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Abstract. This study presents a comprehensive spatiotemporal analysis of air quality across various urban func-
tional zones in China from 2017 to 2022, uncovering distinct impacts on air quality due to the unique charac-
teristics of each zone. A general decrease in various pollutant concentrations is observed, a result of stringent
pollution control policies. Specifically, the concentration of PM2.5 decreased from 46.1–30.6 µgm−3. Residen-
tial, commercial, and industrial zones show significant declines, whereas the transportation zone experiences
the least decrease. However, ozone levels rebound significantly in densely populated residential and commercial
zones and exhibit distinct weekend effects. The research highlights U-shaped seasonal patterns for five key pol-
lutants and inverse seasonal patterns for ozone, which gradually decrease. Furthermore, the daily and seasonal
variations of pollutant concentrations in the industrial zone are the largest, while those in the public management
and service zone are the smallest. For example, the seasonal fluctuation of PM2.5 and PM10 in the industrial
zone was 50.5 and 66.1 µgm−3, respectively. Urban scale has the most significant impact on public management
and service zone. Notably, spatial heterogeneity is evident, with regional pollutant distributions linked to local
emissions, control measures, urban morphology, and climate variability. This study emphasizes the critical link
between urbanization and air quality, advocating for continuous monitoring and the development of zone-specific
air quality strategies to ensure sustainable urban environments.

1 Introduction

The rapid development of the world economy and the on-
going trend of urbanization have made air pollution an in-
escapable environmental issue, with effectively managing
and reducing it becoming a hotly debated topic across all
social classes (Li et al., 2023; Wen et al., 2024; Zhang et
al., 2022c). Over long periods, air pollutants interact with
radiation, clouds, and water vapor, thereby altering global
and regional climates (Fan et al., 2013; Li et al., 2017). Ad-
ditionally, air pollution triggers a variety of short-term ex-
treme weather events, such as extreme precipitation, floods,

droughts, wildfires, and heat waves (He et al., 2024; Rosen-
feld et al., 2008). Numerous studies have demonstrated the
close association of air pollution with neurological diseases,
cardiovascular diseases, and lung cancer, significantly im-
pacting human health (Berg et al., 2023; Qin et al., 2023;
Ward-Caviness and Cascio, 2023). The frequent changes in
urban land use and the increased intensity of land use due to
urbanization will lead to significant changes in the emissions
and dispersion conditions of urban air pollutants, altering the
spatial distribution of air pollution within cities (Qi et al.,
2022; Qian et al., 2022). Consequently, it is crucial to study
how urban underlying surfaces influence the spatial distri-
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bution of air pollutants to enhance our understanding of the
interaction between urbanization and air pollution, as well as
to improve the accuracy of air pollution control measures.

Situated in eastern Asia with an expansive landmass span-
ning 9.6× 106 km2 characterized by diverse topography and
notable regional climatic variations (Chen and Sun, 2015;
Wang, 2010), China stands as both the world’s largest de-
veloping nation and leading emitter, boasting a substan-
tial agricultural economy and population base (Chen and
Gong, 2021). Since 2013, rigorous national pollution stan-
dards along with strategic control initiatives like “the Air
Pollution Prevention and Control Action Plan” (SC, 2013)
and “the Three-Year Action Plan for Winning the Blue Sky
Defense Battle” (SC, 2018) have significantly enhanced air
quality; however, levels of PM10, PM2.5, and O3 persist well
above World Health Organization benchmarks (Liu et al.,
2023; Zeng et al., 2019).

Based on data from remote sensing and station observa-
tions, the majority of previous research has examined the
regional and temporal distribution of air pollution in China
across various spatial and temporal scales. In terms of tem-
poral scale, numerous studies have analyzed the changing
trends of various pollutants in recent years based on inter-
annual variations. The findings indicate that the concentra-
tion of O3 has been the only one to increase, while the con-
centrations of other pollutants (PM2.5, PM10, SO2, NO2, and
CO) have decreased year by year (Deng et al., 2022; Fan et
al., 2020; Yang et al., 2024). From the perspective of seasonal
variation, the concentrations of PM2.5, PM10, SO2, NO2, and
CO exhibit a U-shaped distribution, characterized by higher
concentrations in winter and lower concentrations in sum-
mer; conversely, O3 demonstrates a distribution that is in-
versely U-shaped (Dong et al., 2022; Fang et al., 2022; Wang
et al., 2022c). Regarding diurnal variation, the diurnal con-
centration of PM2.5 displays a bimodal trend, whereas SO2
and O3 exhibit unimodal patterns (Liu et al., 2024; Qin et al.,
2021; Zhao et al., 2016). In terms of spatial scale, the concen-
tration of pollutants other than O3 reaches the highest value
in North China across different regions (Fan et al., 2020;
Kuerban et al., 2020). When considering different provinces,
the high concentration areas of particulate matter (PM2.5
and PM10) are mainly found in Hebei, Henan, Shandong,
and Xinjiang provinces; the SO2 concentration is highest in
Shanxi Province and the lowest in Hainan Province, and the
high concentration area of CO is also in Shanxi Province
(Wang et al., 2022c; Zhao et al., 2021a). From the perspec-
tive of different urban agglomerations, the PM2.5 concentra-
tion in the Beijing–Tianjin–Hebei urban agglomeration has
decreased the most in recent years, and the high concentra-
tion area of air pollutants has gradually shifted southward to
the Central Plains urban agglomerations, and it is observed
that pollutant concentration significantly correlates with the
level of economic development and population density (Qi et
al., 2023; Tao et al., 2022).

There exists a significant correlation between urbaniza-
tion and air pollution. Airborne pollutants have the ability
to disperse and absorb solar radiation, leading to a reduction
in ground-level solar radiation intensity (Fan et al., 2018b;
Zhang et al., 2022b). On the other hand, air pollutants can
affect the relative humidity of clouds, leading to changes in
cloud thickness and coverage, and the radiation from clouds
also changes accordingly, which in turn affects the rainfall
and thunderstorms in urban areas (Guo et al., 2016; Wilcox
et al., 2016). Furthermore, air pollutants can also alter the
intensity of urban heat islands by changing the atmospheric
temperature above the city, altering the stability of the bound-
ary layer and vertical movements, as well as reducing diurnal
temperature fluctuations (Cao et al., 2016; Han et al., 2020;
Youn et al., 2023).

