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Recently, China has undergone rapid urbanization in terms of population and urban land growth.
However, there are notable lags in the people-oriented dimensions of urbanization, including urban
social services, environmental services, and socioeconomic equity, which are crucial for achieving
SDG11 (sustainable cities and communities). Here, considering the complex dimensions of
urbanization, we examined 16 people-oriented urbanization indicators across four dimensions,
namely, economic, social, environmental, and equity dimensions, from 2005 to 2020, and their
relationships with population/land urbanization at multiple scales (national, regional, and urban
agglomeration scales), and among different city sizes, via the paired t test and the evenness index.
Notably, between 2005 and 2020, these urbanization indicators of China showed an overall upward
trend, with changes ranging from 1.09 to 53.95 times. Among the 16 people-oriented urbanization
indicators, the economic and social indicators lagged behind the land and population urbanization,
whereas the environmental indicators caught up. The evenness index among these indicators showed
a U-shaped change pattern, which indicated that people-oriented urbanization was coming up with
population/land urbanization since the implementation of China new-type urbanization plan in 2014
until 2020. In the future, increasing investment in social service systems and implementing place-
based coordination strategies are necessary to make cities inclusive, safe, resilient, and sustainable.

China’s urbanization trajectory since the 1978 Reform and Opening-up
policy illustrates both the opportunities and challenges in rapid urban
development. The urban population ratio in China has increased from
17.9% in 1978 to 65.2% in 2020, and the urban built-up area has increased
from 7438 km? in 1978 to 60,721 km? in 2020, with an annual growth of
1268 km®'. The rapid urban population and land area expansion have
promoted increasingly active socio-economic activities. However, providing
people-oriented urbanization involving social security, education, health-
care, and environmental services for citizens entering cities has become a
bottleneck in development, leading to economic, social, and ecological
issues”™. For example, challenges include providing basic public services to
new urban residents’”, increased urban-rural disparities®’, unplanned
urban land expansion causing environmental pollution and ecological
destruction', and issues such as traffic congestion and housing shortages
due to insufficient urban governance capacity levels'. These issues are not
limited in China but also found in other countries (such as India and Brazil)

from Global South. Therefore, empirical research is urgently needed to
examine the dynamic interactions among the three dimensions of urbani-
zation to provide theoretical insights and data support for advancing more
equitable and sustainable urbanization pathways in China and other
developing countries.

In March 2014, the Chinese government issued the National New-
Type Urbanization Plan (2014-2020) to transform traditional extensive
urbanization into high-quality urbanization in China'>"’. Under this
development strategy, people-oriented urbanization is the core of the New-
Type Urbanization Plan™'"'*"*. People-oriented urbanization represents a
development paradigm that places human needs and well-being at the core
of urban planning and growth. This urban development concept prioritizes
equitable access to public services, sustainable economic opportunities, and
inclusive governance, ensuring that urban development benefits all
residents'*". Such people-oriented urbanization process can fundamentally
reshape social structures and lifestyles, promote the refinement of the social
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division of labor, enhance the quality of public services, and foster inno-
vative cultural integration, thereby providing endogenous momentum for
sustainable urban development*'. This Plan is also aligned with SDG 11,
which is to improve the quality of life, promote the equitable allocation of
social resources, and ensure that urbanization encompasses not only the
expansion of land and population but also the comprehensive enhancement
of social welfare™”.

Research on urbanization has focused primarily on quantifying urban
land and population dynamics. Urban land urbanization (land urbanization
hereafter) studies have extensively involved using remote sensing data and
analyzing indicators such as the total area, growth rate, and per capita urban
land usage to examine urbanization patterns from 1990 to 2020. These
analyses have revealed that land urbanization progresses through distinct
phases: initial slow growth, acceleration, and deceleration” . In population
urbanization research, census data have been mainly employed to analyze
spatiotemporal patterns and heterogeneity in urbanization rates, thereby
examining the influences of economic development, household registration
policies, and urban-rural income disparities™”’. Researchers have employed
various analytical methods, including the coefficient of variation, spatial
autocorrelation, and degree of coupling coordination, to evaluate the rela-
tionships between population and land urbanization across regions™ ™.
Comparative analyses of land and population urbanization have demon-
strated that land urbanization consistently exceeds population growth,
resulting in inefficient urban sprawl, environmental deterioration, and
uninhabited development. Recent studies of Chinese prefecture-level cities
based on census data have revealed urban sprawl patterns from 1990 to
2020, noting a transition from rapid expansion to gradual deceleration,
although small- and medium-sized cities in western China continue to
experience significant sprawl’*”. Yang et al.” examined the coordinated
development of population and land urbanization across 284 prefecture-
level Chinese towns. They identified a decreasing spatial gradient of coor-
dination from eastern coastal areas to inland regions, although regional
differences decreased over the study period”. While the evolution and
spatial heterogeneity of land and population urbanization have been
extensively studied, there is still a lack of research incorporating people-
oriented urbanization into an integrated, multidimensional analytical
framework.

Another line of research focused scaling relation between various
urban indicators and population or urban land area*** to understand urban
evolution mechanism and formulate development strategies™. For example,
Bettencourt et al.” identified consistent power-law relationships between
city population size and various social, economic, and environmental
indicators”. Elliott et al.”® revealed that in the expansion of U.S. cities,
innovation and wealth creation exhibit superliner growth, while infra-
structure shows sublinear growth. Zhou et al.”’ also confirmed that as the
size of Chinese cities increases, the growth of infrastructure tends to slow
down”. Yang et al.”’ found a linear relationship between CO2 emissions and
population size and built-up area®. Xu et al.*' observed that during the
evolution of the African urban system from 1950 to 2020, larger cities tend to
have lower land-use efficiency”’. The results indicate that while urban
expansion enhances efficiency, it also exacerbates resource strain, envir-
onmental pressure, and governance challenges. Within this scaling context,
the scaling relation between indicators of people-oriented indicators and
city size can be used to guide policy making on urban expansion and socio-
ecological sustainability’®***.

Scholars of people-oriented urbanization have focused on several
interlocking challenges: absorbing the agricultural population into cities,
reforming the household registration (hukou) system, equalizing access to
public services, and fostering coordinated urban-rural development.
Kassiola” exposed the social-equity dilemmas that rapid urban expansion
poses for rural migrants entering metropolitan labor markets*. Building on
this work, Sun et al."” demonstrated how hukou reforms in China still leave
migrant families at a disadvantage when seeking schooling and healthcare of
comparable quality*. Yang et al.”’ then showed that urban-rural integration
stalls and regional disparities widen without deliberate mechanisms for

sharing resources across jurisdictions”. Most recently, Bai and Shi"® con-
tended that China has reached a demographic and economic crossroads: to
meet Sustainable Development Goal 11, the country must pivot from land-
driven growth to a quality-led, people-oriented renewal that weaves equity
into every stage of urban and rural planning"’. Despite significant progress
in promoting people-oriented urbanization, a critical yet under-explored
issue remains in understanding the nuanced, multidimensional relation-
ships between people-oriented urbanization and its population- and land-
related dynamics. This knowledge deficit potentially compromises the
achievement of SDG11 and urban sustainability.

