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ARTICLE INFO ABSTRACT

Editor: Yuyu Zhou Accurately capturing the urbanization process is essential for planning sustainable cities and realizing the United
Nations Sustainable Development Goal 11. However, until recently, most of the studies on urban expansion in the

Keywords: world have focused on area growth but have little knowledge of height dynamics. This study mapped the spatial

3-D urban expansion distribution of urban built-up areas (UBA) in the Yangtze River Delta (YRD), one of the most urbanized regions in

Yangtze River Delta

. China, to investigate the spatio-temporal evolution in both the horizontal and vertical directions from 1990 to
Couple analysis

Dominant type 2020. We coupled and analyzed the horizontal and vertical urban expansion from the 3-D perspective and
Sustainable development identified the dominant types. The results showed that 30 cities (73.17 % of the total number of cities) were
Urban land resources increasing in the 3-D combined expansion intensity. The decreasing cities were mainly located in Anhui Province.
Despite the increasing number of skyscrapers, horizontal growth has dominated urban expansion over the past
three decades. The UBA area of the YRD has grown from 4,855.30 km? to 44,447.15 kmz, while the average
building height has slowly decreased by 1.26 m. Significant unevenness and differences existed in horizontal and
vertical expansions of varying provinces and cities. Our study can accurately grasp the 3-D urban expansion
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process in the YRD and could promote the efficient development and sustainable utilization of urban land re-

sources in China and beyond.

1. Introduction

Urban areas are home to 55 % of the world’s population and are
expected to grow to 68 % by 2050 (UN, 2022). The 21st century has
witnessed rapid urbanization in developing countries, especially China,
which increased the urbanization rate from 36.09 % to 63.89 % (Sta-
tistics, 2021b). The Yangtze River Delta (YRD) is a region that has
experienced rapid development and is representative of China’s future
urban development pattern (Wang et al., 2023a; Yu and Zhou, 2017).
The urbanization process can offer both significant employment op-
portunities and better public services to societies, but it also leads to
global problems such as air pollution, resource depletion, loss of biodi-
versity and carbon stocks (Giineralp et al., 2017; He et al., 2023; Liet al.,
2020Db; Seto et al., 2012; Sun et al., 2016; Xiao et al., 2022). Accurately
capturing the urban development process is essential for realizing the
United Nations Sustainable Development Goal 11 (Sustainable Cities
and Communities).

As one of the essential parts of urbanization, urban expansion can
explore the characteristics of urban development and reveal existing
problems in the urbanization process (Yin et al., 2022). Much existing
research has focused on studying the 2-D horizontal expansion across
global, national, basin, city cluster, and city scales. (Barrington-Leigh
and Millard-Ball, 2015; Gong et al., 2018; Gong et al., 2019; Guan et al.,
2020; He et al., 2019a; Huang et al., 2019; Ren et al., 2022; Wu et al.,
2021b; Xu et al., 2020; Yin et al., 2024; Zhong et al., 2019). Although
scholars have invested a great effort in quantifying the spatial patterns,
drivers, and ecological impacts of horizontal urban expansion, few
studies exist on 3-D vertical expansion. In China, due to the scarcity of
land resources and the acceleration of urbanization, the traditional
model of urban expansion is no longer able to accommodate the
increasing social activities effectively, and many cities are undergoing
large-scale high-rise building construction (Al-Kodmany, 2018), which
has evolved into complex horizontal and vertical structures. The rational
utilization of urban 3-D space has proven to be an effective solution to
increase urban space capacity, relieve land use pressure, and improve
the efficiency of space utilization within cities (Rao et al., 2020; Zhao
et al., 2022). Studying the changes in 3-D urban expansion is crucial for
future urban science planning. Many biophysical and socio-economic
processes are shaped by urban areas’ vertical structure and form (Gra-
fius et al., 2018). Urban 3-D structures also have climate impacts, such as
changes in the urban thermal environment and wind fields (Chen et al.,
2022; Tominaga and Shirzadi, 2021). Significant differences in vertical
urban structure may exist between cities with similar 2-D morphology
(Frolking et al., 2013). If the focus relies solely on horizontal expansion,
much valuable information will be ignored in the long run, which is
detrimental to the research of urban expansion. A better understanding
of urbanization can be gained only by combining horizontal urban
expansion with vertical building dynamics. Considering the urban 3-D
form, particularly its vertical dimension, will bring new insights into
projecting future emissions under urbanization and climate change (Zhu
et al., 2019).

Significant progress has been made in estimating building height
using data sources, such as Synthetic Aperture Radar (SAR) and Light
Detection and Ranging (LiDAR), and some datasets were publicly
released (Frantz et al., 2021; Li et al., 2022; Li et al., 2020a; Ma et al.,
2023). Several scholars have investigated urban vertical expansion using
the above data or some other sources (Handayani et al., 2018; Qiao
etal., 2019; Rao et al., 2020; Wang et al., 2022a; Yang and Zhao, 2022a;
Zambon et al., 2019). However, detailed studies on urban vertical ex-
pansion’s spatial and temporal dynamics are still lacking. Understand-
ing the coupled dynamic characteristics and laws of horizontal and

vertical urban expansion from a 3-D perspective is still limited. Deter-
mining the dominant type (horizontal vs. vertical) and magnitude of
urban expansion is insufficient, especially given the lack of long time
series analysis for many regions and cities worldwide.