Changes in anthropogenic emissions and the spatial struc-
ture of urban underlying surfaces caused by urbanization will
have an important impact on the formation, transmission,
and distribution of air pollutants in urban areas (Ban et al.,
2023; Shen et al., 2017; Yang et al., 2020). Pollutant dis-
charge has a direct impact on the concentration levels and
spatial distribution of pollutants in the atmosphere (Li et al.,
2022c; Zawacki et al., 2018). Changes in the spatial struc-
ture of urban underlying surfaces not only change the spatial
pattern of pollutant emissions but also affect the diffusion
conditions of pollutants through changes in urban heat is-
land effect (UHI) and urban canopy meteorological forcing
(UCMF), affecting the spatial distribution of air pollutants
(Fan et al., 2018a; Huszar et al., 2022; Zhong et al., 2018).
Based on urban land use data and built-up area data, many
studies have characterized the spatial structure of the under-
lying urban surfaces through parameters such as urban com-
pactness index and landscape pattern index and have found
that urban form and urban scale affect the distribution and
diffusion of air pollutants, especially in PM2.5, NO2, and O3
(Chen and Wei, 2024; Huang et al., 2021a; Liu et al., 2022;
Tao et al., 2020; Zhang et al., 2022a). Some studies have
found that the impact of urban landscape form on air qual-
ity varies according to city size and location, and generally
small-scale, decentralized, and multi-center cities have bet-
ter air quality (Li and Zhou, 2019; Mao et al., 2022; Zhao et
al., 2022; Zhu et al., 2023). The influence of urban landscape
patterns on pollutant concentrations has also shown signifi-
cant spatial heterogeneity. Patch density (PD) in Henan and
Shandong provinces showed a significant positive correlation
with PM2.5 concentrations, while the urban PD in Northeast
China showed a significant negative correlation with PM2.5
concentrations. The correlation between landscape patterns
and PM2.5 concentrations in inland and coastal cities is also
significantly different. The landscape in the built-up area of
Hohhot has a significant positive effect on PM2.5 concen-
trations, and the landscape in green space has a significant
inhibitory effect on PM2.5 concentrations, but this effect is
not as obvious in Tianjin. The correlation between landscape
patterns and PM2.5 concentrations also varies within differ-
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ent areas of the same city. The density of industrial buildings
in suburban Shenzhen is significantly positively correlated
with PM2.5 concentrations, while in downtown Shenzhen it
is negatively correlated (Duan et al., 2021; Shen et al., 2023;
Wang et al., 2019). In addition, the influence of urban land-
scape patterns on PM2.5 concentrations also has seasonal and
scale effects, which is significant in summer at the regional
scale and even more so in winter at the urban grid scale (Li
et al., 2021; Meng et al., 2023).

Although numerous studies have been conducted on the
relationship between urbanization and air pollution, no rele-
vant research has been found regarding the impact of urban
functional zones on air quality. The significant differences in
emissions between various urban functional zones, such as
residential, industrial, and transportation areas, coupled with
the distinct types of spatial structures of underlying surfaces,
lead to divergent impacts on the evolution of atmospheric
pollutants across these zones. Nevertheless, the specific in-
fluence of various urban functional zones on air pollution
dynamics remains unclear. A comprehensive analysis of the
spatiotemporal evolution of urban air quality in China from
the perspective of urban functional zones can offer novel in-
sights and methodologies for preventing and controlling ur-
ban air pollution, as well as guiding future urban planning
and environmental management practices.

Therefore, drawing upon extensive ground station obser-
vation data spanning several years, this study aims to conduct
a systematic and comprehensive analysis of the spatiotempo-
ral evolution characteristics of air pollutants across various
functional zones within Chinese urban areas from 2017 to
2022. This analysis will encompass multiple temporal scales
(yearly, seasonal, weekly, daily) as well as diverse spatial di-
mensions (geographical regions and urban agglomerations),
while also examining their potential influencing factors. The
specific research design is as follows: the second chapter is
the data and methods, the third chapter is the results and dis-
cussion, and the fourth chapter is the conclusion.

2 Data and methods

2.1 Study area

China is located in the eastern part of Asia, on the western
coast of the Pacific Ocean, with a large span of latitudes. It
has a vast territory and a terrain that is undulating and var-
ied, which can be roughly divided into three levels of steps,
with the altitude gradually decreasing from west to east. The
complex and diverse topography has led to a complex and di-
verse range of climate types (Cheng et al., 2018; Liu and Liu,
2023). The climates in China include tropical monsoon cli-
mate, subtropical monsoon climate, temperate monsoon cli-
mate, temperate continental climate, and plateau mountain
climate. As the globe’s largest consumer of resources and
the second-largest economy, China has witnessed remarkable
economic expansion over recent decades, propelled by its

abundant human capital and ongoing industrialization pro-
cesses (Dmitrienko et al., 2023; Guo et al., 2013; Zhang et
al., 2023). This study divides China into six major regions
based on geographical characteristics and administrative di-
visions: North China, Northeast China, East China, South-
Central China, Southwest China, and Northwest China.

In this study, 336 prefecture-level cities in China are se-
lected as research objects, which have great differences in
natural conditions, economic development, and industrial
structure. As the scale of Chinese cities continues to expand
and the economic strength of cities continues to increase, the
Chinese government promulgated the National New Urban-
ization Plan (2014–2020) in 2014, which proposed a “5–8–
6” pattern of urban agglomerations, namely 5 national urban
agglomerations, 8 regional urban agglomerations, and 6 local
urban agglomerations. The 14th Five-Year Plan further em-
phasizes the promotion of 19 urban agglomerations (He et
al., 2022; Ouyang et al., 2021). This study will focus on six
major urban agglomerations (Fig. 1): Beijing–Tianjin–Hebei
urban agglomeration (BTH), Yangtze River Delta urban ag-
glomeration (YRD), Triangle of Central China (TC), Greater
Bay Area urban agglomeration (GBA), Chengdu–Chongqing
urban agglomeration (CC), and Northern Slope of Tianshan
Mountains urban agglomeration (NSTM).

2.2 Data sources

The hourly observation data of pollutants from national air
quality control stations during 2017–2022 used in this study
were derived from urban air quality monitoring data re-
leased by the Ministry of Ecology and Environment of China
(https://quotsoft.net/air/, last access: 10 May 2025). The data
cover 1482 sites across 336 prefecture-level cities in China
and includes hour-by-hour mass concentrations of six pollu-
tants (PM2.5, PM10, SO2, NO2, O3, and CO).

The urban functional zone data come from the 2018 China
Basic Urban Land Use Type Map (EULUC-China) dataset
(https://data-starcloud.pcl.ac.cn/iearthdata/, last access: 10
May 2025). This map is based on the comprehensive use of
30 m city contour data, OpenStreeMap road network data,
multi-source remote sensing data, night light data, and social
big data (Autonavi POI number and Tencent positioning pop-
ulation change characteristics) to determine the classification
characteristics of urban plot scale, and the random forest al-
gorithm is used for drawing. China’s cities are divided into
five functional zones: residential zone, commercial zone, in-
dustrial zone, transportation zone, and public management
and service zone (Gong et al., 2020).

The national digital elevation model (DEM) data come
from the global DEM dataset released by the General Bathy-
metric Chart of the Oceans (GEBCO) in 2022 (https://www.
gebco.net/data_and_products/, last access: 10 May 2025).
This dataset includes global DEM data from grid scale to
basin scale, covering sea-level change and ocean topography,
etc. Grid DEM is combined with high-resolution satellite re-
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Figure 1. The location of study area and the distribution map of six geographical regions and six major urban agglomerations. BTH: Beijing–
Tianjin–Hebei urban agglomeration; YRD: Yangtze River Delta urban agglomeration; TC: Triangle of Central China; GBA: Greater Bay Area
urban agglomeration; CC: Chengdu–Chongqing urban agglomeration; NSTM: Northern Slope of Tianshan Mountains urban agglomeration.

mote sensing images, and the global land and ocean areas are
divided. DEM data are raster data with a spatial resolution of
500 m.

