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Abstract

Urban–suburban PM2.5 differences are widely used to characterize spatial disparities in air
pollution, yet their long-term trends may depend on urban definitions. For China during
2013–2020, this study used nationwide ground PM2.5 monitoring data and 1 km × 1 km
gridded population density data to analyze the sensitivity of urban–suburban PM2.5 trends
to spatial structure-based and population-density-based classification (300, 1500, 2200,
2500 people km−2) at national, Eastern and Western China scales. Results showed signif-
icant national PM2.5 decline, with urban reduction rates of −3.1 to −3.3 µg m−3 yr−1 in
summer and −6.0 to −6.3 µg m−3 yr−1 in winter, and faster air quality improvement in
winter. Urban–suburban PM2.5 differences were highly sensitive to classification meth-
ods: the spatial structure-based framework showed minimal differences (0.09 µg m−3 in
summer, 5 µg m−3 in winter), while the 300 people km−2 threshold yielded much larger
ones (11 µg m−3 in summer, 29 µg m−3 in winter) with faster urban declines. Higher
population density thresholds narrowed such differences and converged trends with the
spatial structure-based results. Pronounced spatial heterogeneity existed: Eastern China
had larger PM2.5 declines with consistent response patterns to national trends, while West-
ern China showed weaker declines, with urban–suburban differences highly sensitive
to classification methods and opposite temporal evolution trends. This study confirms
that urban definition is a critical methodological factor for interpreting China’s long-term
urban–suburban PM2.5 trends, as different methods cause notable inferential deviations.
Future air pollution spatial heterogeneity studies should carefully select and specify urban
classification methods to ensure comparable, scientifically rigorous findings.

Keywords: PM2.5; urban classification; urban–suburban differences; driving factors

1. Introduction
Fine particulate matter (PM2.5) has been a major air quality concern in China over the

past decade due to its significant impacts on public health and atmospheric visibility [1–4].
In response to severe PM2.5 pollution, a series of stringent emission-control policies have
been implemented, including the Air Pollution Prevention and Control Action Plan and the
subsequent Blue Sky Protection Campaign [5,6]. These measures have led to substantial
nationwide improvements in air quality during 2013–2020 [7,8]. However, most previous
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studies have primarily focused on long-term PM2.5 trends at national or regional scales,
while comparatively little attention has been paid to long-term differences between urban
and suburban areas across China. For example, several studies have examined nationwide
trends in China during 2013–2023 [9–11], while others have investigated regional variations
over longer periods such as 2000–2020 [12–14]. Some studies have also analyzed PM2.5

trends across both national and regional scales for the period 2013–2020 [15,16].
Despite these advances, relatively little attention has been paid to long-term dif-

ferences between urban and suburban areas, particularly at the national scale. Urban–
suburban contrasts in PM2.5 provide important insights into spatial heterogeneity in air
pollution and the effectiveness of emission-control strategies. However, existing stud-
ies have reported inconsistent findings regarding the evolution of these contrasts. For
instance, in the Yangtze River Delta (YRD), Zhang et al. [17] reported a narrowing urban–
suburban PM2.5 gap, whereas Liu et al. [18] found an expanding urban–suburban gap. A
key source of these discrepancies lies in the different urban–suburban classification criteria
based on population density: Zhang et al. [17] defined urban areas using a threshold of
300 people km−2, whereas Liu et al. [18] adopted a stricter threshold of 2200 people km−2.
These differences further led to distinct interpretations of the relative decline rates of PM2.5