The literature on global-scale land use after the 21st century mainly
focused on the processes, characteristics, patterns, drivers, climate im-
pacts and land use efficiency of land use change (Chakraborty et al.,
2022; Foley et al., 2005; Seto and Shepherd, 2009; Wu et al., 2021a;
Zheng et al., 2021). Land use research in China was closely related to
global research priorities. Studies of urban land use change in China that
were written in the first fifteen years since the 21st century have focused
on the process, spatio-temporal pattern, and driving factors. The studies
combined remote sensing techniques with landscape ecological and
socio-economic indicators, and explored the rationale for land reform
policies (Deng et al., 2010; Ding, 2003; Seto and Fragkias, 2005; Seto
and Kaufmann, 2003; Wu and Zhang, 2012; Yin et al., 2011; Zhang et al.,
2010). In rapidly urbanizing areas, this was often accompanied by a
significant increase in construction land and a decrease in cropland (Han
et al., 2009; Xiao et al., 2006). Studies published after 2015 began to
focus extensively on assessing urban land use efficiency and analyzing
the driving factors (Chen et al., 2016; Jiao et al., 2020; Song et al., 2022;
Yu et al., 2019). In the YRD region, studies have found that regional
economic integration policies have significantly improved urban land
use efficiency (Pan et al., 2022; Zhao et al., 2021). Economic trans-
formation, spatial development, population change, and the concept of
green development are closely related to land use efficiency (Tang et al.,
2021; Wu et al., 2017; Yang et al., 2023). Urban land use efficiency in
the YRD city cluster shifted from dominated by inefficiency to polari-
zation, with more at both levels and less in the middle from 2003 to
2017 (Tang et al., 2021).

The YRD is one of the six world-class city agglomerations with strong
international influence (Fang, 2011). This study plans to address the
identified gaps and deficiencies by investigating the 3-D expansion of
the YRD from 1990 to 2020 and provide a basis for determining whether
urban development has taken place in a sustainable 3-D way with effi-
cient use of land resources. The research objectives are to identify the
relative roles of the horizontal area and vertical height expansion,
quantify the change of the relative roles time, and explore the reasons
responsible for the dynamics. We also want to determine the dominant
type (horizontal vs. vertical) of urban expansion under the long time
series in the YRD, and provide methodological references and technical
framework for related studies in other countries and regions worldwide.
The research has two primary steps. Firstly, to gather accurate, spatially
detailed data on the horizontal and vertical expansion of the YRD over
this period, and to analyze for the dynamic changes at pixel, city,
province, and region scales, respectively. Secondly, a coupled analysis of
these expansions from a 3-D perspective will be conducted, and the
predominant urban expansion patterns across different timeframes will
be identified. The research methods and analytical ideas used in this
study apply to many typical areas of the world. In particular, developing
countries will occupy a dominant position in the future urbanization
process of the world.

2. Materials and methods
2.1. Study area

The YRD is a vast alluvial plain formed by the Yangtze River before it
enters the sea. Situated in the lower reaches of the Yangtze River Basin,

it is bordered by the Yellow Sea and the East China Sea, notable for its
numerous ports. According to the results of the Seventh National



C. Yin et al.

Population Census, by the end of 2020, the resident population of the
YRD had reached 235.21 million (Statistics, 2021b). In 2020, the GDP of
the YRD reached RMB 24.47 trillion, and the urban population per-
centage exceeded 60 % (Statistics, 2021a). With less than 4 % of the total
national land area (358,000 kmz), the YRD has created nearly one-
quarter of the country’s total economic output and one-third of its
total imports and exports (China, 2019).

This study encompasses four provincial administrative districts
(Jiangsu, Zhejiang, Anhui, and Shanghai) within China, consisting of 41
cities (Fig. 1), providing a unique setting for examining urban devel-
opment. Unlike previous statistical surveys that considered only
municipal districts, this study also considered the counties and county-
level cities under the jurisdiction of municipalities.

2.2. Data sources and preprocessing

2.2.1. Impervious surface area distribution data

The global 30m impervious surface area (ISA) dynamic dataset was
produced by the Chinese Academy of Sciences (https://essd.copernicus.
org/articles/14/1831/2022/) based on Landsat satellite images and by
using the Google Earth Engine cloud-computing platform, with an
overall accuracy of 90.1 % (Zhang et al., 2022). We downloaded the ISA
distribution data from 1990 to 2020 with 5-year intervals and pre-
processed it by performing mosaicing, masking, and extraction opera-
tions to align it with our study area and timeframe.

2.2.2. Urban building height data

Urban building height data in the YRD in 2020 were obtained from
Fudan University (https://zenodo.org/records/7923866). This dataset
is the first 10 m resolution building height dataset available in China
(Wu et al., 2023) and provides data support for a refined analysis of 3-D
urban expansion. We used Geographic Information Science (GIS) tech-
nology to spatially aggregate this dataset to 30 m resolution and
captured the pixels boundaries to the ISA pixels boundaries. This dataset
was also preprocessed by mosaicing and masking to align it with our
study area.
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2.3. Methods

The methods of this study mainly include 3-D urban expansion
extraction and analysis, as well as coupled analysis of horizontal and
vertical expansion. Fig. 2 shows a schematic illustration of the city’s
horizontal expansion pattern compared to the vertical dynamics pattern.

2.3.1. 3-D urban extraction method

Urban built-up areas (UBA) are considered sections within the city’s
administrative district that are developed and equipped mainly with
public facilities (Yin et al., 2020). This study used the object-based
impervious surface aggregation density (ISAD) method to extract UBA
(Yin et al., 2021). The ISAD of a pixel describes the degree of aggrega-
tion and distribution density of ISA within a certain radius centered on
the given pixel (Meng et al., 2018). Distance is used as a weight, with the
closer to the center point the greater the weight. The formula for
calculating ISAD is as follows:

n
B e (1 - g;)
i=1
n
D;
(%)
i=1

where s represents the focal pixel for the calculation, r represents the
radius selected to calculate the aggregation density, By represents the
pixels (0 or 1) within the range defined by the selected radius, and D;
represents the distance between pixels Bg; and s.