The population data are obtained from the LandScan
Global dataset developed by Oak Ridge National Labora-
tory (ORNL) in 2020 (https://landscan.ornl.gov/, last access:
10 May 2025). This dataset integrates geospatial science, re-
mote sensing technology, and machine learning algorithms
to estimate global population distribution at a spatial reso-
lution of 1 km. The LandScan Global algorithm uses spa-
tial data, high-resolution imagery exploitation, and a multi-
variable dasymetric modeling approach to disaggregate cen-
sus counts within an administrative boundary.

2.3 Data preprocessing

The hourly concentration data of pollutants in the site were
screened and cleaned, and the abnormal values and missing
values in the data were eliminated. The minimum validity re-
quirements of pollutant concentration data stipulated in Am-
bient Air Quality Standards (GB3095-2012) (https://www.
mee.gov.cn/, last access: 10 May 2025) shall be strictly fol-
lowed during data processing, and data quality control shall
be adopted to ensure the validity and reliability of atmo-
spheric pollutant concentration data. Specific methods are as
follows (Li et al., 2019a; Silver et al., 2018; Yu et al., 2024):

1. Any concentration per hour value that is missing or less
than or equal to zero is considered invalid data.

2. Each monitoring site should have an effective concen-
tration value for at least 20 h in a day. If a site has less

than 20 active hours on a given day, the data for that day
are considered invalid.

3. Each monitoring site should have at least 27 effective
daily average concentration values in a month.

4. Each monitoring site should have at least 324 effective
daily average concentration values in 1 year.

5. If the PM2.5 concentration of a station is greater than
PM10 for an hour, the data for that hour will be consid-
ered invalid.

2.4 Data analysis process

2.4.1 Overlay analysis

Overlay analysis is a spatial analysis technique that involves
combining multiple geographic layers to reveal spatial re-
lationships and attribute associations between different el-
ements. In general, overlay analysis is mainly used to in-
tegrate various types of spatial data, identifying intersect-
ing, union, or difference areas to provide a foundation for
subsequent analyses. Common operations include Intersect,
Union, Erase, and Spatial join. In this study, ArcGIS was em-
ployed to overlay the latitude and longitude data of the sites
with the urban functional area data, allowing for the identi-
fication of the functional area category for each site through
spatial connections. This process facilitated the addition of
new functional area attribute information to the site data. Us-
ing a similar methodology, the longitude and latitude data
were overlaid with DEM grid data to obtain elevation infor-
mation for each station. This integration of spatial and at-
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tribute data not only provided a more nuanced understanding
of the spatial distribution of the sites but also laid the ground-
work for further investigations into the relationships between
site characteristics and urban functional zones.

2.4.2 Data statistics

In this study, MATLAB was employed as the primary com-
putational tool to develop a customized code for batch pro-
cessing the pre-processed pollutant concentration data ob-
tained from various monitoring sites. This approach facili-
tated the efficient calculation of daily, monthly, and annual
mean values for six key pollutants (PM2.5, PM10, SO2, NO2,
O3, and CO) at each site, thereby providing a comprehensive
temporal overview of pollutant concentrations (Fan et al.,
2020). Following the temporal analysis, the study proceeded
to spatially categorize the data based on functional area clas-
sifications. The specific operation method is to establish the
site index for each functional area. The corresponding pol-
lutant concentration data for each functional area were ex-
tracted based on this site index, leading to the classification
of pollutant concentration data across different functional
zones. Finally, the average concentrations and variation trend
of the six pollutants within each functional area were com-
puted across various spatial scales, including six geographi-
cal regions, six urban agglomerations, and different altitudes.
The variation trend of pollutant concentrations was charac-
terized by the relative rate of decline, with the specific for-
mula presented as follows:

trend (%)=
(x2022− x2017)/5∑2022

i=2017xi/6
× 100%, (1)

where i represents the year, and x represents the average con-
centrations of six pollutants.

3 Results and discussion

3.1 Number of sites in different functional zones

Following the superposition analysis of the functional zone
and site latitude and longitude data, it was discovered that
118 sites are unrelated to any functional zone and that 1364
sites are in total overlap with the functional zone. 1364 sites
that coincide with functional zones are thus chosen for anal-
ysis in this research. In general, the majority of the sites are
concentrated in the public management and service and resi-
dential zone; of them, 555 are in the public management and
service zone, 320 are in the residential zone, and just 69 are
in the transportation zone (Table 1).

From the perspective of the six geographical regions, it
is evident that the East and South-Central regions contain a
relatively high number of stations. To be specific, these two
regions are home to 176 and 132 residential zone stations
respectively. In contrast, the Northwest region has a signif-
icantly smaller number of stations, with only 49 residen-

tial zone stations. In terms of the six major urban agglom-
erations, the Yangtze River Delta urban agglomeration and
the Triangle of Central China boast a relatively large num-
ber of stations. Conversely, the Northern Slope of Tianshan
Mountains urban agglomeration has the fewest stations, with
each urban functional zone within it having fewer than 10
stations. Furthermore, among all the urban agglomerations,
the Chengdu–Chongqing urban agglomeration has the high-
est number of transportation zone stations.

3.2 Temporal variation

3.2.1 Overall interannual variation

The annual variation of PM2.5, PM10, SO2, NO2, and CO
concentrations in various functional zones of Chinese cities
is illustrated in Figs. 2 and S1 in the Supplement. From a
nationwide perspective, there has been a consistent year-on-
year decline in the concentrations of these pollutants from
2017 to 2022. Specifically, the concentration of PM2.5 de-
creased from 46.1 to 30.6 µgm−3, which corresponds to a
percentage decrease of 33.7 % (P < 0.01). Compared with
other pollutants, the concentration of SO2 has the largest de-
crease, with a decrease rate of up to 53.5 % (Fig. 2c). This
is due to China’s emission reduction measures for air pollu-
tion control and loose coal control in recent years, which led
to a continuous decline in SO2 emissions (He et al., 2023b;
Huang et al., 2021b). However, O3 concentration showed a
downward trend from 2018 to 2021 and then rebounded in
2022. Compared with 2017, O3 concentration decreased by
5.6 % in 2021 and increased by 3.7 % in 2022 (Fig. 2e). In
recent years, NOx emissions in China have decreased signif-
icantly, while volatile organic compounds (VOCs) have de-
creased slightly. Due to the highly nonlinear response rela-
tionship between O3 and its precursors NOx and VOCs, cou-
pled with the influence of meteorological conditions, ozone
concentration has increased (Lu et al., 2021; Wang et al.,
2013; You et al., 2017).

Significant variations are observed in the reduction of pol-
lutant concentrations across different functional zones. Ex-
cept for O3, the concentration of pollutants has improved
most significantly in residential, commercial, and indus-
trial zones. Compared with 2017, PM2.5 concentration had
decreased by 34.3 %, 35.5 %, and 33.8 % in these areas
by 2022, and SO2 concentration had decreased by 55.6 %,
56.4 %, and 53.4 %, respectively (P < 0.01). The main rea-
son is that following the implementation of policies such as
the “Clean Winter Heating Plan for Northern China (2017–
2021)” (NDRC, 2017) and the “Three-Year Action Plan for
Winning the Blue Sky Defense Battle”, the government in-
tensified control over industrial pollution, promoted clean
production in enterprises, implemented clean heating mea-
sures in residential areas, and encouraged the use of clean
fuels like natural gas and electricity (Song et al., 2023;
Wang et al., 2022b). The power and industrial sectors have
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Table 1. Statistics on the number of monitoring stations per urban functional zone per region and per urban agglomeration.

