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Abstract: Urban expansion is not only reflected in the increase in horizontal urban area, but also in the
increase in vertical urban height, that is, the city’s vertical expansion. Exploring the spatiotemporal
evolution of urban vertical expansion and its influencing factors is critical for furthering urban
expansion research. This paper characterized the degree of urban vertical expansion using the floor
area ratio (FAR) of newly added residential land in Jiangsu Province, China, from 2009 to 2018, and
discussed the spatiotemporal characteristics, regional differences and influencing factors of urban
vertical expansion. The results indicate the following: (1) The degree of urban vertical expansion in
Jiangsu Province exhibited an inverted “U” shape that increased and then decreased. Spatially, it
presented a pattern of high in the west and low in the east areas, while high in the north and low
in the south areas. (2) There were significant α-convergence, β-convergence and club convergence
phenomena in Jiangsu Province’s urban vertical expansion. The convergence speed was fast in the
north and south areas but slow in the middle. (3) Real estate development investment and slope
had a significant positive impact on urban vertical expansion, while urban per capita disposable
income and economic structure had a non-linear impact on urban vertical expansion intensity. Finally,
this paper highlighted the importance of further investigation into urban expansion from multiple
dimensions. The government should strengthen its control over the various land plot ratios to ensure
the city’s orderly expansion and healthy development.

Keywords: urban vertical expansion; floor area ratio; spatiotemporal characteristics; convergence analysis

1. Introduction

Cities are carriers of population agglomeration and economic development [1]. Since
the 21st century, China has entered a period of rapid urbanization [2,3]. The built-up area
expanded from 22,400 km2 in 2000 to 60,721 km2 in 20191. Excessive urban expansion
speed can easily lead to problems such as inefficient land use [4], landscape fragmenta-
tion [5], loss of cultivated land [6] and environment pollution [7]. Therefore, grasping the
spatiotemporal evolution characteristics of urban expansion is critical for efficiently solving
the problems caused by rapid urban expansion. It must be noted that our attention to
urban expansion issue has thus FAR been limited to the horizontal level. However, as a
three-dimensional space, the urban expansion also has three-dimensional attributes [8–11].
In other words, urban vertical expansion is an important part of urban expansion that
cannot be ignored [11,12]. Urban vertical expansion can effectively reflect the concentration
of population and economy in the city with the improvement of building height as its most
obvious feature [13]. At present, China not only faces the problem of unreasonable urban
horizontal expansion [14,15] but also has the issue of excessively high vertical construction
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intensity. China’s plot ratio of residential and commercial land FAR exceeds that of devel-
oped countries [16]. Moreover, the excessive urban vertical expansion also contributes to
“urban diseases”, such as overcrowding and traffic congestion [17,18]. Therefore, in July
2020, 15 departments, including the Ministry of Housing and Urban–Rural Development,
issued Opinions on Strengthening the Green and Low-Carbon Construction of County
Towns (Jiancun (2021) No. 45). The document proposed that the density and height of
buildings in the county be strictly controlled to ensure the county’s future low-carbon
development of the county. In terms of building height, China’s urban construction needs
to “cool down”.