The ISA distribution data in the YRD from 1990 to 2020 was input to
calculate the ISAD. According to the latest urban planning standards in
China, a residential area with comprehensive supporting facilities has a
minimum population of 50,000 people (Design, 2018). Based on the
data from the National Bureau of Statistics of China, the per capita living
area of Chinese cities and towns in 2020 was 36.52 m?. Using these
statistics, the minimum patch area selected for UBA extraction should be
1.83 km?2. Following the classification of ISAD, zones categorized as the
high, medium-high, and medium-density zones of the ISAD classifica-
tion were used as input objects. Subsequently, patches exceeding 1.83

Density,(r) = 1)

120°0'0"E 123°0'0"E

Fig. 1. Geographic location and administrative division of the YRD. Two groups of cities have the same name, distinguished by the initials of the province in which

they are located. They are Suzhou (J), Suzhou (A), Taizhou (J), and Taizhou (Z).
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Fig. 2. Schematic illustration of the urban horizontal expansion pattern vs the vertical expansion pattern. (a) shows the non-built-up area; (b) and (c) indicate the
vertical and horizontal expansion patterns for industrial-business land use; (d) and (e) show the vertical and horizontal expansion patterns for residential land use,

respectively.

km? were delineated as UBA. Since the UBA comprises ISA and includes
green areas and water bodies suitable for residents’ living, the green
areas and water bodies surrounded by the UBA were also extracted.

Due to the limitations of available satellite images, measuring
building heights prior to 2010 directly by remote sensing is difficult. The
extracted ISA distribution data from 1990 to 2020 was combined with
the 2020 urban building height data to obtain the changes in building
heights over the above period. The time change of ISA pixels was used to
determine the time corresponding to each building height pixel. This
indirect method allows for measuring long time series of large-scale
building height changes. Fig. 3 shows the technical flowchart for 3-D
urban expansion extraction in this study.

2.3.2. Research methods for the characterization of urban horizontal and
vertical expansion

GIS spatial analysis methods and incremental urban area (Yin et al.,
2022) were used to analyze the urban horizontal spatial evolution of the
study area from 1990 to 2020. The characterization of urban vertical
expansion was quantitatively calculated by average building height,
total building volume, fluctuation degree index (FDI), and building
spatial congestion degree index (BSCDI) (He et al., 2019b; Li et al.,
2023), and will demonstrate the characteristics of urban vertical
expansion in the YRD from 1990 to 2020. Among them, average building
height and total building volume were used to characterize the base
form of urban buildings. FDI was used to describe the flatness of
buildings in the study area, with larger values representing more
discrete building heights in the study area. BSCDI was used to charac-
terize the density of buildings in the study area, with larger values
representing more crowded buildings. The formulas for calculating the
FDI and BSCDI are as follows:

\/EL(Hi - Hmean)z/n

FDI = o 2
BSCDI = V/(Hpax X TA) 3
V = AUBA x Hpean C)]

where Hpean represents the mean building height, Hpax represents the

maximum building height, V represents the total volume of the building,
TA represents the total area of the study area, and AUBA represents the
area of the urban built-up areas.

2.3.3. Coupled analysis of horizontal and vertical expansion and
determination of the dominant type

Total building volume is the most direct and simple coupling of
horizontal and vertical expansion and can help assess land and space
utilization efficiency in the study area. It is calculated as formula (4).
The built-up land intensity index (BLII) is the physical condition of built-
up land, consisting of the horizontal layout and vertical height (Ruan
et al., 2022). In this study, we improved this index to the urban built-up
areas intensity index (UBAII) by changing one of the input parameters
from the ISA area to the UBA area. The UBAII can be used for the coupled
urban horizontal and vertical expansion analysis. The formula for
calculating the UBAII is as follows:

UBAII = 1/2 x UBAI +1/2 x UBHI 5)
UBAI = AUBA/TA (6)
UBHI = Hmean/Hmax (7)

where UBAI represents the urban built-up areas index, and UBHI rep-
resents the urban built-up areas height index.

The vertical-to-horizontal growth index (VHGI) was used to deter-
mine the dominant type of urban expansion over time (Zambon et al.,
2019). In the original definition of the VHGI, the dominant type was
determined by directly calculating the total count of buildings above or
below a specific height benchmark (3 floors in Greece). This definition
shows some shortcomings. For instance, it ignores the impact of new
super-tall buildings on the city’s height. These buildings, although fewer
in number, exceed the heights and volumes of other conventional types
of buildings by a wide margin. There would be a risk of underestimating
the characteristics of urban expansion at the vertical scale if the number
of buildings is used to quantify them. To address this issue, this study
used the revised vertical-to-horizontal growth index (RVHGI) (Li et al.,
2023) to determine the dominant type of urban expansion accurately.

According to the national standards for buildings in China, an upper
limit of 27 m (9 floors) for medium-rise buildings was selected as the
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Fig. 3. Technical flowchart for 3-D urban extraction.

height benchmark. If a new building of less than 27 m were added, the
expansion type of the site would be judged as horizontal expansion, and
vice versa as vertical expansion. The formula for calculating the RVHGI
is as follows:

RVHGI = VIP /yH<P _ yH=b /yH<b (8)
where H represents the building height, b represents the height bench-
mark, and t represents the time. The positive value of RVHGI means that
the trend of urban vertical expansion was more evident than the hori-
zontal expansion in this period, and the magnitude of the value was
positively proportional to the dominant position. The negative value of
RVHGI means that the trend of urban horizontal expansion was more
evident than the vertical expansion in this period, and the magnitude of
the value was inversely proportional to the dominant position. The value
of 0 means that both horizontal and vertical expansions had the same
trend.

3. Results

3.1. Multiple spatio-temporal scales of urban horizontal and vertical
expansion

3.1.1. Pixel and the YRD region scales

Fig. 4 shows the changes in UBA area and building heights in the YRD
and pixel scales from 1990 to 2020. The urban boundary dataset created
for the period 1990-2020 for the YRD aptly captures the comprehensive
profile and intricate details of the UBA within these 41 cities (Fig. 4a).
Each city’s expansion trajectory exhibits unique characteristics, leading
to diverse UBA distributions. At the regional scale, the UBA area
increased rapidly from 4,855.30 km? in 1990 to 44,447.15 km?in 2020,
with an average annual growth rate of 1,319.73 km? (Fig. 4c). We
started with the most intuitive change in urban average heights to
measure the results of vertical expansion. In contrast, the average
building height at the YRD regional scale has shown a slow downward
trend, dropping by 1.26 m over the past 30 years (Fig. 4d).