Against this research gap, this study aimed to systematically evaluate
the relationships between people-oriented urbanization and population and
land urbanization in China. The research question is whether people-
oriented urbanization was catching up with rapid population/land urba-
nization in China between 2005 and 2020. By constructing a comprehensive
evaluation system for people-oriented urbanization comprising 16 indica-
tors across four critical dimensions—economic, social, environmental, and
equity—descriptive statistical analysis was employed to elucidate the com-
prehensive characteristics of urbanization across different categories. Mul-
tiple analytical methods, including paired ¢ tests, 45° linear analysis, and
multiple fitting analysis, were applied to assess the complex associations
between urbanization dimensions, thereby investigating the lagging or
leading relationship. An enhanced radar chart method was utilized to cal-
culate the evenness index, thereby quantifying the degree of coordinated
development in urbanization (see “Methods” for details). This approach
revealed regional and city-size variations in the relationship between people-
oriented urbanization and population/land urbanization. At last, targeted
policy recommendations were generated to optimize public services,
enhance social inclusiveness, promote regional coordinated development,
and improve residents’ quality of life, thereby aiming to achieve the SDG11
targets. The findings provide robust scientific evidence and data support for
achieving urban sustainability in China and developing countries in the
global South.

Results

Overall characteristics of multidimensional urbanization

From 2005-2020, the urbanization level in China increased substantially,
with all indicators demonstrating an increasing trend. Population urbani-
zation across prefecture-level cities increased from 40.2 to 62.2%, repre-
senting a base-period growth rate of 154.6% between 2005 and 2020. Land
urbanization increased from 167.7 km’ to 312.8 km? achieving a base-
period growth rate of 186.5%, exceeding population urbanization.

The four categories of people-oriented urbanization demonstrated an
overall upward trend, with base-period growth rates ranging from 109.0% to
5394.6% (Fig. 1). The social and economic indicators exhibited the greatest
growth, with mean base-period growth rates of 1341.0% and 446.4%,
respectively, surpassing both the population and land urbanization growth
rates. The social investment indicators, including research and development
expenditure per capita (R&DEP), education expenditure per capita (EEP),
and fixed asset investment per capita (FAI), achieved base-period growth
rates exceeding 500%. In contrast, the environmental and equity-related
indicators showed relatively modest growth, with mean base-period growth
rates of 133.3% and 113.5%, respectively, falling below the population and
land urbanization growth rates. Notable examples of slow growth include
the urban-rural income ratio (URIR, 109.0%), the housing price-to-income
ratio (HPIR, 109.0%), the unemployment rate (UPR, 115.0%), and the Gini
coefficient (Gini, 117.9%).

Differences in urbanization indicators across the different
regions

The regional analysis revealed that most indicators exhibit an east-west
gradient, characterized by higher values and high growth rates in the east
(Fig. 2). Of the 18 urbanization indicators examined, 12 followed this pat-
tern. The eastern region yielded the highest values of the average deposit
(AD), average wage of employees (AW), consumption expenditure per
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Fig. 1 | Spatio-temporal patterns of 18 urbanization indicators across Chinese
cities from 2005 to 2020. a Spatial map depicting the change in each indicator from
2005 to 2020, with x-axis and y-axis representing the values in 2020 and 2005, respec-
tively. b Annual trends of each indicator from 2005 to 2020. The indicators are organized
into five categories: land and population urbanization indicators (PU population
urbanization, LU land urbanization), economic indicators (AD average deposit, AW
average wage, CEP consumption expenditure per capita, FAI fixed asset investment per
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capita, GDPP - Gross Domestic Product per capita, HPIR house price-to-income ratio),
social infrastructure indicators (EEP—education expenditure per capita, GSP—green
space per capita, PP - physicians per 1000 people, RKDEP—research and development
expenditure per capita, UPR - unemployment rate), environmental and management
indicators (NHTR - nonhazardous treatment rate of domestic waste, PM2.5- PM, 5
concentration, SDE sulfur dioxide emissions from industry), and social equity indicators
(Gini coefficient, URIR urban-rural income ratio).

capita (CEP), education expenditure per capita (EEP), fixed asset invest-
ment per capita (FAI), gross domestic product per capita (GDPP), green
space per capita (GSP), household price-income ratio (HPIR), land urba-
nization, nonhazardous treatment rate of domestic waste (NHTR), physi-
cians per 1000 people (PP), research and development expenditures per
capita (R&DEP), and sulfur dioxide emissions from industry (SDE).
Notably, the R&DEP in the eastern region significantly exceeded that in the
other regions, surpassing that in the northeastern, central, and western
regions by 444.1%, 181.8%, and 383.7%, respectively. Similar patterns
emerged for land urbanization (134.6%, 180.0%, 294.2%) and AD (113.5%,
168.4%, 124.5%). The NHTR exhibited minimal regional variation, with the
values in the eastern region exceeding those in the northeastern, central, and
western regions by only 12.6%, 10.2%, and 10.9%, respectively. The PM2.5
concentration (PM2.5) peaked in the central region, exceeding those in the
northeastern, western, and eastern regions by 38.3%, 35.1%, and 33.5%,
respectively. Regarding social equity indicators, the UPR peaked in the
northeastern region, surpassing those in the eastern, central, and western
regions by 38.9%, 12.0%, and 7.1%, respectively. The western region pre-
sented the highest Gini and URIR, which exceeded the values in the eastern
region by 49.6% and 28.6%, respectively. Specific indicators demonstrated
distinct patterns, such as the increase in PM2.5 in the northern and western
regions but a decrease in the eastern coastal provinces, and the value of the
Gini increased in Heilongjiang Province but decreased in the central region
of small cities.

At the city scale, large cities exhibited advantages across most indica-
tors during the study period. Most people-oriented urbanization indicators,
except property price and environmental indicators (HPIR, PM2.5, and
SDE), peaked in the eastern region. Land urbanization demonstrated the
highest spatial variation, with the values in large cities exceeding those in
small- and medium-sized cities by 532.9% and 213.9%, respectively. The

R&DEP and AD exhibited the largest spatial differences, ranging from
178.3% t0 391.9%. The NHTR demonstrated minimal spatial variation, with
the values in large cities surpassing those in small- and medium-sized cities
by only 13.4% and 8.0%, respectively. The values of the social and equity-
related indicators, including the Gini, UPR, and URIR, were highest in small
cities. Specifically, the Gini (23.6%, 10.6%), UPR (10.4%, 5.8%), and URIR
(10.0%, 1.4%) values in small cities exceeded those in large and medium-
sized cities.