Residential Commercial Industrial Transportation Public management and service

Six geographical regions North 62 23 35 5 46
Northeast 63 15 36 12 32
East 176 38 71 13 89
South-Central 132 34 75 22 73
Southwest 73 17 25 16 42
Northwest 49 15 36 1 38

Total 555 142 278 69 320

Six urban agglomerations BTH 31 6 12 4 21
YRD 76 8 27 3 42
TC 66 11 21 2 33
GBA 23 3 7 2 19
CC 37 2 10 7 18
NSTM 9 0 9 1 7

Total 242 30 86 19 140

recorded significant achievements in reducing emissions and
have taken a leading role in driving phenomenal improve-
ments in air quality (Geng et al., 2024). However, the rate of
decrease in pollutant concentration in the transportation zone
was significantly lower than in other zones, with NO2 show-
ing the least reduction at 28.3 % and an average annual de-
crease of 1.72 µgm−3 (P < 0.01), indicating the slowest im-
provement. Road traffic is the primary source of NO2 pollu-
tion (Xin et al., 2021). Although China has continued to im-
plement initiatives to transform to cleaner automobiles to re-
duce traffic emissions of NO2, further efforts are required. In
contrast to other pollutants, O3 concentration has seen a sig-
nificant rebound in residential, commercial, and transporta-
tion areas with high population activity, with an increase rate
of 5.53 %, 3.97 %, and 4.01 % in 2022, respectively, while in
industrial areas, the rebound was minimal at only 2.64 %. An
increasing number of studies have shown that long-term ex-
posure to O3 pollution can adversely affect human health, po-
tentially causing diseases of the nervous and respiratory sys-
tems and even leading to premature death (He et al., 2023a;
Li et al., 2022a; Yim et al., 2019). Therefore, reducing ozone
concentration, particularly in densely populated areas, is im-
perative.

3.2.2 Seasonal and daily variation

Based on the national seasonal changes (Figs. 3 and S2 in
the Supplement), the concentrations of PM2.5, PM10, SO2,
NO2, and CO exhibited a U-shaped distribution from January
to December, with higher concentrations observed in win-
ter compared to summer. The high concentration of PM2.5
in winter in China can be attributed to coal-burning heat-
ing in northern China, and meteorological conditions that
are not conducive to the diffusion of pollutants (winter tem-
perature inversion, more stable atmospheric conditions, less
wet deposition) also contribute to the accumulation of air

pollutants (Fan et al., 2021; Wang et al., 2017). In contrast
to other pollutants, O3 displayed an inverted U-shaped sea-
sonal variation, with higher concentrations in summer than
in winter. This finding aligns with previous studies by Wang
et al. (2022a) and Fan et al. (2020). The increased atmo-
spheric temperature, intensified solar radiation, and extended
sunshine duration during summer facilitate enhanced pho-
tochemical reactions leading to heightened O3 generation
(Barzeghar et al., 2020).

Overall, the seasonal fluctuations of the six pollutants
showed a downward trend from 2017 to 2022. The seasonal
fluctuation of SO2 and CO showed a decreasing trend year
by year, and the difference of SO2 and CO decreased from
22.8–3.9 µgm−3 and from 0.72–0.43 mgm−3. This down-
ward trend can be attributed to the adjustment of China’s en-
ergy structure and the implementation and improvement of
desulfurization technology. In recent years, with the gradual
reduction of dependence on high-emission energy (such as
coal), the shift to clean energy, and the continuous improve-
ment of energy efficiency, the emission reduction of SO2 and
CO has achieved remarkable results, and the seasonal differ-
ences have also decreased (Qian et al., 2020). Specifically,
SO2 has had the most significant decline in the commer-
cial zone, with a decrease of 85.2 %. The commercial zone
mainly includes shops and restaurants, whose main emis-
sion sources may come from the coal or gas of small heat-
ing facilities and cooking equipment. After the implementa-
tion of environmental protection policies and technological
improvements, the SO2 emissions of these emission sources
have been significantly reduced. CO emissions from indus-
trial zone experienced the most significant decrease, drop-
ping by 42.4 %. These emissions primarily arise from com-
bustion, chemical reactions, and various industrial produc-
tion processes. Following improvements in cleaner produc-
tion methods and emission control technologies, CO emis-
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Figure 2. Annual variation of six pollutant concentrations in various functional zones of Chinese cities. (a) PM2.5, (b) PM10, (c) SO2,
(d) NO2, (e) O3, (f) CO.

sions have also been further reduced. NO2 and O3 show the
least variation in seasonal fluctuation, particularly in areas
designated as public management and service zone. This sta-
bility can be attributed to the scarcity of pollutant emission
sources in the public management and service zone, as well
as the stringent environmental monitoring and management
practices that are implemented.

While there exist certain variations in seasonal fluctuations
of pollutants among different urban functional zones, these
differences are not significant (Fig. S3 in the Supplement).
For instance, the seasonal fluctuation of particulate mat-
ter (PM2.5 and PM10) in industrial and transportation zones
is higher than that in other functional zones. The seasonal
fluctuation of PM2.5 (PM10) in industrial and transporta-
tion zones is 50.5 µgm−3 (66.1 µgm−3) and 51.0 µgm−3

(65.7 µgm−3), respectively. The primary cause of these sea-

sonal changes is the variation in particulate matter concentra-
tion within the environment, particularly when there is low
removal efficiency of industrial dust with high emissions,
leading to an increase in this seasonal trend accordingly (Li
et al., 2022b; Luo et al., 2022). Thus, the emission levels
of particulate matter from industrial and transportation zones
surpass those from other functional zones, resulting in con-
spicuous seasonal fluctuations. The greater seasonal fluctu-
ation of NO2 and O3 observed in the residential zone and
industrial zone compared to other functional zones can be
attributed to activities such as heating and coal burning dur-
ing winter, which elevate the production of nitrogen oxides
along with ozone precursors within the atmosphere (Huang
et al., 2013). Additionally, CO in the industrial zone exhib-
ited a larger seasonal fluctuation at 0.59 mgm−3 compared
to other functional zones. In summary, it can be concluded
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that the largest variations among various pollutants occur in
the industrial zone, while the public management and service
zone experiences minimal fluctuations.