3.1.2. City and provincial administrative unit scales
Fig. 5 illustrates the changes in the UBA area for 41 cities and four
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Fig. 4. Changes in UBA area and average building heights in the YRD and pixel scales from 1990 to 2020. (a) shows the spatio-temporal dynamics of the UBA across
the YRD; (b) shows the 2020 urban building height data; (c) and (d) show the changes in UBA area and average building height in the YRD from 1990 to 2020,

respectively.

provincial administrative units within the YRD from 1990 to 2020. On
the city scale, the largest UBA within the study area is Shanghai, with an
area of 4,382.64 km?. The city that followed closely behind is Suzhou (J)
in Jiangsu Province, geographically located near Shanghai, with an area
of 3,950.83 km?. In addition to Shanghai and Suzhou (J), the cities with
UBA area over 2,000 km? include Wuxi (2,219.14 km2) and Nantong
(2,239.56 km?) in J iangsu Province, and Hangzhou (2,490.17 km?) and
Ningbo (2,539.88 km?) in Zhejiang Province. There were 23 cities with a
UBA area of less than 1,000 km% Among them, Jiangsu and Zhejiang
Province had four cities each, while the remaining 15 cities were located
in Anhui Province. The cities with the smallest UBA area were Tongling
and Chizhou in Anhui Province, with 103.60 km? and 108.52 km?,
respectively. While among the four provincial administrative units, the
area of Jiangsu and Zhejiang is much larger than that of Anhui and
Shanghai.

Fig. 6 and S1 show the average building heights changed from 1990
to 2020 for the 41 cities and the four provincial administrative units.
Overall, the average building heights of the entire YRD and the four
provincial administrative units under its jurisdiction have shown a slow
downward trend over the past three decades. Among them, Shanghai
had the fastest decline, from 20.17 m in 1990 to 18.07 m in 2020, but
was always the unit with the highest average building height among the
four provincial administrative regions. The average heights in Shanghai
and Zhejiang were consistently higher than the average for the whole
YRD during the same period, while Jiangsu and Anhui were consistently
lower than the average for the entire region. Among the 41 cities, except
for Bozhou and Huainan, which showed an overall upward trend, all
other cities showed a downward trend. Shanghai is always the highest
city, and Lianyungang is always the lowest.

To quantitatively analyze the degree of discrete building heights and
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Fig. 5. Change in the UBA area of 41 cities (a) and four provincial administrative units (b) in the YRD from 1990 to 2020. The horizontal axis denotes the area
increment, and the vertical axis lists the names of the city or provincial administrative units.

the degree of congestion of urban buildings in the YRD, FDI and BSCDI
indicators were calculated further, and the results are shown in Fig. 7
and S2-S3.

Overall, building heights in the YRD have shown an increasingly
aggregated trend over the past 30 years, with a decreasing degree of
fluctuation (Fig. 7a). Only Shanghai and Anhui remained almost un-
changed among the four provincial administrative units, while the
building heights in Jiangsu and Zhejiang became increasingly aggre-
gated. Moreover, the building heights of Shanghai and Zhejiang were
always more aggregated than the average level of the YRD during the
same period, while Jiangsu and Anhui were always more discrete.
Regarding building congestion (Fig. 7b), both the whole YRD and the
four provincial administrative units showed upward trends, with
Shanghai being the most congested, while Anhui was consistently lower
than the average level of the whole YRD. While 24 out of all 41 cities in

the YRD have become increasingly aggregated in building heights, the
rest have become increasingly discrete. Building congestion has
increased in all cities, with the most significant increase in Shanghai,
Suzhou (J), Wuxi, Changzhou, and Jiaxing.

Based on the above results, the section Discussion of this paper is
introduced to analyze further the spatial and temporal characteristics
and evolutionary patterns of urban expansion.

3.2. Coupled analysis of horizontal and vertical expansion

Fig. 8(a) and S4 show the growth of total building volume in the YRD
from 1990 to 2020. The growth momentum of total building volume in
the YRD during the three decades was significant. While among the four
provincial units, Jiangsu Province had the largest volume increment and
was the provincial unit with the largest total volume in each different



C. Yin et al. Science of the Total Environment 949 (2024) 174909

Shanghai.  -0.39 0.06 -0.06 o0
Nanjing:  -0.11 025 031 0.34 0.12
Suzhou (J):  -0.21 0.34 -0.45 0.04 0.02 0.00
Waxi 0.58 -0.59 -0.46 -0.06 0.05 -0.02
Nantong -0.20 -0.28 -0.49 -0.19 -0.07 -0.05
Changzhou -0.34 -0.30 -0.18 -0.07
Xuzhou  -0.10 021 0.0 -0.03 0.06 -0.04
Yangzhou 0.15 0.05 -0.15 -0.25 -0.28 -0.04
Yancheng  -0.08 0.05 -0.08 0.00 0.03 -0.08
Taizhou (J)  -0.24 -0.31 0.13 0.10 0.06 0.00

Zhenjiang 033 022 -0.05 0.25
Huaian  0.03 037 -0.11
Sugian- 0.02 -0.49 -0.08
Lianyungang- -0.10 ‘ -0.03
Hangzhou -0.5 -0.10 -0.05
Ningbo.  0.11 002 -004 0.06 -0.01
Wenzhou:  0.03 0.02 -0.10 0.05 0.01
Shaoxing- 0.08 -0.04 -0.03
Tiaxing:  -0.32 0.18 -0.11
Taizhou (Z):  -0.22 0.03 -0.03

Jinhua-  -0.09 0.01 0.01 -0.00
Huzhou T2 0.9 -0.15 -0.03
Quzhou  0.08 021 0.05 0.02
Zhoushan-  0.06 -0.24 -0.30 0.24 -0.03