Urban agglomerations exhibited higher mean values across most
indicators than non-urban agglomerations. Except for the housing price and
environmental indicators (HPIR, PM2.5, and SDE), all indicators peaked in
urban agglomeration areas. The R&DEP exhibited the most significant
difference, with the values of urban agglomerations exceeding those of non-
urban agglomerations by 200.6%. The HPIR and AD also showed sub-
stantial differences, with those of urban agglomerations surpassing those in
non-urban agglomerations by 181.9% and 144.2%, respectively. Conversely,
the values of the social equity indicators (Gini, URIR, and UPR) were higher
in non-urban agglomerations, exceeding those in urban agglomerations by
17.5%, 9.4%, and 6.9%, respectively.

Differences between people-oriented urbanization and popula-
tion urbanization

Most people-oriented urbanization indicators demonstrated sig-
nificant nonlinear relationships with population urbanization. The
paired ¢t test analysis revealed significant differences between the
progress value and base-period growth rate of the 16 people-oriented
urbanization indicators and population urbanization (Fig. 3 and
Supplementary Fig. 1). Most people-oriented urbanization indicators
lagged behind population urbanization. The economic and social
indicators of AD, AW, CEP, FAI, GDPP, EEP, GSP, PP, R&DEP, and
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Fig. 2 | Multiscale distribution of urbanization indicators across four regions
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range. The outliers are represented by dots. The y-axis scales are adjusted for each

in China. For each box plot, the dash line indicates the median value; the box depicts
the interquartile range, and the whiskers extending to 1.5 times the interquartile

indicator to accommodate different measurement units and value ranges. The
abbreviation for each indicator is shown in Fig. 1.

Gini mainly indicated data points below the 45° line. Conversely, the
other environmental (NHTR, PM2.5, and SDE), economic (HPIR),
and social and equity (UPR and URIR) indicators demonstrated data
points above the 45° line.

Multiple linear regression analysis revealed monotonic positive rela-
tionships between most people-oriented urbanization indicators and
population urbanization. Economic indicators (AD, AW, CEP, FAI, and
GDPP) and social indicators (EEP and PP) demonstrated significant
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represented on the y-axis. The red fitted regression line is based on the best R? value
obtained from linear, quadratic, cubic, logarithmic, and exponential fitting methods.
The abbreviation for each indicator is shown in Fig. 1.

positive correlations with population urbanization. Other indicators, how-
ever, exhibited nonmonotonic relationships. In the environmental dimen-
sion, the relationship between population urbanization and the NHTR
displayed an inverted U-shaped pattern, characterized by significant initial
increases in the NHTR during early urbanization, followed by deceleration
or decline at higher population urbanization levels. The social dimension
indicators GSP and R&DEP showed exponential relationships, with high-
population-urbanization cities demonstrating decisive advantages. The
relationships between population urbanization and PM2.5, SDE, HPIR, and
UPR remained relatively stable.

Differences between people-oriented urbanization and land
urbanization

Similar significant differences and nonlinear relationships occurred between
the people-oriented and land urbanization indicators (Fig. 4), with the

people-oriented indicators mainly lagging behind the land urbanization
indicators. Economic indicators (AD, AM, CEP, FAI, and GDPP) and social
indicators (EEP, GSP, PP, and R&DEP) demonstrated data points below the
45° line. Conversely, other environmental indicators (UPR, NHTR, PM2.5,
and SDE) and equity indicators (Gini and URIR) demonstrated data points
above the 45° line.

Nonlinear fitting analysis revealed diverse relationships between these
indicators and land urbanization. Some economic indicators (AD, AW,
CEP, and GDPP) demonstrated mainly linear positive correlations with
land urbanization, although the growth rate slightly fluctuated with
increasing urbanization levels. Similarly, the social indicators (EEP, PP, and
R&DEP) were positively correlated with land urbanization. PM2.5 and SDE
displayed relatively stable relationships with land urbanization in the
environmental dimension. Notably, equity indicators (Gini and URIR) and
select economic and social indicators (FAI, GSP, and NHTR) exhibited
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pronounced inverted U-shaped relationships, peaking during the inter-
mediate phase of land urbanization before declining.

Evenness of multidimensional urbanization indicators
We applied an evenness index to measure the coordinated development of
urbanization. The analysis of urbanization indicators in China (Fig. 5a)
revealed a U-shaped trend in development evenness, which declined from
55.01 in 2005 to its nadir of 53.24 in 2011 before increasing to 55.53 in 2020,
representing a 4.30% increase over the decade. The development evenness
peaked in 2020 (55.53) and its minimum in 2011 (53.24). This metric
exhibited a declining trend between 2005 and 2011, followed by a gradual
recovery from 2012, with accelerated growth after 2014.

The interannual analysis of the base-period growth rate evenness
revealed a distinct sharp decline-trough—slow recovery pattern from 2006 to

2020 (Fig. 5b). The evenness measure reached 66.61 in 2006 before plum-
meting to 36.76 in 2007, representing a 29.8% decline. A gradual downward
trend followed this until it reached its minimum value of 34.98 in 2011. This
metric exhibited modest recovery after 2011, with pronounced growth
acceleration after 2014, increasing from 35.43 to 37.39 in 2020—a 6.91%
increase. This trajectory indicates China’s transition from rapid but unba-
lanced urbanization toward a more coordinated development model,
although substantial room for improvement remains (Fig. 5¢).

Regional analysis revealed similar U-shaped development trends
across the eastern, central, western, and northeastern regions (Fig. 6).
Northeast China (Heilongjiang, Jilin, and Liaoning) maintained superior
development evenness, consistently exceeding 55 from 2005 to 2020. The
western region followed, with values ranging from 53 to 56, although
notable fluctuations were observed, particularly in southwestern provinces
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(Yunnan, Sichuan, and Chonggqing) from 2010 to 2012. While the eastern
and central regions initially demonstrated lower performance, they have
exhibited steady improvement since 2013, notably in southeastern coastal
provinces such as Guangdong and Guangxi, suggesting the successful
implementation of coordinated urban development strategies.

Analysis at the city scale also exhibited U-shaped patterns in develop-
ment evenness across the different urban categories. Small cities demon-
strated the highest overall evenness, maintaining values between 53 and 57
and showing consistent growth after 2013. Medium-sized cities ranked
second, recovering after a temporary decline from 2010-2012. Despite lower
evenness values, large cities displayed temporal patterns similar to those of
their smaller counterparts. From the perspective of urban agglomerations,
the results showed greater development evenness in non-agglomeration
regions than in urban agglomerations. Both regional categories experienced
an inflection point from 2012-2013, followed by sustained growth, coin-
ciding with implementing the New-Type urbanization policy.