concentrations in urban and suburban areas. Zhang et al. [17] attributed the narrowing
gap to faster declines in urban PM2.5 concentrations compared with suburban areas, and
although Liu et al. [18] also reported faster declines in urban areas, their results indicated
higher PM2.5 concentrations in suburban areas than in urban sites, which contrasts with
the concentration patterns reported by Zhang et al. [17]. Notably, at the national scale,
several studies have suggested that the long-term urban–suburban difference in PM2.5 con-
centrations has generally decreased over time [5,19,20]. These inconsistencies may partly
arise from differences in methodological approaches. One important but often overlooked
source of such methodological uncertainty lies in the definition of urban and suburban
areas. Previous studies have adopted various approaches to classify urban–suburban
regions, including urban spatial structure theories (e.g., concentric-zone or core–periphery
models) [21] and population-density-based thresholds (e.g., 2500, 2200, 1500, or 300 people
km−2) [17–19,22]. Because these classification methods can produce substantially different
spatial delineations of urban and suburban areas, the resulting estimates of urban–suburban
PM2.5 differences and their long-term trends may also vary. However, the sensitivity of
urban–suburban PM2.5 trend analyses to different urban classification methods has not
been systematically evaluated.

To address this gap, this study systematically investigates the sensitivity of
urban–suburban PM2.5 differences and their long-term trends to different urban classifica-
tion methods across China during 2013–2020. We compare the widely used urban–suburban
framework based on urban spatial structure theories, such as the concentric-zone or core–
periphery model proposed by Gao et al. [21], with population-density-based approaches
using multiple density thresholds. Based on long-term surface observations, we quantify
how different classification schemes influence the magnitude and temporal evolution of
urban–suburban PM2.5 contrasts at both national and regional scales. This work aims to
provide a more robust understanding of urban–suburban PM2.5 trends and to highlight the
importance of consistent and physically meaningful urban definitions in air quality studies.

2. Materials and Methods
2.1. PM2.5 Observations and Population Density Data

Daily PM2.5 concentration data were obtained from the China National Environmental
Monitoring Center (CNEMC; https://www.cnemc.cn/, accessed on 1 January 2021), cover-
ing the period from 1 January 2013 to 31 December 2020. The CNEMC network provides
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nationwide observations from more than 1600 monitoring stations across mainland China
and has been widely used in previous studies of long-term air-quality trends [19,20]. To
ensure data quality, monitoring stations with annual missing rates greater than 20% were
excluded from the analysis. After this quality control procedure, the number of valid
monitoring stations for the period 2013–2020 was 403, 903, 1450, 1433, 1457, 1475, 1449, and
1436, respectively.

Gridded population data with a spatial resolution of 1 km × 1 km were obtained
from the Resource and Environment Science and Data Center (RESDC; https://www.resdc.
cn/, accessed on 15 January 2021). Population density is widely used as an indicator
of urban spatial structure, as it reflects the intensity of human activities and the spatial
distribution of urban development [23]. In this study, the 2015 population dataset, a typical
year within the 2013–2020 study period, was used as the reference for urban–suburban
classification. Each monitoring station was assigned a population density value extracted
from the corresponding grid cell of the population dataset. This information was then
used to classify stations into urban and suburban categories under different population
density thresholds.

2.2. Urban–Suburban Classification Methods

To evaluate the sensitivity of urban–suburban PM2.5 differences to urban definitions,
two types of classification frameworks were considered in this study. First, we adopted the
widely used urban–suburban classification proposed by Gao et al. [21], which is based on
urban spatial structure theories such as concentric-zone or core–periphery models. In this
framework, monitoring stations are categorized according to their relative locations within
the urban spatial structure. Second, we applied population-density-based classification
methods using multiple density thresholds. Previous studies have suggested a range of
population density thresholds for defining urban areas in China, including 300, 1500, 2200,
and 2500 people km−2 [17–19,22]. To assess the influence of these thresholds on urban–
suburban classification, we applied each threshold to the gridded population dataset.
Monitoring stations located in grid cells with population density exceeding the selected
threshold were classified as urban stations, while the remaining stations were categorized as
suburban stations. Figure 1 shows the spatial distribution of monitoring stations classified
as urban and suburban using (a) the method of Gao et al. [21] and population density
thresholds of (b) 300, (c) 1500, (d) 2200, and (e) 2500 people km−2.
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Figure 1. Spatial distribution of monitoring stations classified as urban and suburban across mainland
China and subregions (Eastern and Western) under different classification methods. Urban stations
are shown in red and suburban stations in green. Panel (a) shows the classification based on the urban
spatial structure framework proposed by Gao et al. [21]. Panels (b–e) present classifications based on
population density thresholds of 300, 1500, 2200, and 2500 people km−2, respectively [17–19,22]. The
number of urban and suburban stations under each classification scheme is indicated in each panel.