Lishui{ -0.50 ‘ 0.01 -0.52 0.41 -0.09 025
Hefei  -0.06 031 -0.31 0.19 0.13
Wuhu 009 051 0.16 0.14 -0.06

Chuzhou  -0.23 026 013 -0.11 0.14 -0.06 -0.50
Fuyang  0.05 0.16 0.06 0.10 0.15 0.27
Anging 034 _ 0.07 0.38 -0.08 -0.04

Ma'anshan -0.24 -0.13 -0.34 -0.40 -0.42 -0.12 075
Suzhou (A)-  0.01 -0.14 0.14 0.03 0.11 -0.09
Bozhou: 0.1 0.29 0.16
Bengbu -0.08 0.03 0.10 0.22

Luan 0.0 052 0.04 0.59 0.11 -1.00
Xuanchcng_ 0.16 0.05 | -0.10
Huainan. 0.0 0.06 -0.09 001 009 002

Huaibei-  -0.10 -0.05 021 0.02 -0.09 -0.01 125
Tongling] 053 -0.36 0.08 -0.13
Chizhou-  -0.10 _ 0.12 0.14
Huangshan 0.8( -0.34 -0.29 -0.21 -0.01

1990-1995  1995-2000  2000-2005  2005-2010  2010-2015  2015-2020 el

()

-0.10

Anhui-  -0.06 -0.19 0.1 -0.19 022 -0.11 -0.00

--0.10

Zhejiang - =0L16 _ -0.1 -0.07 -0.02 --0.20

\ -0.30

Jiangsu-  -0.11 0.1 0.02 -0.24 0.22 -0.07 -0.40

-0.50
' ' -0.70
1990-1995 1995-2000 2000-2005 2005-2010 2010-2015 2015-2020
(®)
Fig. 6. Change in the average building heights (m) of 41 cities (a) and four provincial administrative units (b) in the YRD from 1990 to 2020. The red square

represents an increase in the average height of the province or city in the corresponding period, and the blue square represents a decrease. Similarly, the names of
cities and provinces in red represent a positive total change in building heights over the entire period, and blue represents a negative change.
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Fig. 8. Total building volume (a) and UBAII (b) in the YRD from 1990 to 2020.

period, Zhejiang Province followed closely, and Anhui Province and
Shanghai had little difference. Among the 41 cities in the YRD, Shanghai
had the largest volume, followed by Suzhou (J). The smallest cities were
Tongling and Chizhou.

Fig. 8(b) and S5 show the comprehensive evaluation results of the
urban expansion intensity after coupling the horizontal and vertical
dynamics. Overall, the expansion intensity in the YRD showed
increasing trends and was higher than the regional average, except for
Anhui Province. Shanghai has seen the most significant increase, from
0.299 in 1990 to 0.469 in 2020. With the year 2000 as the turning point,
Anhui Province has experienced a “V”-shaped process of change, and the
overall change over the past three decades has been flat. While at the
city scale, there were 11 cities with decreased expansion intensity.
Among them are eight cities in Anhui Province, two in Jiangsu Province,
and one in Zhejiang Province. Half of the cities in Anhui Province had
declining expansion intensity, leading to results at the provincial scale.

To determine whether the dominant direction of urban expansion in
the YRD was horizontal or vertical, we calculated the RVHGI for the
region, as shown in Fig. 9 and S6. Overall, the values for the entire YRD
and the four provincial administrative units included were negative,
representing that urban expansion was primarily horizontal during this
period. Only Anhui Province had a value very close to zero between

2000 and 2010, which means that the horizontal and vertical urban
expansion trends in Anhui Province were almost the same during this
decade. It is important to note that the absolute value of RVHGI has been
decreasing in all provinces except Anhui, implying that the dominance
of horizontal urban expansion has become less and less significant, and
that vertical growth may dominate in the future. Of the 41 cities, 28
experienced more than one period of vertical growth domination. Over
the entire period, 22 cities showed a weakening trend in the dominance
of horizontal expansion, with the possibility of further strengthening the
dominance of vertical expansion over time. These cities will probably
shift from rapid horizontal development to a 3-D and efficient use of
urban land resources.

4. Discussion
4.1. 3-D urban expansion characterization

4.1.1. Uneven and rapid horizontal development of cities and provinces in
the YRD

The studies of urban horizontal expansion are extensive and diverse.
In studies on the YRD, for various reasons (factors such as policy,
planning, economic and natural environmental differences), not many
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include all 41 cities in the four provincial administrative units in the
study area. Most of the studies that have been done explored the urban
agglomerations or typical cities in the region (Fang and Zhao, 2018; Lu
et al., 2018; Sun et al., 2020). It is only in the last four years that a
handful of articles have taken the entire YRD into account, and
concluded that there were spatial imbalances in the distribution of
urban expansion patterns in the region (Tian and Mao, 2022; Wang
et al., 2023a; Yu et al., 2021). Our study of the YRD’s horizontal
expansion revealed notable imbalances across its four provincial
administrative units and their 41 constituent cities. At the level of pro-
vincial administrative units, Jiangsu Province exhibited the largest UBA,
a status closely tied to its position as China’s second-largest economy by
GDP. Zhejiang Province followed suit, with both provinces significantly
outpacing Anhui Province and Shanghai City regarding UBA size.
However, it is important to consider the unique status of Shanghai as a
provincial-level central government municipality, which suggests that
direct comparisons with other provinces may not accurately reflect its
distinct urban dynamics. In contrast to Jiangsu and Zhejiang Province,
Anhui Province, which governs 16 cities, maintained a smaller UBA than
Shanghai until 2015. It was only in 2020 that the gap between Anhui’s
UBA and Shanghai’s became more pronounced. At the city level, there
were huge differences between the non-provincial capitals and the three
provincial capitals. Except for the capital city of Hangzhou in Zhejiang
Province, neither the capital cities of Nanjing in Jiangsu Province nor
Hefei in Anhui Province had more than 2,000 km?2. The above results
highlight the varied expansion dynamics across different levels of
administrative units in the YRD.