In the existing relevant literature, scholars mostly focused on horizontal urban ex-
pansion [19–22]. However, with the development of construction technology and the
intensification of requirements for land conservation and intensive use, urban expansion
showed increasingly significant vertical expansion characteristics [23,24]. It is also difficult
to accurately describe the spatial changes of cities based solely on horizontal analysis [25].
Nonetheless, with the support of remote sensing technology and multivariate data, the
research on urban vertical expansion was gradually carried out. For example, Barr and
Cohen used the Kriging method to conduct spatial analysis of building plot ratios in New
York City on a grid scale. It was found that as a building’s distance from the city center
increased, its FAR decreased [26]. Handayani et al. examined urban expansion by using
geospatial analysis, including remote sensing and geographic information system. It re-
vealed that urban expansion in the central business district of Surabaya, Indonesia was
more reflected in a vertical than a horizontal dimension [27]. On the street scale, Li et al.
and Li et al. conducted spatial analysis and influencing factors exploration on the FAR of
the main urban areas of Guangzhou and Dalian City in China. They found that the spatial
distribution of residential FAR was unbalanced and convergent, and factors such as the
nature of the residential underlying surface, location and land rent all had an important
impact on residential FAR [28,29]. Zhang et al. used GeoEye images to obtain the building
heights of residential neighborhoods in Beijing from 1949 to 2009 and discovered that the
vertical structure of residential neighborhoods formed a “low–high” pattern from urban
central areas to the urban edges [30]. On the national scale, Zhou et al. used data from
China Land Market Network to analyze the spatiotemporal evolution characteristics and
influencing factors of the FAR of newly added residential land in 320 cities in China, and
found that the FAR of China’s newly added residential land had a protruding pattern
in the middle, followed by the west, and a lower pattern in the east, with an increasing
continuous spatial agglomeration [31]. Zambon et al. conducted long-term series research
in Greece and established that cities alternated their expansion process between horizontal
and vertical phases [32].

It is not difficult to see that the existing relevant studies mainly explored the spatiotem-
poral characteristics of urban vertical expansion at the small-scale scope of the central urban
area and the urban level [31–34] with relatively few pertinent studies at the regional scale.
In terms of characterizing the degree of urban vertical expansion, a variety of indicators,
such as building height, building floor and floor area ratio are used [10,25,33]. Based on
existing research, the FAR index is also the most commonly used spatial planning control
index in many developed countries, such as the United States [35], the United Kingdom [36],
Japan [8,37] and Singapore [38]. In addition, China’s residential land accounts for about
30% of total land area2; it is not only an important part of urban construction land, but also a
significant land type regulated by the government. Therefore, this paper intended to select
the FAR of newly added residential land as an indicator of urban vertical expansion and
to use Jiangsu Province in China as an example to analyze the spatiotemporal revolution
characteristics and influencing factors of urban vertical expansion from 2009 to 2018 at the
regional level. It should be noted that Jiangsu Province is on China’s southeast coast and
is one of its most economically and socially developed provinces; there are clear regional
differentiation characteristics within the province, forming three gradient development ar-
eas in Southern Jiangsu, Central Jiangsu and Northern Jiangsu (Figure 1). Hence, choosing
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Jiangsu Province as the research area can not only exhibit the spatiotemporal characteris-
tics of urban vertical expansion but also help in studying and assessing the law of urban
vertical expansion in different development areas. It is also useful for understanding the
characteristics and laws governing urban vertical expansion in China and other countries
or regions.
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2. Methods and Data

This section introduces the spatiotemporal feature analysis method to be used, exam-
ines the theoretical influencing factors of urban vertical expansion, constructs an economet-
ric model and explains the research data source and processing method.

2.1. Research Methods of Spatiotemporal Characteristics
2.1.1. Measurement of the City’s Vertical Expansion

In this paper, the floor area ratio (FAR) of newly added residential land was used to
measure the degree of urban vertical expansion. FAR usually refers to the ratio of gross
construction area on the ground to net land area within a particular parcel. Under China’s
current residential land transfer system, the government sets the upper and lower limits
of the plot ratio. The larger the plot ratio, the more residential area is available for sale
on the plot, resulting in higher profits. Therefore, developers always choose to develop
residential buildings according to the prescribed upper limit. Consequently, this article
assumes that the government’s upper limit for the residential plot ratio is the true FAR of
the plot. Restricted by the regulatory detailed planning under the current urban planning
legal system and the Residential Design Code (GB 50368-2005), the number of residential
floors in China can be roughly divided into five categories (6 layers, 11 layers, 18 layers,
26 layers and 33 layers). Generally, the FAR of 6 floors and below is 0.8–1.5, while it is
1.5–1.8 for 11 floors, 1.8–2.4 for 18 floors, 2.5–3 for 26 floors and 3–3.5 for 33 floors. Based on
the above analysis, combined with relevant research, this article believes that the building
FAR and building height have extremely high consistency [25,39]. The higher FAR, the
greater degree of urban vertical expansion.