Evenness analysis of the base-period growth rates of the urbanization
indicators (Fig. 7) revealed a pattern of a sharp initial decline followed by a
gradual recovery, exhibiting distinct spatial heterogeneity. In 2006, China
demonstrated highly coordinated development across all regions, with the
eastern region leading (70.43), followed by the central (67.25), western
(63.87), and northeastern areas (62.14). City-scale analysis indicated the
highest degree of coordination in large cities (70.99), followed by medium-
sized cities (66.36), with small towns showing the lowest values (61.27).

After 2007, the various regions exhibited different patterns in their
declines in evenness measures. Small cities maintained relatively high sta-
bility (36-39), whereas large cities stabilized at relatively low levels (34-36).
Regional analysis revealed that the northeastern region achieved greater
evenness despite significant volatility, whereas the eastern region demon-
strated consistent values (34-36). Compared with urban agglomerations
(36.77 in 2020), non-agglomeration areas maintained greater evenness
(38.89 in 2020), with an increasing difference between these zones.

After 2013, most regions demonstrated modest increases in evenness
measures. The northeastern region exhibited the greatest improvement,
increasing from 35.91 in 2014 to 41.55 in 2020. Small cities showed similar
progress, rising from 36.07 to 39.23, whereas the value in non-
agglomeration areas increased from 35.46 to 38.89 during the same per-
iod. However, the eastern region, large cities, and urban agglomerations
displayed marginal improvements (2.22%, 3.76%, and 3.81%, respectively),
maintaining relatively low evenness values.

Robustness test
To ensure the robustness of the land urbanization indicator we selected, we
performed a comparative analysis using other indicators: urban built-up

area as a proportion of city area, urban built-up area, and per capita urban
built-up area. Correlation analysis revealed a strong positive correlation
between these indicators, suggesting they are generally consistent (Supple-
mentary Fig. 2). We also re-estimated the concentration index using these
alternative indicators, and the conclusions remained consistent with those
based on the total urban built-up area (Supplementary Fig. 3). These find-
ings support our use of the total urban built-up area as the measure of land
urbanization, as it comparably and accurately reflects land urbanization
process across cities with varying sizes.

To assess the robustness of our evenness index findings, we conducted
a sensitivity analysis using eight different weighting methods: equal weights
(baseline), Principal Component Analysis (PCA), entropy, CRITIC, Coef-
ficient of Variation (CV), TOPSIS, Standard Deviation (SD), and mean
weights (Supplementary Fig. 4). The results demonstrate remarkable
robustness. The U-shaped temporal pattern persisted across all eight
methods, with minimum points occurring between 2006-2011, depending
on the weighting approach. Crucially, the post-2013 recovery trend
remained consistent across all methods, confirming that the improvement
following the 2014 New-Type Urbanization Plan is not an artifact of our
weighting assumptions. City-size disparities also proved highly robust
regardless of the weighting method. Specifically, small cities generally
exhibited higher evenness than large cities.

Discussion

Some people-oriented urbanization indicators performed well. The analysis
revealed an upward trend across all urbanization indicators (people-
oriented, land urbanization, and population urbanization), indicating
consistent advancement across economic development, population mobi-
lity, and people-oriented elements, thus reflecting comprehensive progress
in the urbanization process. This study revealed significant positive corre-
lations between people-oriented urbanization and land and population
urbanization indicators, suggesting that higher degrees of land and popu-
lation urbanization correlate with enhanced people-oriented characteristics,
particularly in terms of human well-being, quality of life, and social services.
This correlation stems from the increased efficiency in resource allocation,
enhanced infrastructure development, and expanded social welfare cover-
age facilitated by land and population centralization, ultimately advancing
people-oriented urbanization objectives”.

Generally, there were significant differences between people-oriented
urbanization and population and land urbanization, with most indicators of
people-oriented urbanization lagging. This reflects the asynchrony of
development in various dimensions in the urbanization process, revealing
structural challenges, especially the disconnect between the supply of eco-
nomic and social services and the population demand for land. People-
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Fig. 6 | Spatiotemporal trends of the evenness index across multiple scales. a The
spatial distribution of the evenness index across Chinese cities in 2005, 2013, and
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agglomeration division. Each center point represents the mean value, and the error
bars represent the standard deviation.

oriented urbanization’s financial and social indicators lagged behind land
and population urbanization. In contrast, the environmental indicators took
the lead, and equity indicators conformed with land and population urba-
nization indicators. Local governments’ preference for land transfer as a
revenue source accelerates land urbanization beyond economic and social
development™. This approach potentially undermines concurrent industrial
and social service development, delaying social indicator progression®.
Conversely, the growing emphasis on sustainable development has elevated
the importance of environmental protection as an urbanization priority,
even making it a key performance indicator for government officials****".
Environmental governance measures often precede land and population
urbanization, thus enabling ecological indicators to maintain leadership
positions. Additionally, China’s promotion of urban-rural integration and
reduction in urban-rural differences have facilitated the alignment of equity
indicators with land and population urbanization levels.

Coordinated development of multidimensional urbanization indica-
tors requires further efforts. The analysis of China’s urbanization indicators
revealed a temporal U-shaped trajectory in the evenness index, character-
ized by an initial decline followed by recovery, with an inflection point
around 2012-2013. This trajectory can be attributed to concurrent policy
and economic drivers. National policy initiatives, particularly the New-Type
Urbanization Policy 2014, enhanced regional coordination by promoting
interconnectivity among urbanization indicators. This policy framework
departed from purely economically driven urbanization, emphasizing
people-oriented development while balancing economic, social, environ-
mental, and equity indicators'*. Policy implementation yielded progressive
benefits while manifesting improved indicator synchronization and miti-
gating previous challenges of resource inefficiency, ecological degradation,
and social inequity during rapid urbanization>”'. Simultaneously, sustained
economic growth facilitated increased investment in infrastructure, social
services, and environmental preservation, strengthening the foundation for
coordinated development among indicators™.

To assess the transformative impact of the 2014 National New-type
Urbanization Plan on China’s urbanization model, we performed an
interrupted time-series (ITS) analysis for 283 cities from 2005 to 2020
(Supplementary Fig. 5). The results indicated a statistically significant

annual increase in the evenness index post policy implementation (Sup-
plementary Table 1), suggesting accelerated improvement in urbanization
quality after 2014. This finding is prominent when comparing pre-policy
and post-policy growth rates of the evenness index, with the average growth
rate shifting from —0.283 before 2014 to 0.553 after, indicating a funda-
mental reversal in urbanization trends (Supplementary Table 2). The
robustness of these findings was confirmed through multiple tests, including
the Chow (F = 16.69, p < 0.001) and CUSUM tests (p < 0.001), both of which
supported a significant structural break in 2014 (Supplementary Table 3).
These quasi-experimental tests suggest that the 2014 policy intervention
effectively redirected China’s urbanization trajectory from a declining
evenness to a steadily improving one.