As depicted in Figs. 4 and S4 in the Supplement, the daily
variation amplitude of different functional zones for NO2 and
O3 exhibits minimal differences, significantly lower com-
pared to the other four pollutants. Given that ozone is a re-
gional pollutant, the variations among different functional
zones are relatively small (Wang et al., 2022a). The daily
variation of particulate matter (PM2.5 and PM10) in trans-
portation, industrial, and commercial zones is greater than
that in residential and public management and service zones.
This disparity can be attributed to factors such as working
hours and peak traffic periods. Transportation, industrial, and
commercial zones, which are heavily trafficked and popu-
lated during business hours and peak times, contribute to
higher emissions of particulate matter and, consequently, ex-
hibit greater daily variation (Song et al., 2019). Specifically,
the daily variation of PM2.5 concentrations in the public
management and service zone stands at 7.8 µgm−3, signif-
icantly lower than that observed in other functional zones
(P < 0.05). In the commercial zone, the daily variation of
SO2 and CO notably exceeds that of other functional zones,
with levels reaching 6.74 µgm−3 and 0.29 mgm−3, respec-
tively (P < 0.05). The emissions from the catering industry’s
cooking processes, peaking during lunch and dinner hours,
are a significant source of these pollutants (ElSharkawy and
Ibrahim, 2022). Conversely, the public management and ser-
vice zone, which includes government agencies, schools, and
hospitals, shows the smallest daily variation in SO2 and CO
levels at 3.99 µgm−3 and 0.22 mgm−3, respectively, due to
minimal pollutant emissions. Overall, the daily variation of
pollutants is most pronounced in commercial, industrial, and
transportation zones, while the public management and ser-
vice zone exhibits the least variation.

3.2.3 The weekend effect

The weekend concentration less than the weekday concen-
tration is defined as the “positive weekend effect”, and the
weekend concentration greater than the weekday concentra-
tion is defined as the “negative weekend effect”. The concen-
trations of PM2.5, PM10, SO2, and O3 at weekends are higher
than those on weekdays, showing a “negative weekend ef-
fect” (Figs. 5 and S5). On the contrary, the concentration of
NO2 at weekends is smaller than that on weekdays, show-
ing a “positive weekend effect”. The average concentration
of CO on weekdays and weekends is not much different, and
the “weekend effect” is not obvious.

The phenomenon known as the “weekend effect” varies
across distinct functional zones for each pollutant. For par-
ticulate matter (PM), a pronounced “negative weekend ef-
fect” is observed in residential, industrial, and transportation
zones. The increased consumption of coal and biomass for
residential living and the high proportion of people traveling

at the weekend lead to significantly higher particulate matter
emissions from human activities in the residential zone and
transportation zone at the weekend compared to on work-
ing days (Hua et al., 2021). In recent years, the influence of
the pandemic and the implementation of the industrial “off-
peak production” policy have caused certain factories to op-
erate normally at the weekend, potentially contributing to the
heightened weekend concentrations of PM in the industrial
zone. Regarding SO2, the “negative weekend effect” is most
pronounced in the commercial zone, with weekend concen-
trations exceeding those of weekdays by 1.74 %. This could
be due to there being more SO2 emissions from catering in
the commercial zone at the weekend. In addition, the “posi-
tive weekend effect” for NO2 is most pronounced in the pub-
lic management and service zone, where weekend concen-
trations are 1.03 % lower than those on weekdays. This re-
duction may be attributed to the fact that the public manage-
ment and service zone predominantly encompasses govern-
ment institutions and educational facilities, where vehicular
traffic and, consequently, NO2 emissions from vehicles are
significantly reduced during weekends (Zheng et al., 2023).

The “negative weekend effect” observed in the O3 concen-
trations of the residential and public management and ser-
vice zones exceeds that of other functional zones, exhibiting
an inverse trend in comparison to NO2 exactly. This phe-
nomenon corroborates the findings reported by He (2023),
who identified a pronounced negative correlation between
the weekly fluctuation patterns of NO2 and O3. The forma-
tion process of O3 in most areas of China is limited by VOCs,
and the reduction of NOx emission can lead to the escalation
in O3 levels.

3.3 Spatial variation

3.3.1 Six geographical regions

In North and Northwest China, the concentrations of PM2.5,
PM10, SO2, NO2, and CO are notably high (as shown in
Fig. 6). Specifically, the concentrations of PM2.5 and PM10
are 8.07 and 28.2 µgm−3 higher, respectively, than in other
regions. This disparity can be attributed to North and North-
west China being the epicenter of China’s traditional in-
dustrial base, endowed with abundant coal and mineral re-
sources. The presence of numerous large-scale enterprises,
including coal-fired power plants, the steel industry, and the
non-ferrous metal industry, contributes to significant pollu-
tant emissions. Furthermore, the reliance on coal combustion
for heating during the winter months exacerbates pollutant
emissions (Wang et al., 2014; Li et al., 2019b). In contrast,
the eastern and northern parts of China exhibit elevated levels
of O3, with concentrations 6.84 µgm−3 higher than those in
other specified regions. The dense population and thriving in-
dustry in these areas result in a substantial emission of ozone
precursors, particularly during the warmer seasons, and the
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Figure 3. Seasonal variation trend of PM2.5 and O3 concentrations in various functional zones of Chinese cities. The dashed lines indicate
the difference between the highest and lowest monthly mean concentration in the corresponding year.

higher temperature in East and North China further promotes
the photochemical reaction of O3 (He et al., 2023a).

In North China, Northeast China, and East China, the con-
centration of various pollutants in the transportation zone
is notably higher than in other functional zones, while the
concentration of various pollutants in the public manage-
ment and service zone is the lowest. This is attributed to the
well-developed transportation networks, ongoing expansion
of transportation infrastructure, and substantial vehicle own-
ership in these regions, which collectively contribute to ele-
vated emissions of road traffic pollutants (Guo et al., 2022).
In South-Central China, the concentrations of pollutants in
commercial and industrial zones are comparatively higher,
while the transportation zone exhibits the lowest levels. For
instance, the levels of PM2.5 and NO2 in the transportation
zone are, respectively, 4.75 and 5.00 µgm−3 lower than in

other functional zones. This may be attributed to the larger
and more dispersed areas of the transportation zone in cen-
tral and southern China, which often feature extensive green-
ing and open spaces, which facilitate the dilution and dis-
persion of pollutants, leading to more dispersed traffic pollu-
tion (Hong and Jin, 2021; Magazzino and Mele, 2021). The
O3 concentrations in residential and transportation zones in
southwest China are the lowest, with a notable 8.42 µgm−3

reduction compared to other functional zones. In contrast,
the concentrations of other pollutants in these two functional
zones are the highest. Furthermore, in terms of the indus-
trial zone, the concentrations of various pollutants in South-
west China are significantly lower than those in other regions
(P < 0.05). However, no clear pattern of pollutant concentra-
tion is observed across different functional zones in North-
west China.
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Figure 4. Daily variation range of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), O3 (e), and CO (f) concentrations in various functional zones of
Chinese cities.

Figure 5. Weekend effect ((weekend−weekday)/weekday) of six pollutant concentrations in various functional zones nationwide. *P <

0.05.

According to the pollution situation of the above func-
tional zones, the focus of air pollution control in different
regions is different. In North, Northeast, and East China,
the primary focus of air quality management should be on
transportation-related emissions. For Central and Southern
China, the emphasis should shift towards catering services
and industrial emissions. The Southwest region requires at-

tention to both residential and transportation-related pollu-
tion sources. In contrast, Northwest China necessitates a
comprehensive approach to air quality management, address-
ing multiple pollution sources simultaneously.
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Figure 6. Concentrations of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), O3 (e), and CO (f) in each functional zone of the six geographical
regions. *P < 0.05.

