the day proportions of O3 as the primary 
pollutant are the highest in three kinds of cities. Generally, 
the monthly average concentrations of MDA8 O3 and other 
five air pollutants (PM2.5, PM10, NO2, SO2 and CO) show 
the “n” and “u” type distributions from January to Decem-
ber in 2020, separately. Due to the impact of COVID-19, 
the monthly average concentrations of PM2.5, PM10, NO2, 
SO2 and CO in February 2020 decrease by 32.1–49.5% 
year-on-year.

According to the box diagrams of daily concentrations 
of six air pollutants, the IQR values of pollutant concentra-
tions show the shrinking trends for 16 cities from 2014 to 
2020 in general, which imply that the air quality improve-
ment in the future becomes more and more difficult based 
on conventional means. However, the energy composition 
adjustment and the industry structure optimization are the 
available measures to mitigate air pollutant emissions in the 
context of low-carbon economy.

There are still about 50% of population exposed to high 
risk regions (Ri > 2), which are principally concentrated in 
main urban areas and industrial areas. These indicate that the 
exposure risk of air pollutants should be taken into account 
during the optimization of industrial structure distribution 
and functional area construction in the city.
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