3. Results and Discussion
3.1. National Urban–Suburban PM2.5 Trends and Their Sensitivity to Urban
Classification Methods

Figure 2 illustrates the long-term trends of summer and winter PM2.5 concentrations
across China during 2013–2020 under different urban–suburban classification methods.
Overall, PM2.5 concentrations decreased substantially during the study period in both
seasons, reflecting the nationwide improvements in air quality following the implemen-
tation of stringent emission-control policies [24–26]. In summer, national mean PM2.5

concentrations exhibited a consistent downward trend across all classification methods.
The decline rates ranged from −3.1 to −3.3 µg m−3 yr−1 for urban stations and from
−1.3 to −3.9 µg m−3 yr−1 for suburban stations, depending on the classification approach.
In winter, PM2.5 concentrations were considerably higher but declined more rapidly than in
summer, with urban trends ranging from −6.0 to −6.3 µg m−3 yr−1 and suburban trends
ranging from −2.8 to −7.0 µg m−3 yr−1. These results indicate that wintertime air quality
improved more rapidly than summertime conditions across China.
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Figure 2. Observed trends in summer and winter PM2.5 concentrations at urban and suburban
monitoring sites across China from 2013 to 2020. Urban–suburban classifications are based on four
different methods: the approach of Gao et al. [21] and population density thresholds of 300, 1500,
2200, and 2500 people km−2 (Pop300, Pop1500, Pop2200, and Pop2500). Bar charts represent the mean
PM2.5 concentrations, with error bars indicating the sample standard deviation of daily observations.
Linear regression lines are fitted for the 2013–2020 period; the slopes are reported as the mean value
PM2.5 one standard deviation of the fit.

Despite the overall decreasing trends, the relative decline rates between urban and
suburban areas varied substantially depending on the classification method. Under the
urban spatial structure framework proposed by Gao et al. [21], suburban PM2.5 concen-
trations declined slightly faster than urban concentrations in both seasons. Specifically,
summer PM2.5 decreased at rates of −3.1 µg m−3 yr−1 in urban areas and −3.9 µg m−3 yr−1

in suburban areas, while winter PM2.5 declined at −6.0 and −7.0 µg m−3 yr−1, respectively.
Consistent with these trends, the urban–suburban PM2.5 difference in summer decreased
during 2013–2017 and increased slightly afterward, although the overall difference re-
mained negligible (mean: 0.090 µg m−3). In contrast, the wintertime difference increased
gradually during 2013–2020, with a mean value of about 5.0 µg m−3. By comparison,
the population-density-based classification using a threshold of 300 people km−2 yields
markedly different results. Under this definition, urban PM2.5 concentrations declined
substantially faster than suburban concentrations. In summer, the urban decline rate
reached −3.3 µg m−3 yr−1, whereas the suburban decline rate was only −1.3 µg m−3 yr−1.
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A similar pattern was observed in winter, with urban and suburban trends of −6.1 and
−2.8 µg m−3 yr−1, respectively. Consistent with these trends, the urban–suburban PM2.5

difference decreased steadily from 2013 to 2020, with mean differences of approximately
11 µg m−3 in summer and 29 µg m−3 in winter.