Regional variations in coordinated development demonstrate strong
correlations with resource endowments, development strategies, and geo-
graphical conditions. Small cities, non-urban agglomeration areas, and
northeastern China exhibit enhanced coordination potential due to their
lower population density and reduced land pressure”. Recent national
policies supporting northeastern China and small-to-medium cities have
further catalyzed their coordinated development™. Conversely, despite
robust economic growth, urban agglomeration areas and large cities face
developmental constraints, including population concentration, land
resource scarcity, and environmental pressures, resulting in indicator
imbalances and reduced coordination levels™. Intraurban variations persist,
with South China demonstrating superior evenness attributed to its abun-
dant natural resources and established industrial infrastructure, thus facil-
itating balanced progression across land, population, and people-oriented
urbanization dimensions. The regional open policy framework has also
provided favorable conditions for coordinated development.

Several suggestions emerge from our analysis. First, implementing
differentiated regional coordination strategies is essential to address asyn-
chronous development among urbanization indicators. Economic and
social service systems currently lag behind land and population urbaniza-
tion. For example, under SDG 11.1—universal access to adequate, safe, and
affordable housing—land urbanization in China outpaces population
growth, while social-service expansion remains insufficient. Although
China’s urban home-ownership rate is about 87% (well above the global
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mean of ~65%), housing costs consume 30-40% of household income on
average, exceeding the recommended ceiling of 30% and signaling persistent
affordability challenges™. In regions with stronger coordination, targeted
policies have mitigated these imbalances. Shenzhen’s multi-tiered affordable
housing model aims for 26% coverage by 2035—surpassing the global
average (~20%) but still below the Nordic benchmark (30-35%)™. By ser-
ving low- and middle-income households, the “sandwich class,” and skilled
professionals, this framework provides a replicable approach aligned with
SDG 11.1. Beyond housing, Shenzhen’s universal kindergarten program
increased subsidies from CNY 40,000 per class per year to CNY 6,000 per
child annually, boosting affordable kindergarten coverage to nearly 85% and
demonstrating how cities can simultaneously address multiple dimensions
of people-oriented urbanization”. Similarly, Liaoning Province’s
2019-2022 plan to integrate urban and rural compulsory education intro-
duced a teacher-rotation system and expanded digital infrastructure,
improving rural school quality and narrowing the urban-rural education
gap—another replicable model for balanced resource allocation in the
context of new-type urbanization™. Accordingly, within the National Main
Functional Area Planning framework, policy emphasis should shift toward
strengthening economic development and social service infrastructure,
prioritizing affordable housing provision as mandated by SDG 11.1.
Research shows that local government’s reliance on land transfer revenues
often results in delayed economic and social service development relative to
land urbanization™**®. Therefore, reforming land revenue allocation
mechanisms is necessary to secure adequate funding for affordable housing
and other social infrastructure. Moreover, strategic macro-level planning
must foster a more potent policy between industrial development and
population agglomeration, moving beyond sole reliance on land expansion
to achieve inclusive and sustainable urbanization outcomes that guarantee
adequate housing and basic services for all residents.

Second, policy optimization requires regional differentiation to address
structural imbalances in urbanization development. Concerning SDG
11.7—"“providing safe, inclusive and accessible green public spaces”—our
coordination analysis reveals a systematic lag of social service indicators
behind population urbanization. While average per-capita urban park green
space in China stands at 14.8 m” (2021), with some provinces already sur-
passing 16-17 m®, well above the UN-Habitat benchmark of 9 m? sig-
nificant regional variations persist®. Regional variations in resource
endowments, geographical conditions, and development strategies neces-
sitate targeted policy frameworks. Low-population-density regions, parti-
cularly in Central, Western, and Northeastern China, require enhanced
policy support to leverage their advantageous land availability and resource
endowments for achieving balanced indicator development, including
expanding green public spaces and community facilities. High-density
metropolitan areas demand focused strategies for industrial restructuring,
population distribution optimization, and environmental preservation to
address resource constraints and ecological pressures. These areas are pio-
neering innovative approaches, such as the 15-min community-life circle
concept, which has become a national urban development priority***.
Major cities are pressing ahead: Shanghai has established more than
1600 such circles, while Beijing, Shenzhen, and others now treat the indi-
cator as a key element of their urban-planning evaluation systems®. Fur-
thermore, enhancing urban agglomeration and non-agglomeration area
interconnections remains crucial. The South China model demonstrates the
effectiveness of strategic resource utilization and industrial foundation
optimization in promoting interregional coordinated development®.
However, challenges remain in ensuring universal accessibility. While
implementing the Law of the People’s Republic of China on the Con-
struction of Barrier-Free Environments has pushed coverage steadily
upward, studies suggest that overall penetration across sectors still lags
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behind that of developed nations®. These examples underscore the need for
differentiated regional strategies that address the quantitative expansion of
public spaces and their qualitative improvement in accessibility and
inclusivity.

Moreover, environmental governance should be maintained as the
prioritization of urbanization strategy. Regarding SDG 11.6—reducing the
negative environmental impact of cities—our data show that policies
prioritizing environmental indicators have yielded notable results. The
analysis demonstrated that environmental indicator prioritization sub-
stantially enhances urban sustainability. By 2023, all 297 prefecture-level
and above cities in China had fully rolled out municipal solid-waste sorting,
with an average residential-community coverage of 82.5%, while the 46 pilot
key cities reached 86.6%, comparable to that of advanced European
regions”. Urban PM2.5 annual mean concentrations have continued to
improve; in flagship cities such as Beijing, they have fallen to about
30 ug m™, still above the WHO?’s latest guideline (5 ug m™) but close to
meeting the Chinese national standard (35 pg m)*. The urban wastewater
treatment rate now is roughly 95%, near developed-country levels, though
an urban-rural gap remains®. These environmental-priority policies war-
rant continuation and intensification within the carbon-peaking and
carbon-neutrality framework, encompassing the rigorous implementation
of ecological protection measures, including strengthened carbon emission
controls, land use regulations, and enhanced environmental compensation
mechanisms™””. Our proposed strategy of “environmental governance
first” directly supports SDG 11.6. Environmental governance initiatives
should precede land and population urbanization processes, utilizing
environmental indicator advantages to catalyze coordinated development
across other domains. Resource-intensive regions and metropolitan areas
require policy frameworks that emphasize green industry development and
the ecological transformation of existing industrial sectors, with particular
emphasis on integrated urban-rural environmental infrastructure to narrow
the governance gap between cities and the countryside.