2.1.2. Trend and Convergence Analysis

This paper used the trend analysis tool in ArcGIS spatial analysis to fit the global trend
map of urban vertical expansion in Jiangsu Province from 2009 to 2018.

Convergence analysis is a tool for measuring the dynamic evolution law of the gap
between regions. It can effectively analyze the evolution law and characteristics of a certain
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element between regions. Common convergence analysis has three types: α-convergence,
β-convergence and club convergence. The specific meaning and calculation methods are as
follows [40]:

(1) α-convergence: α-convergence means that the difference in the degree of vertical
expansion between cities is shrinking over time. The following formula can be used to
calculate α-convergence:

CVt =

√
1
n ∑

(
FARi,t −

1
n ∑ FAR i,t

)2
/
(

1
n ∑ FARi,t

)
(1)

where CVt is the coefficient of variation in period t of Jiangsu Province; FARi,t is the vertical
expansion degree of district i in period t; n is the number of research units.

(2) β-convergence: Convergence can be divided into absolute β-convergence and
conditional β-convergence. Conditional β-convergence is based on absolute β-convergence
by adding control variables to avoid omission of explanatory variables [41]. Considering
that the regression results of the two convergent models are highly consistent [42], we
further analyze and demonstrate the influencing factors in Section 4. Therefore, we finally
choose absolute β-convergence to analyze the spatiotemporal evolution of urban vertical
expansion. Absolute β-convergence means that districts (counties) with a lower degree of
vertical expansion have a higher growth rate than districts (counties) with a higher degree
of vertical expansion, ultimately leading to the convergence of vertical expansion in all
districts (counties). The absolute β-convergence model is as follows:

ln(FARi,t+T/FARi,t) = α + βln(FARi,t) + εi (2)

where FARi,t+T/FARi,t represents the growth rate of the vertical expansion degree of dis-
trict i from period t to period t + T. FARi,t+T and FARi,t are, respectively, the degree of
vertical expansion at the end and the beginning of the period. α and β are the parame-
ters to be estimated. T is the time span; εi is the random error term. Convergence rate
θ = −ln(β + 1)/T, if β is significantly less than 0, there is β-convergence.

(3) Club convergence: Considering the consistency of space, many scholars proposed
the concept of club convergence [43,44]. In the field of geography, it can be understood
that geographically adjacent regions tend to be assimilated during development. When
verifying whether there is club convergence, the data is generally classified according
to different characteristics, and then the absolute β-convergence is used for verification
within the group. This article first validates whether there is absolute β-convergence in
95 districts (counties) in Jiangsu Province, and then divides them into Southern Jiangsu,
Central Jiangsu and Northern Jiangsu to determine whether there is club convergence
inside the geographic locations.

2.2. Analysis of Influencing Factors and Model Construction
2.2.1. Main Influencing Factors of Urban Vertical Expansion

To promote the economical and intensive use of urban construction land and ensure
the smooth implementation of regulatory detailed planning, the local government will set
a series of parameters for management and control when residential land is transferred.
The FAR index can well reflect the residential construction. The FAR setting is an official
policy restriction, and the settings in some areas indeed lack scientificity. Nevertheless, as
the scientific nature of urban planning continues to improve, the factors considered in plot
ratio setting are becoming increasingly comprehensive [8,45,46].