The contrasting results between the Gao classification and the Pop300 approach may be
related to differences in the spatial distribution of stations classified as urban or suburban.
As shown in Figure 1, although the total numbers of urban and suburban stations are
similar under the two methods, substantial regional differences exist. In western China,
where urban development is relatively limited, some stations classified as urban under
the Gao framework are categorized as suburban when using the Pop300 threshold. In
contrast, in eastern China, where urbanization has progressed rapidly, several stations
classified as suburban under the Gao method are reclassified as urban under the population-
density approach [23,27]. This spatial redistribution is broadly consistent with the rapid
urbanization processes observed in China over the past decade [5,28]. In addition, emission-
control policies in China have often prioritized pollution mitigation in urban centers, which
may contribute to faster reductions in PM2.5 concentrations at urban sites compared with
suburban locations [29,30]. Consequently, the urban–suburban trends derived from the
Pop300 classification are broadly consistent with findings reported in several previous
studies [17,18,31]. These results suggest that Pop300 definitions may capture certain aspects
of contemporary urban development in China.

As the population density threshold increases, the inferred urban–suburban trends
become progressively closer to those derived from the Gao classification. When the thresh-
old is set to 1500 people km−2, suburban PM2.5 concentrations decline more rapidly
than under the 300 people km−2 threshold, reaching −2.7 µg m−3 yr−1 in summer
and −5.0 µg m−3 yr−1 in winter. Correspondingly, the urban–suburban PM2.5 differ-
ence decreases gradually during 2013–2020, with mean differences of approximately
5.7 µg m−3 in summer and 14 µg m−3 in winter. With a further rise in the threshold to
2200 people km−2, the suburban trends (−2.9µg m−3 yr−1 in summer and −5.2 µg m−3 yr−1

in winter) become even closer to those derived from the Gao framework. Under this defini-
tion, the urban–suburban PM2.5 difference continues to decrease during 2013–2020, with
mean differences of approximately 4.8 µg m−3 in summer and 12 µg m−3 in winter. Notably,
the results at a threshold of 2500 people km−2 are similar to those at 2200 people km−2. The
suburban trends (−2.9 µg m−3 yr−1 in summer and −5.3 µg m−3 yr−1 in winter) become
even closer to those derived from the Gao framework. Under this definition, the urban–
suburban PM2.5 difference continues to decrease during 2013–2020, with mean differences
of approximately 4.7 µg m−3 in summer and 11 µg m−3 in winter. However, as shown in
Figure 1, the Pop1500, Pop2200, and Pop2500 classifications assign a considerable number of
stations within major urban agglomerations in eastern China to the suburban category. Such
classifications may not fully reflect the present urban–suburban structure of these rapidly
developed regions. This result suggests that excessively high population density thresholds
may also influence the delineation of urban and suburban stations.

Overall, these results demonstrate that the magnitude and temporal evolution
of urban–suburban PM2.5 differences are highly sensitive to the definition of urban
areas used in the analysis. The Gao classification suggests relatively small urban–
suburban contrasts, whereas the population-density-based classification with a threshold of
300 people km−2 yields substantially larger differences and indicates faster declines in
urban PM2.5 concentrations than in suburban areas. Increasing the population density
threshold (e.g., Pop1500, Pop2200, and Pop2500) shifts the resulting urban–suburban PM2.5

trends toward those from the Gao classification but also reclassifies numerous stations
in developed urban agglomerations as suburban, which may alter the representativeness
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of the resulting spatial patterns. These findings highlight both the strong sensitivity of
estimated urban–suburban PM2.5 dynamics to the choice of urban classification scheme and
the critical role of urban definitions in interpreting long-term PM2.5 trends across China.

3.2. Regional Heterogeneity of Urban–Suburban PM2.5 Trends in Eastern and Western China

Figure 3 shows the long-term trends of summer and winter PM2.5 concentrations
across eastern China during 2013–2020 under different urban–suburban classification meth-
ods. Overall, the temporal patterns in eastern China are broadly consistent with those
observed at the national scale but exhibit slightly stronger declines, particularly in win-
ter. For example, depending on the urban–suburban classification scheme used, summer
urban PM2.5 concentrations decrease at rates ranging from −3.2 to −3.4 µg m−3 yr−1,
while winter concentrations decrease even more markedly, with rates spanning −6.2 to
−6.7 µg m−3 yr−1. These values are comparable to or slightly stronger than the national
trends and reflect the substantial improvement in air quality in eastern China during the
past decade. Such rapid reductions are consistent with the intensive emission-control poli-
cies implemented in major urban agglomerations, including industrial emission reductions,
residential heating controls, and transportation regulations [7,8,17,31].