3.3.2 Six urban agglomerations

The Beijing–Tianjin–Hebei urban agglomeration (BTH) ex-
hibits a pronounced high concentration of pollutants, as
shown in Fig. 7. BTH, recognized as the region with the high-
est pollutant emission intensity in China, experiences a cli-
mate characterized by static and stable weather conditions,
weak winds, and a relatively low boundary layer height,
which collectively provide favorable atmospheric conditions
conducive to the formation and accumulation of pollutants
(He et al., 2020; Zhang and Cao, 2015). The Greater Bay
Area (GBA) demonstrates significantly lower concentrations
of PM2.5, PM10, and CO compared to the other urban ag-
glomerations. Its proximity to the ocean and advantageous
geographical positioning facilitate the dispersion of pollu-
tants, resulting in a comparatively lower pollution level (Shen
et al., 2019). The Yangtze River Delta urban agglomera-
tion (YRD) records the highest concentration of O3, ex-
ceeding 64.2 µgm−3, while the Chengdu–Chongqing urban
agglomeration (CC) shows the lowest, with levels below
52.7 µgm−3. These findings corroborate the results of Zhao
et al. (Zhao et al., 2021b), highlighting the correlation be-
tween high population density and anthropogenic emissions
of O3 precursors in the YRD. The Northern Slope of Tian-
shan Mountain urban agglomeration (NSTM) is marked by
elevated levels of particulate matter. Human activities and

dust events contribute to the significant production of PM2.5
and PM10, with the high concentration of these particles be-
ing influenced by wind direction and speed (Luo et al., 2023).

For BTH and YRD, the concentrations of pollutants in in-
dustrial and transportation zones are notably higher, particu-
larly the NO2 levels in the transportation zone, which signifi-
cantly surpass those in other functional zones, which are 40.5
and 37.0 µgm−3, respectively. This disparity is primarily at-
tributed to the economic prosperity, dense population, and
high-density traffic flow in these regions, with vehicle emis-
sions identified as the predominant source of NO2 (Yang et
al., 2018). Furthermore, in terms of the industrial zone, the
SO2 concentration of BTH obviously surpasses that of other
urban agglomerations (P < 0.01), reaching 15.6 µgm−3. The
industrial structure of BTH is dominated by heavy industry,
with industrial land use exhibiting a high degree of concen-
tration, such as steel, chemical industry, and building ma-
terials. These sectors serve as the primary contributors to
SO2 emissions. In the case of TC and CC, elevated pollutant
levels are observed in commercial and industrial zones. The
thriving catering industry in these regions, combined with the
concentrated distribution of commercial and industrial zones
resulting from topographical and planning constraints, con-
tributes to a high emission intensity of pollutants per unit
area (Liu et al., 2020). From the perspective of transporta-
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tion zone, the NO2 concentration in TC is significantly lower
than that in other urban agglomerations (P < 0.01), stand-
ing at merely 21.2 µgm−3. This is attributed to the open ter-
rain of TC’s transportation zone, which facilitates the dis-
persion of pollutants. The GBA exhibits the lowest O3 con-
centration in the commercial zone, measured at 53.1 µgm−3,
while other pollutants are highest in the commercial zone.
The higher concentration of various pollutants in NSTM’s
residential zone can be ascribed to the substantial use of loose
coal burning from 2017 to 2022, resulting in substantial pol-
lutant emissions.

In light of the varying pollution profiles within the afore-
mentioned functional zones, the focus of atmospheric pollu-
tion mitigation in different urban agglomerations is different.
BTH and YRD should focus on industrial and transportation
zones. TC requires attention to commercial and industrial
zones. Meanwhile, GBA should prioritize the mitigation of
pollution on commercial zone.

3.4 Analysis of influencing factors

3.4.1 The impact of governance measures

In 2018, the Chinese government launched the Three-Year
Action Plan for Winning the Blue Sky Defense Battle,
which identified three key areas for air pollution control: the
Beijing–Tianjin–Hebei region and its surrounding areas, the
Yangtze River Delta region, and the Fen-Wei Plain (Fig. S6
in the Supplement). The Beijing–Tianjin–Hebei region and
its surrounding areas include 28 cities, such as Beijing; the
Yangtze River Delta region includes 41 cities, such as Shang-
hai; and the Fen-Wei Plain includes 11 cities, such as Xi’an.
Figure 8 shows that the particulate matter in the Beijing–
Tianjin–Hebei region and its surrounding areas has seen the
greatest improvement, with PM2.5 and PM10 concentrations
decreasing by 10.5 % and 9.8 %, respectively. The improve-
ment in SO2 and CO in the Beijing–Tianjin–Hebei region
and the Fen-Wei Plain is the most significant, with the SO2
and CO concentrations in the Beijing–Tianjin–Hebei region
falling by 23.8 % and 13.3 %, respectively, and in the Fen-
Wei Plain by 30.6 % and 15.2 %, respectively. The NO2 lev-
els in key areas are slightly better than those in non-key areas.
These results indicate that since the implementation of the
Three-Year Action Plan for Winning the Blue Sky Defense
Battle, the air pollution control in key areas has achieved sig-
nificant results.

The Beijing–Tianjin–Hebei region and its surrounding ar-
eas demonstrated the most significant improvement in the
transportation zone for particulate matter (PM2.5 and PM10),
with a reduction rate of 12.68 % and 11.45 %, respectively.
However, commercial zone showed the least improvement,
with a reduction rate of 9.28 % for PM2.5 and 8.34 % for
PM10. This indicates that traffic areas in this region have
achieved remarkable dust control. The improvement in the
transportation zone for gaseous pollutants (SO2, NO2, and

CO) was the least significant, with decline rates of 16.72 %,
7.08 %, and 11.81 %, respectively, suggesting that efforts to
control automobile exhaust should be intensified in this re-
gion. In contrast, the Yangtze River Delta region saw the
least improvement in particulate matter in the transportation
zone, while gaseous pollutants showed the greater improve-
ment, indicating a need to strengthen dust control in this re-
gion’s transportation zone. The industrial zone in Fen-Wei
Plain has the smallest improvement in the concentration of
various pollutants because it has abundant coal reserves and
intensive energy industries (such as coal-fired power plants,
iron and steel smelting, and coal coking), resulting in more
industrial pollutants and difficulty in improvement (Bai et
al., 2021). The improvement in residential and commercial
zones in other areas is the greatest, while the transportation
zone has seen the least progress. It is clear that the Beijing–
Tianjin–Hebei region and its surrounding areas, the Yangtze
River Delta, and other areas all need to enhance air pollution
control in their transportation zone.

The rebound range of O3 in the three key areas is sig-
nificantly higher than that in other areas. The rebound rate
of ozone in residential and public management and service
zones is relatively large. The 1.9 % increase in the O3 re-
bound rate in the residential zone in the Fen-Wei Plain is par-
ticularly noteworthy. This increase in ozone can be attributed
to the elevated levels of active oxygen-containing volatile or-
ganic compounds (OVOCs), especially the ongoing rise in
formaldehyde (Lin et al., 2023). The aforementioned results
indicate the necessity of promoting collaborative governance
for PM2.5 and O3.