While Hefei ranked as the foremost city in Anhui Province regarding
urban development, Nanjing was only the 5th-ranked city in Jiangsu
Province. Jiangsu Province exhibited the most uneven development
within the same provincial boundary. This phenomenon was accompa-
nied by various humorous remarks circulating in Jiangsu and China for a
long time (e.g., “bulk Jiangsu”). Nanjing has been jokingly called the
province’ s capital next door because of its location and development.
According to the latest city classification standards in China, cities with
more than 5 million and less than 10 million permanent residents in the
urban area are defined as megacities. The megacities in the YRD are
Shanghai (a municipality under the central government), Hangzhou,
Nanjing, Hefei, and Suzhou (J), and we also compared these five most
typical representative cities in the YRD at the same time (Fig. S7a). The
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results suggest that the classification of megacities in terms of urban
resident population may not truly reflect the size of the UBA. The five
megacities vary significantly from each other, and there was an incon-
sistency between the size of the UBA and the urban resident population.

In conclusion, while the YRD stands as China’s most urbanized re-
gion, it exhibits notable disparities in urban horizontal expansion, both
among and within its provinces and cities. This highlights urbanization’s
varied pace and nature in one of China’s most dynamic regions.

4.1.2. The dominant type of urban expansion was still horizontal growth

Many studies focusing on urban vertical dynamics only conducted
mapping of building heights in a particular year and did not conduct
time series analysis (He et al., 2023; Ma et al., 2023; Wu et al., 2023;
Zhou et al., 2022). In this way, they could only analyze the building
height spatial distribution characteristics in a particular year, but not the
spatio-temporal characteristics. Wang et al. (2022a) conducted a ten-
year time series analysis of the vertical dynamics in Jiangsu Province
from 2009 to 2018. Nevertheless, they used the plot ratio to characterize
the vertical expansion rather than the building heights (Wang et al.,
2022a). Using building heights, our study analyzed the spatio-temporal
dynamic characterization of urban vertical dynamics in the YRD over
three decades from 1990 to 2020, which was a valuable addition to the
previous studies.

As the results show, the average height decreased in all the provinces
and most cities. The main reason for this result is most pixels in the
entire region were horizontal expansion types. High-rise buildings did
not contribute as much to the average as low-rise buildings, especially
outside the city center. Both Anhui Province, one of the four provincial
administrative units, and Hefei City, the capital of Anhui Province, one
of the five megacities, consistently had the lowest average height over
the three decades. This trend in vertical development is closely linked to
the patterns observed in horizontal expansion. Among the five mega-
cities (Fig. S7b), except for Suzhou (J), the other four cities also showed
a slow downward trend, with Hangzhou showing the most significant
decline of 2.69 m. The urban building height in Suzhou (J) took 2005 as
the turning point, and showed a V-shaped development trend, from
17.84 m in 1990 to 16.84 m in 2005 and back to 16.90 m in 2020. The
average building height in Shanghai is consistently the highest, while
Hefei is consistently the lowest.

In terms of the coupled analysis for urban horizontal and vertical
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expansion, Yang and Zhao (2022a) analyzed the evolution of three cities
in China with relatively high urbanization, namely Beijing, Shanghai,
and Shenzhen, from 1985 to 2017. This study had a long time-series, but
did not determine the dominant type of urban expansion (Yang and
Zhao, 2022a). Wang et al. (2023b) determined the dominant type of
urban expansion in Beijing from 1990 to 2020 and found that horizontal
expansion was the dominant type of urban expansion in Beijing from
1990 to 2000. The dominant type changed to vertical growth after 2000,
but the vertical growth slowed down after 2010 (Wang et al., 2023b).
This study was consistent with our selected timeframe, but considered
only one city, Beijing, in northern China. Li et al. (2023) found that the
dominant type of urban expansion in Wuhan, located in central China,
was vertical growth from 2000 to 2018 (Li et al., 2023). However, the
study area selected was only the central urban district of Wuhan, which
could not reflect the actual situation of the whole city. Our study area
was not limited to the main urban district of the YRD but also included
the entire region. In short, there has not been any relevant research
focused on the whole YRD. Our work could fill the above gaps found in
previous studies.

Our study takes a novel approach by coupling the analyses of both
horizontal and vertical expansions of cities within the YRD, adopting a
3-D perspective. While horizontal growth across the YRD and its four
constituent provincial administrative units was substantial, the com-
bined urban expansion intensity varied significantly. Shanghai stands
out with a clear upward trend in combined urban expansion intensity. In
contrast, the other provinces exhibited slower expansion rates, with
Anhui Province even experiencing declines in some periods. This trend is
intrinsically linked to the urban vertical height dynamics in these re-
gions. Upon examining the dominant type of urban expansion in the
YRD, we found that horizontal growth remains the dominant form
despite the increasing prevalence of skyscrapers. However, it should be
noted that the dominance of horizontal growth in the YRD, except in
Anhui Province, is gradually diminishing. There is a growing indication
that vertical growth will supplant horizontal expansion as the primary
urban development trend in the YRD in the future. We conducted further
calculations for the five typically representative megacities included in
the YRD (Fig. S8), and the results showed that all of them were negative,
except for Nanjing in 1995-2005 and Suzhou (J) in 1990-1995 and
2005-2010, respectively. This indicated that the dominant type of all
cities was horizontal expansion, and only Nanjing and Suzhou (J) were
dominated by vertical expansion in the above periods. In addition, the
horizontal dominance of Shanghai and Hangzhou has gradually weak-
ened and may shift to a predominantly vertical expansion in the future,
but the other three cities have not shown this trend.