Despite the similar overall trends, the inferred urban–suburban contrasts remain
sensitive to the classification method. Under the Gao framework, suburban PM2.5 concen-
trations decline slightly faster than urban concentrations, with summer and winter trends of
−4.0 and −7.4 µg m−3 yr−1, respectively. In contrast, the population-density-based Pop300
definition yields substantially slower suburban declines (−1.2 µg m−3 yr−1 in summer and
−2.6 µg m−3 yr−1 in winter), leading to much larger urban–suburban differences. This
discrepancy highlights the strong influence of classification criteria on the inferred trends.

As the population density threshold increases, the suburban trends gradually ap-
proach those derived from the Gao classification. For example, the suburban decline rate
increases from −1.2 µg m−3 yr−1 under Pop300 to −2.8 µg m−3 yr−1 under Pop1500,
−3.0 µg m−3 yr−1 under Pop2200, and −3.0 µg m−3 yr−1 under Pop2500 in summer,
while winter trends increase from −2.6 to −5.1, −5.3, and −5.4 µg m−3 yr−1, respectively.
This progressive convergence suggests that higher population density thresholds tend to
reclassify some densely populated suburban stations as urban sites. However, excessively
high thresholds also shift many stations located within major urban agglomerations into
the suburban category, which may not fully represent the current urban spatial structure of
eastern China. Together, these results illustrate that varying population density thresholds
can substantially alter the delineation of urban and suburban stations, and in turn exert a
marked influence on the estimated urban–suburban PM2.5 trends in this region.

Figure 3 also shows the long-term trends of summer and winter PM2.5 concentra-
tions across western China during 2013–2020 under different urban–suburban classification
methods. Interestingly, the trends in western China differ substantially from those observed
at the national scale and in eastern China. The reduction in PM2.5 concentrations during
2013–2020 is considerably weaker in western China. In summer, urban PM2.5 concentra-
tions decline at rates ranging from −0.79 µg m−3 yr−1 (Pop1500) to −1.4 µg m−3 yr−1

(Gao classification), which are substantially smaller than the corresponding declines ob-
served nationally (approximately −3.1 to −3.3 µg m−3 yr−1) and in eastern China (−3.2 to
−3.4 µg m−3 yr−1). Wintertime trends show an even stronger contrast. Urban PM2.5

concentrations decline at rates ranging from −1.6 µg m−3 yr−1 (Gao classification) to
2.5 µg m−3 yr−1 (Pop2500), which are substantially smaller than the corresponding de-
clines observed nationally (approximately −6.0 to −6.3 µg m−3 yr−1) and in eastern China
(−6.2 to −6.7 µg m−3 yr−1).
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Figure 3. Observed trends in summer and winter PM2.5 concentrations at urban and suburban
monitoring sites across eastern and western China from 2013 to 2020.

Another notable feature is the strong dependence of the inferred trends on the classifi-
cation method. Under the population-density-based definitions, winter urban trends vary
substantially as the threshold increases. For example, the urban winter trend changes from
−0.16 µg m−3 yr−1 under the Pop300 classification to positive values of 1.6 µg m−3 yr−1
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(Pop1500), positive values of 1.8 µg m−3 yr−1 (Pop2200), and 2.5 µg m−3 yr−1 (Pop2500).
In contrast, suburban PM2.5 concentrations generally continue to decrease, with trends of
−0.10 µg m−3 yr−1 under Pop2200 and −3.0 µg m−3 yr−1 under Pop300. These results
indicate that the inferred urban–suburban differences in western China are highly sensitive
to the classification approach and can even change sign depending on the population
density threshold. As a consequence, the urban–suburban PM2.5 differences in western
China exhibit a different temporal evolution from those observed at the national scale
and in eastern China. For example, under the Pop300 classification, the urban–suburban
contrast in western China gradually increases during 2013–2020 in both summer and winter,
whereas the corresponding differences at the national scale and in eastern China show a
clear decreasing trend.