3.4.2 The impact of altitude

Figure 9 shows that the average concentrations of PM2.5,
PM10, SO2, NO2, and CO during 2017–2022 exhibit a
general decrease with increasing altitude due to the pre-
dominant concentration of atmospheric pollution sources in
China’s lower eastern region. Additionally, within the bound-
ary layer, convection movement lifts pollutant particles up-
ward, leading to their dilution (Chen et al., 2024; Rohde and
Muller, 2015). Conversely, the average concentration of O3
increases with elevation and demonstrates a consistent rela-
tionship with altitude as previously observed by Ma et al.
(2021). The reduction in SO2 and CO concentrations at alti-
tudes between 500 and 1000 m was notably greater than that
at other altitudes. Similarly, improvements in PM10 and NO2
concentrations above 2000 m were significantly greater com-
pared to lower altitudes.

The reduction in particulate matter and NO2 is most sig-
nificant at high altitudes (above 2000 m), with diminishing
improvements observed between 0–2000 m as altitude in-
creases. Meanwhile, the improvement of SO2 and CO de-
creases with the increase of altitude above 500 m. These phe-
nomena are primarily influenced by a combination of factors,
including emission sources, dilution effects, meteorological
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Figure 7. Comparisons in concentrations of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), O3 (e), and CO (f) in each functional zone of the six
urban agglomerations. BTH: Beijing–Tianjin–Hebei urban agglomeration; YRD: Yangtze River Delta urban agglomeration; TC: Triangle of
Central China; GBA: Greater Bay Area urban agglomeration; CC: Chengdu–Chongqing urban agglomeration; NSTM: Northern Slope of
Tianshan Mountains urban agglomeration. **P < 0.01.

conditions, and chemical reactions. In high-altitude areas,
meteorological conditions such as wind speed and turbulence
are conducive to the dispersion and dilution of pollutants,
thereby promoting the improvement of particulate matter and
NO2 concentrations (Román-Cascón et al., 2023). Addition-
ally, SO2 and CO in the atmosphere can be chemically trans-
formed into other pollutants, such as sulfate aerosols and or-
ganic aerosols. In higher-altitude regions, the rates and ex-
tents of these chemical reactions may change, affecting the
degree of improvement in SO2 and CO concentrations (Quan
et al., 2021).

In low-altitude regions (below 1000 m), the reduction of
these pollutants in the transportation zone was minimal. Con-
versely, in high-altitude regions (above 1500 m), a significant
decrease in these pollutants was observed in both residential
and industrial zones. This may be due to the higher density of
vehicular traffic in lower-altitude areas, coupled with reduced
human activity in higher-altitude regions. The low-altitude
regions are characterized by dense populations and substan-
tial traffic flow, which lead to concentrated and high-intensity
vehicle exhaust emissions. Consequently, a substantial num-
ber of pollutants, including particulate matter, nitrogen ox-
ides, and volatile organic compounds, are continuously re-
leased into the atmosphere. This results in a high baseline
concentration of pollutants, making it challenging to achieve

significant improvements in air quality (Lopez-Aparicio et
al., 2025). In contrast, high-altitude areas have limited scales
and quantities of residential and industrial land. As a result,
the total volume of pollutants emitted from human activities
is relatively small. Therefore, under the favorable influence
of natural conditions, the concentration of pollutants in these
regions is more amenable to substantial improvement.

O3 rebounds more with the increase of altitude, especially
in the high-altitude area above 2000 m. The possible reason
is that global warming leads to a significant increase in the
height of the atmospheric boundary layer, which promotes
the transmission of O3 from the upper air to the surface, re-
sulting in a substantial rebound of O3 (Liu et al., 2021). The
higher the altitude, the more obvious the rebound will be. In
particular, the O3 concentration in the residential zone has
the largest rebound, up to 4.85 %, which needs to be paid
attention to.

3.4.3 The impact of urban scale

The urban scale was categorized according to population
density, and comparisons were made between high-density
and low-density cities regarding the variations in pollutant
concentrations across different functional zones (Fig. 10).
Specifically, cities with a population density exceeding
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Figure 8. Annual variation trend of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), O3 (e), and CO (f) concentrations in various functional zones of
the three key areas and other areas. BTH-K: Beijing–Tianjin–Hebei region and its surrounding areas; YRD-K: Yangtze River Delta region;
FWP: Fen-Wei Plain. (The left y axis presents the temporal variation in pollutant concentrations from 2017 to 2022, and the right y axis
displays the pollutant concentrations in 2017.)

510 persons per km2 (the 70th percentile) were defined as
high-density, whereas those with a density below 151 persons
per km2 (the 30th percentile) were considered low-density.

The results indicate that cities with high population den-
sity exhibit significantly higher concentrations of pollutants
compared to those with low population density. In cities with
low population density, the improvement in particulate mat-
ter (PM2.5 and PM10) levels in the public management and
service zone is minimal. In addition, the reduction of SO2,
NO2, and CO is more pronounced in residential and com-
mercial zones, while the improvement in the transportation
zone is the least significant. In cities with high population
density, the improvement in PM2.5 and SO2 concentrations
in the transportation zone is notably smaller compared to
other functional zones, at 8.05 % and 14.2 %, respectively.
This can be attributed to the relatively fixed sources of pol-
lutant emissions in the transportation zone, particularly in
high-population-density urban areas where traffic flow re-
mains challenging to significantly reduce, even with opti-
mized traffic management, thereby posing greater difficulty
in achieving improvements (Lopez-Aparicio et al., 2025).
Additionally, the high proportion of impervious pavement in
the transportation zone contributes to the “heat island effect,”
which hinders the dispersion of pollutants (Yuan et al., 2018).
Therefore, future efforts should prioritize pollution control in
the transportation zone.

From the perspective of different functional zones, the dif-
ferences of variation in pollutant levels among urban regions
with high population density are less pronounced compared
to those with low density (with the exception of SO2 and O3).
When examining the same functional area across cities of
varying population densities, significant differences are ob-
served in the public management and service zone, where
PM2.5 and PM10 levels differ by 4.5 % and 3.8 %, respec-
tively. In contrast, the residential zone exhibits minimal vari-
ation, with PM2.5 and PM10 levels differing by only 0.2 %
and 1.0 % (Table S1 in the Supplement).

3.4.4 Policy implications

1. Strengthen the control of air pollution in the transporta-
tion zone.

The reduction rate of pollutant concentration in the
transportation zone was considerably lower than that in
other regions. This indicates that more stringent air pol-
lution control measures are imperative in transportation-
related areas. Regarding vehicle exhaust emission con-
trol, it is essential to rigorously enforce vehicle ex-
haust emission standards. A comprehensive supervision
system must be established with reinforced oversight
throughout the vehicle exhaust testing process to guar-
antee that every on-road vehicle consistently complies
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Figure 9. Annual variation trend of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), O3 (e), and CO (f) concentrations in various functional zones at
different altitudes. (The left y axis presents the temporal variation in pollutant concentrations from 2017 to 2022, and the right y axis displays
the mean pollutant concentrations over the same period.)