Finally, institutional innovation and policy coordination require fur-
ther advancement. Concerning SDG 11.3—“enhancing inclusive and sus-
tainable urbanization”—our study shows that, since 2013, the overall
coordination of China’s urbanization has improved markedly, a trend
closely tied to policy interventions. This conclusion is consistent with the
findings of Tan et al., Shen et al., and Siciliano (2012)”7. According to the
latest data from the National Bureau of Statistics, the urbanization rate has
reached 67.00%, up 0.84 percentage points from 2023, edging toward the
State Council’s goal of “approaching 70% within five years” and placing
China in the upper-middle tier globally. However, the urban-rural income
ratio still stands at 2.34:1 in 2024—a figure narrowing slowly but remains
higher than in many developed economies, highlighting the need for more
inclusive development approaches™. In recent years, public participation
mechanisms in urban planning have steadily matured: most localities have
introduced channels such as plan disclosure, public hearings, and stake-
holder consultations, yet regional disparities in coverage persist, and no
unified national statistical standard has been established”. This necessitates
enhanced interagency collaboration and the establishment of systematic
urbanization indicator evaluation mechanisms for continuous development
evenness monitoring. Building upon the New-Type urbanization policy
outcomes, refinement of cross-regional cooperation frameworks is essential
for optimizing resource and production factor allocation. Developing
multilevel governance platforms is crucial for increasing policy imple-
mentation oversight and evaluation, ensuring practical contributions to
coordinated urbanization advancement. This strategy directly advances
SDG 11.3 and resonates with successful models such as Liaoning Province’s
integrated urban-rural education system, which has built a multilayer col-
laborative governance framework spanning provincial to county levels and
has facilitated a more balanced allocation of educational resources. Such
platforms enable better coordination between different administrative levels
and sectors, promoting more inclusive decision-making processes and
ensuring that urbanization benefits are more equitably distributed across
different population groups and regions.

The study revealed upward trajectories in people-oriented urba-
nization in China, with large cities, eastern regions, and urban
agglomerations demonstrating comparative advantages. However, sig-
nificant differences exist between people-oriented urbanization and
population/land urbanization indicators. Throughout the study period,
people-oriented urbanization—particularly economic and social indi-
cators—lagged substantially behind the population and land urbaniza-
tion parameters, whereas the environmental indicators maintained
advanced positions. The evenness index among urbanization indicators
displayed a U-shaped trend, pivoting in 2013. Small cities, northeastern
China, and non-agglomeration zones exhibited superior coordination
levels compared to large cities, eastern regions, and urban agglomera-
tions. Advancing people-oriented urbanization necessitates imple-
menting differentiated regional coordination strategies, structural policy
optimization, environmental governance prioritization, and integrated
policy coordination to promote multidimensional urbanization
development.

Methods

Research area

Our research area encompasses the entire mainland of China (Taiwan
Province, the Hong Kong Special Administrative Region, and the Macao
Special Administrative Region are excluded due to data limitations), with
prefecture-level cities serving as the basic research units (Fig. 8). In the
research, cities with incomplete data were eliminated, resulting in a final
sample of 283 prefecture-level cities nationwide. We classified the cities
across multiple dimensions to comprehensively explore regional develop-
ment plan variations. First, following the national plan (CPC Central
Committee’s development proposals set long-range goals through 2035),
the cities were categorized into four geographical regions: eastern, central,
western, and northeastern regions. Based on the National New-Type
Urbanization Plan, the cities were subdivided by population size: large cities
(a population above 5 million people), medium cities (a population between
1 and 5 million people), and small cities (a population below 1 million
people). Additionally, concerning Fang (2015) and the national-level urban
agglomerations defined in the Report on Urban Development of China, the
cities were further classified into urban agglomeration cities and non-urban
agglomeration cities’.

Research framework

A systematic analytical framework was developed to evaluate multi-
dimensional development characteristics and coordination of urbaniza-
tion in China (Fig. 9). This framework consists of three main components:
a quantitative indicator system, statistical methods, and coordinated
development assessment. For the indicator system, the evaluation focuses
on population urbanization, land urbanization, and people-oriented
urbanization. The people-oriented urbanization dimension is divided into
four aspects—economy, society, environment, and social equity—for 16
indicators. Statistical analysis encompasses three methodological
approaches: paired ¢ tests, 45° linear analysis, and multivariate fitting
analysis, which are designed to assess dimensional differences, identify
lagging or leading characteristics, and examine relational patterns,
respectively. Moreover, an evenness index is used to evaluate quantita-
tively the coordinated development of urbanization via a modified radar
chart method.

Data preprocessing

To ensure the accuracy and consistency of the data analysis results, rigorous
preprocessing, and quality control protocols were implemented. All spatial
data were meticulously matched with prefecture-level city statistical data
and analyzed at the prefecture-level city scale to guarantee spatial con-
sistency. As an illustrative example, spatial overlay analysis of the PM2.5
concentration raster data and urban statistical data was conducted to verify
the consistency and reliability of these datasets, thereby ensuring the validity
and precision of the research outcomes.
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Quantify the multiple dimensions of urbanization

In this study, the urbanization level in China and its dynamics across three
primary dimensions were quantified (Table 1): population urbanization,
land urbanization, and people-oriented urbanization. Drawing on Chen et
al. and He et al.”**’, population urbanization is quantified via the proportion
of permanent urban residents—an indicator capturing the rural-to-urban
migration trajectory of the population’". The indicator value ranges from 0
to 100%, with higher percentages indicating more advanced urban popu-
lation transformation. The definition of permanent urban residents follows
the official criteria established by the National Bureau of Statistics of China,
as outlined in the “Classification and Definition of Urban and Rural
Population Statistics (2014).” This includes two criteria. First, an individual
is considered part of the urban population if their usual place of residence on
November 1 of the statistical year is located in urban areas of administrative
divisions, such as municipal districts, county-level city government seats, or
township-level street office areas, and they have resided there for at least
6 months in the past 12 months, irrespective of their household registration
type. Second, administrative villages and township seats not meeting the
urban construction land density threshold set by the Ministry of Housing
and Urban-rural Development are excluded from urban areas.