The weaker and more variable trends in western China likely reflect several regional
characteristics. Compared with eastern China, western regions have lower population den-
sities, fewer monitoring stations, and weaker urban–suburban gradients, which increases
the sensitivity of station classification to population density thresholds. In addition, PM2.5

concentrations in western China are more strongly influenced by natural sources such
as dust emissions, arid climatic conditions, and complex topography. These factors can
increase interannual variability and partially obscure long-term emission-driven trends.
Furthermore, major national air-pollution control policies have historically focused on
heavily polluted regions in eastern China, which may also contribute to the relatively
modest PM2.5 reductions observed in western regions.

4. Conclusions
This study systematically evaluates the sensitivity of urban–suburban PM2.5 trends

to different urban classification methods across China from 2013 to 2020 at national and
regional scales and confirms a core methodological conclusion that urban definition is a
critical factor for interpreting urban–suburban PM2.5 disparities. Despite the consistent and
substantial nationwide decline in PM2.5 concentrations driven by stringent air pollution
control policies—with urban winter reduction rates (−6.0 to −6.3 µg m−3 yr−1) notably
outpacing summer rates (−3.1 to −3.3 µg m−3 yr−1)—different classification approaches
lead to significant inferential deviations in the magnitude and temporal evolution of urban–
suburban PM2.5 differences.

Urban–suburban PM2.5 differences exhibit strong sensitivity to the selected classifi-
cation framework: the spatial structure-based method yields minimal urban–suburban
disparities (0.09 µg m−3 in summer, 5 µg m−3 in winter), while the population-density-
based classification with a 300 people km−2 threshold results in far larger differences
(11 µg m−3 in summer, 29 µg m−3 in winter) and a distinct pattern of faster urban PM2.5 de-
clines. Raising the population density threshold (1500, 2200, 2500 people km−2) gradually
narrows these disparities and converges the derived trends with the spatial structure-based
results, yet excessively high thresholds reclassify numerous monitoring stations in Eastern
China’s major urban agglomerations as suburban, undermining the representativeness of
classification for actual urban–suburban spatial structures.

Pronounced spatial heterogeneity exists in the sensitivity of urban–suburban PM2.5

trends to classification methods across Eastern and Western China. Eastern China sees
stronger PM2.5 declines than the national average, with urban–suburban trend characteris-
tics and their responses to different classification methods highly consistent with national
patterns, a direct reflection of the intensive implementation of air pollution control policies
in this region. In contrast, Western China shows markedly weaker PM2.5 reduction trends,
with urban summer decline rates as low as −0.79 to −1.4 µg m−3 yr−1; its urban–suburban
PM2.5 differences are even more sensitive to classification methods, with the sign of such
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disparities changing with adjusted density thresholds, a phenomenon linked to the region’s
low population density, strong natural source interference on PM2.5 concentrations, and
relatively limited policy implementation intensity.

This study finds that inconsistent urban–suburban delineation reduces the compa-
rability of research findings on urban–suburban air quality and impairs the scientific
rigor of subsequent analyses of pollution drivers and policy effectiveness, thus emphasiz-
ing the need to carefully select urban–suburban delineation methods in light of research
scales and regional characteristics and clearly specify the delineation criteria in relevant
studies; For future research, two directions are proposed: optimizing population density
thresholds based on the unique geographical and urbanization characteristics of Western
China to establish a region-adapted urban–suburban delineation system, analyzing the
impact of urban–suburban delineation methods on the evaluation of air pollution con-
trol policy effects to support the formulation of differentiated urban–suburban pollution
mitigation strategies.
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