Figure 10. Annual variation trend of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), O3 (e), and CO (f) concentrations in various functional zones
at different urban scales. (The left y axis presents the temporal variation in pollutant concentrations from 2017 to 2022, and the right y axis
displays the pollutant concentrations in 2017.)
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with emission standards. For vehicles with excessive ex-
haust emissions, a mandatory maintenance or elimina-
tion mechanism should be implemented. This approach
aims to reduce exhaust pollutant emissions from motor
vehicles at the source and enhance air quality. In ad-
dition, to foster the sustainable development of urban
transportation, it is necessary to encourage and support
the development and extensive application of new en-
ergy vehicles (NEVs).

2. Strengthen the supervision and management of emis-
sions in the commercial zone.

The phenomenon of the “weekend effect” of sulfur
dioxide in the commercial zone serves as a spotlight on
the significant influence that emissions from the cater-
ing industry exert on air quality. In light of this, it is im-
perative for the relevant authorities to intensify environ-
mental oversight of catering enterprises. This includes
the rigorous enforcement of emission standards, man-
dating the installation of high-efficiency grease fume
purification and waste gas treatment equipment in these
enterprises, as well as ensuring the regular maintenance
and monitoring of such equipment. Furthermore, in re-
sponse to the emission peak triggered by the surge in
weekend activities within commercial areas, the formu-
lation of a staggered operation policy presents itself as
a viable solution. By strategically scheduling the tim-
ing of commercial activities, it is possible to prevent
the concentrated release of pollutants. Meanwhile, com-
mercial enterprises should be encouraged to embrace
more environmentally friendly business operation mod-
els.

3. Formulate differentiated urban air pollution control
strategies.

Significant temporal and spatial variations exist in air
pollutant concentrations across different urban func-
tional zones. Therefore, future air pollution control ini-
tiatives should integrate air pollution control strategies,
address the pollution issues of each functional zone in a
coordinated manner, and strengthen cross-regional co-
operation and joint prevention efforts. Given the dis-
tinct characteristics of individual functional zones, it
is essential to develop and execute emission reduction
strategies with precision, informed by spatiotemporal
differentiation, to continuously enhance the process of
air quality improvement.

4 Conclusions

Drawing on air quality observation data from 336 Chinese
cities spanning the years 2017 to 2022, this study conducts a
comprehensive analysis of the spatiotemporal evolution char-
acteristics and potential influencing factors of air pollutants

in various urban functional zones. The key findings are out-
lined below.

In terms of timescale, our analysis reveals a general down-
ward trend in the concentrations of key air pollutants, espe-
cially in residential, commercial, and industrial zones, which
can be largely attributed to the implementation of stringent
national pollution control measures. The concentration of
SO2 decreased by more than 50 %, representing the most
significant reduction among all pollutants. This reduction is
indicative of the effectiveness of these policies in combat-
ing air pollution. The power and industrial sectors have reg-
istered significant achievements in reducing emissions and
have taken a leading role in driving phenomenal improve-
ments in air quality. The rate of decrease in pollutant con-
centration in the transportation zone was significantly lower
than in other zones, with NO2 showing the least reduction
at 28.3 %. However, ozone levels rebound notably in densely
populated residential and commercial zones. Seasonal varia-
tion indicates a general downward trend in the fluctuation of
these pollutants, with the industrial zone showing the most
pronounced seasonal variations and the public management
and service zone the least. Diurnal variation analysis reveals
that commercial, industrial, and transportation zones expe-
rience the greatest daily fluctuations, in contrast to public
management and service zone, which show minimal vari-
ation. The “weekend effect” for pollutants varies by func-
tional zones. For particulate matter, a strong “weekend ef-
fect” is seen in residential and transportation zones due to
increased human activities in these zones. SO2 shows a no-
table “weekend effect” in the commercial zone, likely due
to increased emissions from catering. Commercial zones,
which are hubs of economic transactions and social activi-
ties, exhibit a distinct “weekend effect,” with increased emis-
sions due to heightened activities. This finding calls for effec-
tive management of commercial operations, especially dur-
ing peak times, and the use of the potential for greener busi-
ness practices.

Spatial analysis revealed significant differences in pollu-
tant concentrations in different regions and different func-
tional zones. In North China, Northeast China, and East
China, the concentration of various pollutants in the trans-
portation zone is higher than that in other functional zones.
The concentration of pollutants in commercial and indus-
trial zones is higher in South-Central China. The concentra-
tion of O3 in residential and transportation zones in south-
west China is the lowest, while the concentration of other
pollutants in these two functional zones is the highest. The
Beijing–Tianjin–Hebei city cluster and Yangtze River Delta
city cluster are particularly prominent in the concentration of
pollutants in the industrial zone and the transportation zone.
Notably, NO2 levels in the transportation zone of BTH and
YRD substantially exceed those in other functional zones,
with concentrations reaching 40.5 and 37.0 µgm−3, respec-
tively. The concentrations of pollutants in the commercial
zone and the industrial zone in the middle reaches of Tri-
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angle of Central China and Chengdu–Chongqing city cluster
are also relatively elevated.

The study also found that treatment measures, altitude, and
urban scale have an impact on the concentration of pollu-
tants in different functional zones. Overall, the improvement
of pollutants in key areas implementing stricter air pollution
control measures is greater than that in other areas. Never-
theless, it is imperative for all areas to enhance air pollu-
tion control in their transportation zone. The rebound rate of
O3 in key areas is significantly greater than that in other ar-
eas, especially in the residential zone and the public manage-
ment and service zone. The influence of altitude cannot be ig-
nored. In low-altitude regions (below 1000 m), the reduction
of these pollutants in the transportation zone was minimal.
Conversely, in high-altitude regions (above 1500 m), a signif-
icant decrease in these pollutants was observed in both resi-
dential and industrial zones. The effect of urban scale on pol-
lutant improvement ranges is as follows: in cities with high
population density, the differences in the extent of pollutant
improvement among functional zones are relatively small.
Conversely, in cities with low population density, these dif-
ferences are more pronounced. Additionally, urban scale has
the most significant impact on the public management and
service zone and the least impact on the residential zone.

To sum up, there is an intricate link between urbaniza-
tion and air quality, highlighting the need for continuous
monitoring and the development of zone-specific air quality
strategies. The findings advocate for adaptive urban planning
that takes into account the unique challenges posed by urban
functional zones and the necessity for innovative pollution
mitigation approaches. In essence, the research contributes
to a deeper understanding of the complex dynamics of air
quality in urban China. It offers valuable guidance for pol-
icymakers and urban planners in crafting effective and tar-
geted air quality management strategies, which are essential
for achieving sustainable urban environments. The insights
gained from this study not only are pertinent to China but
also provide a framework for understanding urban air qual-
ity challenges and developing appropriate responses in other
urban areas globally.

However, this study also possesses certain limitations that
warrant acknowledgment. The spatial distribution of moni-
toring stations differs across regions, which may result in a
potential loss of variability when data are grouped region-
ally. Furthermore, this study has only analyzed the influence
of several individual factors without conducting a compre-
hensive evaluation of their relative contributions. In future
research, as simulation technologies continue to advance, we
will strive to conduct a more thorough analysis of these in-
tegrated effects. Additionally, we plan to actively undertake
in-depth case studies on representative cities to provide en-
hanced guidance for urban planning and management.
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