Drawing on Liu et al. and Zhang®"*, we measured land urbanization
with the total urban built-up area. According to the Ministry of Housing and
Urban-rural Development of the People’s Republic of China, this area
comprises all land designated for urban construction—residential neigh-
borhoods, public facilities, industrial and logistics zones, transport infra-
structure, green spaces, and water bodies—within the existing built-up zone
and its planned expansion corridors. For two reasons, we intentionally
avoided using ratio-based indicators, such as the urban built-up area as a
proportion of city area or per capita built-up area. First, prefecture-level
cities in China vary greatly in overall size, and the share of intrinsically
undevelopable land (e.g., mountainous, desert), so land-area ratios may
distort cross-city comparisons®’. Second, indicators with a common
denominator (e.g., urban land per capita and the proportion of permanent

urban residents with a common denominator of total population) may
create a mechanical correlation between indicators, masking the indepen-
dent influence of land expansion on urbanization*. Therefore, this study
used the total urban built-up area as the measure for land urbanization.
People-oriented urbanization was defined by four dimensions—eco-
nomic, social, environmental, and equity—and was represented by 16
indicators that portray urbanization as a multidimensional socio-ecological
process™. The method of indicator selection rigorously follows policy and
authoritative documents, including the People-Oriented New-Type Urba-
nization Strategy, the 14th Five-Year Plan (2021-2025) for National Eco-
nomic and Social Development, and National New-Type Urbanization
Planning (2021-2035) (Supplementary Table 4). The economic indicators
include the average deposit (AD), average wage of employees (AW), con-
sumption expenditure per capita (CEP), fixed asset investment per capita
(FAI), GDP per capita (GDPP), and house price-to-income ratio (HPIR).
The first five are positive indicators representing wealth accumulation,
economic security, consumption level, infrastructure investment capacity,
and economic development. The HPIR serves as a negative indicator for
assessing housing affordability. The social indicators include the education
expenditure per capita (EEP), green space per capita (GSP), number of
physicians per 1000 people (PP), R&D expenditure per capita (R&DEP),
and unemployment rate (UPR). The initial four indicators are positive
indicators reﬂecting educational service provision, leisure resource alloca-
tion, medical standards, and innovation capabilities, respectively. In con-
trast, the UPR functions as a negative indicator of economic resilience. The
environmental indicators include the nonhazardous treatment rate of
domestic waste (NHTR), PM2.5 concentration (PM2.5), and sulfur dioxide
emissions from industry (SDE). The NHTR is a positive indicator of
environmental management capabilities, whereas the PM2.5 concentration
and sulfur dioxide emissions are negative indicators for evaluating air
quality and pollution control levels, respectively. The social equity indicators
include the Gini coefficient (Gini) and the urban-rural income ratio (URIR).
Both are negative indicators, with the Gini reflecting income distribution
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for evenness measurement developed in this research (detailed descriptions are available in the “Methods” section). The abbreviation for each indicator is shown in Fig. 1.

fairness and the URIR reflecting the degree of coordinated development
between urban and rural areas.

Importantly, we did not aggregate the 16 people-oriented urbanization
indicators into a single comprehensive indicator. This methodological
decision stems from two primary considerations. First, the construction of
comprehensive indicators typically involves a weighted summation of
individual indicators, and the method of weight determination can

significantly impact result reliability, potentially compromising the
robustness of the research conclusions. Second, comprehensive indicators
inherently possess black-box characteristics that mask the nuanced per-
formance of specific dimensions, thereby limiting the ability to transpar-
ently examine and compare the relationships between urbanization
development and population and land urbanization across different
dimensions.
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Table 1 | Indicators used to quantitatively measure multidimensional urbanization progress in China

Urbanization Category Dimension Indicator Attribute Abbreviation Units
Population urbanization ~ Population Proportion of the permanent urban + Population %
residential population Urbanization
Land urbanization Land Urban built-up area aF Land urbanization km?
People-oriented Economy Wealth accumulation Average deposit + AD CNY
urbanization - -
Economic security Average wage of employees + AW CNY
Consumption level Consumption expenditure per capita + CEP CNY
Infrastructure Fixed asset investment per capita + FAl CNY
Economic development Gross domestic product per capita + GDPP CNY
Housing costs House price-to-income ratio — HPIR Dimensionless
Society Education security Education expenditure per capita + EEP CNY
Recreational services Green space per capita + GSP m?
Medical level Physicians per 1000 people 4k PP persons
Technological innovations Research and development aF R&DEP CNY
expenditure per capita
Economic resilience Unemployment rate — UPR %
Environment  Living environment Nonhazardous treatment rate of + NHTR %
domestic waste
Air quality PM2.5 concentration — PM2.5 ug/m?®
Environmental protection Sulfur dioxide emissions from industry — — SDE tons/year
technology
Equity Social equity Gini coefficient — Gini Dimensionless
Urban-rural coordination Urban—rural income ratio = URIR Dimensionless

We employ the progress value and the base-period growth rate of a
given indicator as analytical metrics to quantify and compare people-
oriented urbanization levels across the different regions. Specifically, the
progress value captures the distance between the actual regional urbaniza-
tion level and the current optimal state, whereas the base-period growth rate
reflects the urbanization change trend in each region in a dynamic time
series relative to that in 2005. By applying these indicators, we can more
comprehensively characterize the development level and evolutionary tra-
jectory of each indicator within a given region.

Descriptive statistical analysis provides a fundamental approach for
studying people-oriented urbanization. By calculating and comparing sta-
tistical measures such as the mean, median, and standard deviation among
the different regions, the overall characteristics of various urbanization levels
and their internal differences can be revealed. For example, the mean can
reveal the overall level of urbanization in a specific region (China; eastern,
central, and western regions; cities of different sizes; urban agglomerations
and non-urban agglomerations). The median reflects the intermediate state
of most urbanization levels in the region, whereas the standard deviation can
be used to assess the degree of variations in urbanization levels in the region.

Analyze the differences between people-oriented and
land-population urbanization
To quantify the differences among people-oriented, population urbaniza-
tion, and land urbanization, paired ttests were employed. This statistical
method aims to compare the mean differences between related sample
groups and is particularly suitable for analyzing measurement outcomes for
the same research subject under varying conditions®. The null hypothesis
(Ho) posits that the difference between the means of the two measurement
groups equals zero. The significance of the differences between indicators
and urbanization types was determined by calculating the test statistic t-
value and the corresponding p-value. A p-value below the significance level
(o =10.05) leads to the rejection of the null hypothesis, indicating a statisti-
cally significant difference between urbanization dimensions.

The second approach is the 45° linear analysis method, which is used
to evaluate the lagging or leading status of different dimensions of people-

oriented urbanization relative to population and land urbanization.
Specifically, the progress value of population or land urbanization is set as
the abscissa, the progress value of a certain indicator of people-oriented
urbanization is set as the ordinate, a scatter plot is created, and a 45°
reference line is added to the scatter plot. A point located on the 45° line
indicates that the indicator is in sync with the development of population
or land urbanization. Meanwhile, a point below the 45° line indicates that
the development of this dimension is lagging behind, whereas a point
above the 45° line indicates that its development is ahead of the curve. By
observing the position of the data point distribution relative to the 45°line,
the lagging or leading status of each region or dimension can be intuitively
identified.