4.2. Driving mechanism analysis of 3-D urban expansion

Past literature has analyzed the driving factors of horizontal expan-
sion in the YRD region (Lv et al., 2024; Wu et al., 2024; Zhong et al.,
2020; Zhu et al., 2022). It mainly includes five categories of factors:
economic (GDP, total fixed asset investment, total retail sales of con-
sumer goods, industrial structure), population, policy, transportation,
and nature (topography, land resources). Since there are fewer studies of
vertical expansion in the YRD, less literature is available for driver
analysis. Wang et al. (2022a) analysis of vertical expansion of new
residential land in Jiangsu Province showed that real estate develop-
ment investment and slope had a significant positive impact on urban
vertical expansion, while urban disposable income per capita and eco-
nomic structure had a nonlinear impact (Wang et al., 2022a). As the
economy developed, the plot ratio of residential land first increased.
When economic development reached a certain level, residents would
pursue the comfort of living conditions, resulting in a decreased resi-
dential plot ratio. Yang and Zhao (2022b) and Shi et al. (2009) found
that urbanization development policies and industrial structure are the
main influencing factors of vertical expansion (Shi et al., 2009; Yang and
Zhao, 2022b). Based on combing existing literature, we establish a
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theoretical framework for the driving mechanism of 3-D urban expan-
sion (Fig. 10).

When coupling analyzed the YRD’s urban development through the
lens of both horizontal and vertical dynamics, Anhui Province’s
comprehensive expansion intensity consistently ranked at the lowest
level, falling below the region’s average. This outcome is intricately
linked to Anhui’s complex integration history into the YRD. Geograph-
ically distant from the Yangtze River’s mouth and lacking proximity to
the sea, Anhui was initially excluded from the Chinese government’s
concept of the YRD Economic Zone in the 1980s. Throughout the 1990s
and into the early 2000s, Jiangsu, Zhejiang, and Shanghai progressively
fortified their cooperative mechanisms within the YRD, culminating in
an economic agreement in 2003. Although Anhui Province endeavored
to merge into the YRD framework, it wasn’t until 2016 that some of its
cities were recognized as part of the YRD urban agglomeration, with the
entire province finally being included in 2019. In the future, with the
promotion of the YRD integration strategy, Anhui Province’s comple-
mentary strengths with other provinces may significantly narrow the
development gap.

The results on the dominant type of expansion can be attributed to
several key observations. While the number of skyscrapers has
increased, strong vertical urban growth remains largely confined to the
urban core zones. In contrast, much of the city outskirts continue to
experience low-density, horizontal expansion. Urban cores, particularly
business districts, are characterized by extremely high plot ratios and
densities. However, the prevailing trend in the Chinese real estate
market leans towards low-density, high-quality housing developments,
which are typically marketed as more desirable. Most suburban resi-
dential buildings are low-rise residences, contributing to horizontal
expansion. Although some high-rise residential buildings belong to
vertical growth in individual height and the relevant supporting and
ancillary facilities, the density and plot ratio of the entire neighborhood
or unit was still low. High-density building complexes, it seems, are less
liveable and do not meet market demand. This was also confirmed in a
study by He et al. (2023), which showed that building heights in
Shanghai display a gradual downward trend from the urban center to
the suburban district. The highest building distribution was found in the
old urban district of Shanghai, centered on the west bank of the
Huangpu River, with high-rise buildings accounting for more than half
of Shanghai. The farther away from the urban center, building density
and average height were lower, and the proportion of pervious surfaces,
such as water bodies and green spaces, gradually increased (He et al.,
2023). Another significant factor influencing the urban expansion pat-
terns in the YRD is that many countries have strong economic power,
especially in Jiangsu and Zhejiang Province. Although counties are
subordinate to cities and their administrative level is equivalent to
municipal districts, they have a certain degree of autonomy and inde-
pendence in urban development. The urban expansion of county-level
units was not as substantial as municipal districts in terms of vertical
dynamics and was dominated by horizontal growth. In addition, Ma
et al.’s (2023) study even mentioned that Zhejiang Province was
vigorously developing small towns and was the first province in China to
take small towns as an economic pillar, encouraging the development of
small administrative towns (Hu et al., 2022; Ma et al., 2023). Therefore,
it has increased the share of horizontal growth accounted for by the city
in which it is located and the whole YRD.

4.3. Research insights

4.3.1. Reference value of the technical framework

Although the technical framework for 3-D urban extraction used in
this study has only been applied to the YRD region, it also has good
replicability and referability for other regions worldwide. Specifically,
regarding horizontal urban expansion extraction, the ISAD method can
accurately extract the UBA boundary and ensure its continuity, which is
a stable and reliable method. For vertical urban growth extraction,
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Fig. 10. A theoretical framework for 3-D urban expansion driving mechanisms.

previous studies are limited by data sources, making it difficult to obtain
building height information before 2010 and to conduct long time series
studies. We provide the possibility for large-scale and long time series
vertical growth studies through an indirect method. In summary, our
technical framework can support 3-D urban expansion studies.

4.3.2. Implications for policy development

Based on our findings, the 3-D expansion characteristics of the YRD
could have some positive policy impacts. Firstly, policy formulation
regarding vertical urban development should continue to encourage
high-density and multifunctional vertical development, given the cur-
rent downward trend in average building heights across the YRD. This is
especially true in urban core areas where public transportation is
accessible. The government should incentivize developers and investors
to participate in high-rise projects through policy incentives such as tax
breaks and plot ratio bonuses. They should also establish minimum
building heights, especially in mixed commercial and residential areas,
to improve land use efficiency. Secondly, urban planning and land use
policies should continue to be improved by updating and optimizing
urban overall plans, clarifying guidelines and restrictions on land use,
and ensuring balanced and sustainable urban development. 3-D spatial
utilization should be integrated into urban planning to ensure the co-
ordinated development of horizontal and vertical expansion. Finally,
regional coordinated development policies should be strengthened.
Differentiated urban expansion policies should be formulated to address
the development characteristics of each province and city. In particular,
in regions such as Anhui Province, specific measures should be formu-
lated to promote vertical expansion and reduce disorderly horizontal
sprawl. Continue to promote the integrated development strategy of the
YRD and strengthen cooperation between the regions. By implementing
these policy recommendations, urban development in the YRD region
will be more efficient and sustainable, and better able to cope with the
challenges arising from the urbanization process.