Multivariate fitting analysis was employed to examine the relationships
between land urbanization, population urbanization, and various people-
oriented urbanization indicators®. Given the complexity of socioeconomic
phenomena, multiple fitting methods were implemented. Linear fitting aims
to assess the correlation and significance level between variables, whereas
quadratic and cubic term fitting can capture nonlinear characteristics.
Additionally, logarithmic fitting and power function fitting can be used to
analyze the asymmetric characteristics and proportional growth rate rela-
tionships, respectively. To validate the model fitting performance, we cal-
culated the coefficient of determination (R®), adjusted coefficient of
determination (adjusted R*), and mean square error (MSE), finally selecting
the model that best explained the relationships between the variables.
Furthermore, residual analysis was conducted to ensure the robustness and
reliability of the results.

Quantify the evenness among people-oriented, land, and popu-

lation urbanization

We applied an evenness index to measure the coordinated development of
urbanization. The evenness index only targets progress values, and the
change in the evenness of the progress values suggests a change in the
evenness of the change rate. The evenness index is quantified using a
modified radar chart method that provides a comparison of progress values
across dimensions®”.

npj Urban Sustainability | (2025)5:61

13


www.nature.com/npjurbansustain

https://doi.org/10.1038/s42949-025-00251-7

Article

The theoretical foundation of this approach rests on the isoperimetric
principle, comparing the actual polygon area to the area of a circle with the
same perimeter. When all radii of the polygon are equal, the polygon
achieves maximum area efficiency for its given perimeter, indicating perfect
balance across all dimensions. Conversely, divergence in radii reduces area
efficiency, signaling an increasing imbalance among dimensions. The
evenness index captures this balance by comparing the actual polygon area
to the theoretical maximum area achievable by a circle with the same
perimeter constraint. The method constructs an 18-sector radar chart
(n=18), where the radius of each sector represents the urbanization
dimension value of a prefecture-level city. This evenness index aims to assess
the coordinated development among urbanization indicators, with higher
values indicating greater coordinated development. The evenness can be
calculated as follows:

4007,

S,
Urban evenness = ﬁ x 100 = —Q )
(=)7) i

18

18
§=2_8=2_m7 @
j=1

=1

18 18
L :ZLj:2|rmax—rmm|+212nfjrj 3)
j= j=

where S; and L; denote the sector area and perimeter, respectively, corre-
sponding to a single urbanization dimension (such as indicators of people-
oriented urbanization, land urbanization, and population urbanization),
and S; and L; are the total area and total perimeter, respectively, of the radar
chart formed by all urbanization dimensions. 7; is the score of the jth
urbanization dimension, 7., and 7,,;, are the maximum and minimum
scores of r;, respectively, in each dimension, and f; is the weight of the jth
dimension. It is assumed that the weights of the various dimensions are
equal, namely, ]5 = 1/n (where n = 18 dimensions). To assess the robustness
of our evenness index, we conducted a comprehensive sensitivity analysis
using eight different weighting methods. Beyond our baseline equal weights
approach, we implemented seven alternative methods: PCA weights based
on statistical variance contribution, entropy weights derived from
information entropy theory, CRITIC weights incorporating correlation
and standard deviation, CV weights, TOPSIS weights based on distance to
ideal solutions, SD weights, and mean-based weightsgs. For each method, we
calculated evenness indices across all cities and years, then evaluated the
consistency of temporal patterns, regional disparities, and city-size
hierarchies to determine which findings are robust across different
weighting assumptions.

To ensure methodological consistency, we applied specific normal-
ization rules for indicator directionality. For positive indicators, we applied
standard min-max normalization. For negative indicators, we first per-
formed a direction transformation by taking the opposite value or reci-
procal, then standardized them to ensure that all rje[O,l] satisfy the
consistency principle that “the higher the value, the higher the development
level.” Supplementary Fig. 6 provides a complete workflow demonstration,
tracing a representative prefecture-level city in 2015 through data normal-
ization, sector area and perimeter calculation, aggregation, and final com-
putation of the evenness index, thereby providing a transparent,
reproducible template for implementation.

Evaluating the impact of the 2014 National New-type Urbaniza-
tion Plan through interrupted time-series analysis

We conducted an ITS analysis to evaluate the impact of the 2014 National
New-type Urbanization Plan on China’s urbanization evenness index”. We
employed a quasi-experimental design using longitudinal data from 283
prefecture-level cities spanning 2005-2020, with the policy implementation
in 2014 serving as the intervention point. The primary outcome variable was

the urbanization evenness index, calculated annually for each city. Time was
coded as a continuous variable, and a binary indicator (Post2014) denoted
pre-intervention (2005-2013) and post-intervention (2014-2020) periods.
We specified a segmented linear regression model to capture both
immediate level changes and trend changes following the policy imple-
mentation:

Y, = B, + B,(Time,) + f,(Post2014,) + B,(Time, x Post2014,) + yX;; + u; + ¢;
4

where Y}, represents the urbanization evenness index for city i in year t; the
interaction term captures trend changes after 2014; u; is a city-level random
intercept; and ¢ is the error term. The coefficient 3, estimates immediate
level shifts, while 8; quantifies trend changes post-2014.

To validate our findings, we conducted multiple robustness checks. A
Chow test assessed structural breaks at the end of 2013, while a CUSUM-of-
squares test verified parameter stability”*”'. Sensitivity analyses examined
model robustness by varying control variables and comparing city-random
effects with provincial fixed effects specifications. All analyses were imple-
mented in R version 4.5 or higher using specialized econometric packages.

Data availability

The datasets analyzed in this study are publicly accessible and categorized
into four types: statistical yearbooks and official bulletins, remote sensing
and spatial datasets, academic and open-access databases, and policy
documents (Supplementary Table 5). Statistical data, including socio-
economic indicators at the prefecture-level city scale, were sourced from
the China Statistical Yearbook, China City Statistical Yearbook, and
prefecture-level city statistical bulletins available on official websites.
Remote sensing and spatial datasets utilized include NASA's Shuttle Radar
Topography Mission (SRTM) dataset (https://www2.jpl.nasa.gov/srtm/),
urban built-up area proportion data by He et al. (2016) (http://data.tpdc.
ac.cn/zh-hans/data/3100de5c-ac8d-4091-9bbf-6a02de100c88/), and
China's high-resolution air pollution dataset (CHAP) for PM2.5 con-
centrations  (https://zenodo.org/records/10800980). Macro-economic
and social equity indicators were obtained from academic and open-
access databases. Policy documents, including the National New-Type
Urbanization Plan (2014-2020), are publicly available through official
government portals. The code generated and/or analyzed during the
current study is available from the corresponding author upon reasonable
request.
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