4.3.3. Relationship between 3-D urban expansion and land resource
efficient utilization
Sustainable land use was first formally proposed in the 1990s at the
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World Land Use Symposium. As the population grows, available land for
urban buildings becomes increasingly scarce, which is an important
problem facing urbanization (Tan et al., 2021). Facing the massive de-
mand for urban land due to economic growth, improving land utilization
efficiency is the only way to conserve limited land resources (Wu et al.,
2017). It has been shown that there is a close relationship between urban
expansion and urban land resource utilization efficiency. For example,
in a study of 466 cities worldwide, Chakraborty et al. (2022) found that
different patterns of urban expansion could lead to different impacts on
land use efficiency (Chakraborty et al., 2022). He et al. (2020) used a
spatial regression model to demonstrate the significance of the spatial
impact of urban expansion patterns on land use efficiency using 336
cities in China as a sample (He et al., 2020). However, few studies assess
land resources from a 3-D perspective. Studying the 3-D urban expan-
sion can deepen the understanding of land resources utilization
efficiency.

Rational planning of urban growth can promote sustainable regional
development (Wang et al., 2022b). Here, we take a qualitative approach
to analyze the potential impact of 3-D urban expansion on land resources
use efficiency and its relationship with the problems of the urbanization
process. Urban growth in the vertical direction can create more useable
space on limited land resources. Increasing building heights and com-
pounding functional uses (e.g., commercial and residential buildings)
can increase the utilization efficiency within a unit area and reduce the
demand for new land. It is also vital for maintaining ecological balance
and reducing infrastructure costs. The 2-D horizontal expansion has the
potential to result in an unbridled increase in urban areas, increasing
traffic congestion and air pollution. 3-D expansion contributes to alle-
viating these problems by optimizing the urban spatial layout. In addi-
tion, regarding urban equity, 2-D urban expansion may be accompanied
by segregation between neighborhoods, which increases social
inequality. In contrast, vertical growth within cities may promote people
of different economic levels to live and work in the center region,
contributing to social integration. The balanced promotion of 3-D urban
development can help achieve a rational distribution of social resources
and promote social stability and economic growth.
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4.4. Research shortcomings and prospects

This study is a successful attempt to demonstrate the potential of our
research methods. Although the results and analysis of this study are
specific to the YRD of China, the methods used can be applied to other
countries and regions. Due to the limitations of data sources and other
factors, this study still has two shortcomings. One is that the indirect
method used to extract building heights from 1990 to 2020 assumes that
there is no urban building rebuilding in this period, but there are
certainly a few pixels that have been redeveloped in this period. The
second is that the time interval used in this study is five years, which
captures trends over multiple timespans but fails to capture the dy-
namics of inter-annual change.

In the future, we plan to conduct further research in the following
areas. Firstly, we will set the temporal resolution to one year to capture
the dynamics of inter-annual changes in the 3-D urban expansion and
explore methods to consider rebuilding buildings. Secondly, we will
provide further details of the trend analysis of vertical growth. Not only
using the average height of the statistical results to analyze the trend but
also introducing more refined trend analysis methods. Thirdly,
regarding the applied value of 3-D expansion, we will further enrich the
study of the relationship between 3-D urban expansion and the efficient
utilization of land resources and combine it with other ecological and
environmental changes. Finally, to further enhance the international
contribution, we will conduct global-scale research, especially in
developing countries that have experienced rapid urbanization in the
last three decades.

5. Conclusion

In this study, we extracted and analyzed the 3-D urban expansion
process in the YRD of China from 1990 to 2020 and explored the spatio-
temporal evolution of horizontal and vertical expansion. We also
analyzed the coupling of horizontal and vertical urban expansion from a
3-D perspective, determined the dominant types of urban expansion in
different periods, and explored the reasons. At the same time, we
extracted and mapped the UBA distribution in the YRD from 1990 to
2020. We found that over the past three decades, the YRD, one of
China’s most urbanized regions, was still dominated by horizontal
growth despite the increasing number of skyscrapers, whatever the
regional, provincial, or city scales. The average building height of the
region and most cities showed a downward trend. The UBA area of the
YRD has grown from 4,855.30 km? to 44,447.15 km? during three de-
cades, while the average building height has slowly decreased by 1.26
m. 73.17 % of the combined expansion intensity of the cities was
increasing from the 3-D perspective, and the decreasing cities were
mainly located in Anhui Province. Except for Anhui Province, the
dominance of horizontal expansion in the rest of the provinces and the
entire YRD has been less and less significant, and may be replaced by
vertical growth in the future along with a shift to efficient use of urban
land resources. There was significant unevenness in urban expansion
across the YRD. Both horizontal and vertical expansion differ signifi-
cantly between different provinces and cities.

The methods, frameworks, and analytical ideas used in this study are
universal and can be applied to other world regions. Our 3-D urban
expansion extraction framework provides the possibility of large-scale
and long time series 3-D urbanization studies. It effectively reveals the
spatio-temporal and structural characteristics of 3-D urban expansion
and offers a new perspective on urban development. The 3-D expansion
characteristics of the YRD could have some positive policy impacts. The
government should continue to promote the integrated development
strategy of the YRD and strengthen cooperation between the regions,
guiding cities towards more efficient and sustainable development.
Studying 3-D urban expansion can deepen the understanding of land
resources utilization efficiency and promote urban sustainable
development.
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In conclusion, this study filled the gap in 3-D urban expansion
research in the YRD and had a typical representation of China’s 3-D
urban development process. The findings of this study can also be
used as a basis for determining whether urban land resources have been
utilized sustainably and efficiently. In the future, we will further enrich
the study of the relationship between 3-D urban expansion and the
efficient utilization of land resources and combine it with other
ecological and environmental changes.
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