Based on existing research, the influencing factors of urban vertical expansion are sum-
marized as follows: (1) Physical geography factors: mainly latitude and slope. According to
the relevant regulations of the Uniform Standard for Civil Building Design (GB50352-2019),
residential construction must meet the basic sunshine standards. Therefore, to ensure light
duration at higher latitudes, the floor height must be appropriately reduced or the distance
between buildings increased, which reduces the degree of urban vertical expansion. In
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areas with large surface undulations, land leveling investment must be raised. In order to
obtain average profits, developers may increase development intensity [29]. At the same
time, areas with large surface undulations lack land for residential development. With
the scarcity of land resources, the local government is motivated to push up the FAR of
residential land [31]. (2) Economic growth factors: Mainly urban per capita disposable
income and economic structure. Urban per capita disposable income and economic struc-
ture reflect the level of urban economic development, and their growth has promoted the
development of the service industry, stimulated demand for urban residential land and led
to an increase in the intensity of building development [47]. With the development of the
economy, residents’ purchasing power and consumption power gradually rises, promoting
their pursuit of low-density (FAR) living space. Therefore, there may be a non-linear rela-
tionship between residents’ consumption capacity and residential land’s FAR [31]. When
the economy develops to a certain level, the increase in urban per capita disposable income
and the modernization of the industrial structure inhibits urban vertical expansion. The
amount of investment in real estate development reflects a region’s enthusiasm for real
estate development, which is mostly concentrated in new city areas. These areas always
have higher urban positioning as the city’s future growth pole, and the government appro-
priately increases the setting of urban building height [48]. (3) Social development factors:
Mainly population density. The region’s higher population density means greater housing
consumption demand, but the annual land supply area is limited [49]. The imbalance
between supply and demand leads to an increase in the residential plot ratio in areas with
limited space. Thus, areas with higher population density often choose to increase the FAR
of residential land to accommodate more people.

Based on the above analysis, it is possible to conclude that urban per capita disposable
income (UPCDI) and economic structure (STRU) have a non-linear impact on urban vertical
expansion. The specific manifestation is that the initial stage of economic development
has a positive effect, but after a certain level of economic development, it has a restraining
effect. While urban population density (PD), real estate development investment (REDI)
and land slope (SLOPE) have a positive impact on urban vertical expansion, increased
latitude (LAT) has a negative effect.

2.2.2. Model Construction

Based on theoretical analysis, we constructed an econometric model to explore factors
influencing vertical expansion in Jiangsu Province. The specific expression of the model is
as follows:

FARij = C + α1UPCDIij + α2
(
UPCDIij

)2
+ α3STRUij + α4

(
STRUij

)2

+α5PDij + α6REDIij + α7LATij + α8SLOPEij + εi
(3)

where FARij represents the vertical expansion degree of region I in period j. UPCDIij,
STRUij, PDij, REDIij, LATij and SLOPEij, respectively, represent urban per capita dispos-
able income, economic structure (regional tertiary output value/regional GDP), population
density (regional resident population/regional administrative area), real estate develop-
ment investment, latitude and slope of region i in period j.

(
UPCDIij

)2 and
(
STRUij

)2

represent the quadratic term of urban per capita disposable income and economic structure
of region i in period j. C is a constant term, and εi is the term of random error.

2.3. Data Sources and Data Processing

The China Land Market Network (https://www.landchina.com/ (accessed on
11 December 2020)) is a comprehensive platform serving the Chinese land market. The
platform is responsible for disseminating information on land supply, land parcel transfer
and land-related policies and regulations. It has a large amount of data, a reliable source
and a fast update speed. This article collected 33,648 pieces of Jiangsu Province residential
land transaction data from the China Land Market Network and sorted them by district

https://www.landchina.com/
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(county) and period (a total of 13 indicators, including land use, FAR upper limit, transac-
tion area, transaction time, etc.). The yearly average FAR of new residential land in each
district (county) was calculated on this basis. Other economic and social data for districts
(counties) were obtained from the China Regional Economic Statistical Yearbook, Jiangsu
Statistical Yearbook and statistical yearbooks of each city in Jiangsu Province. In addition,
some missing data were supplemented by interpolation. The slope data was calculated
by using a digital elevation model (DEM), and the average value in the area was taken
to represent the district’s (county) slope. The latitude data is obtained by calculating the
district’s (county) centroid.

According to administrative divisions in 2020, Jiangsu Province had 95 districts (coun-
ties). For units that were inconsistent with the current administrative divisions, the FAR
of newly added residential land is processed as follows: (1) For the districts (counties) un-
dergoing consolidation, the land transaction data of the two districts (counties) is merged,
and the FAR of newly added residential land in the area is calculated. (2) For areas where
there was no change in the scope of administrative regions, such as county to district,
county to city and city to district, the original data is used. In addition, the administrative
division boundary map of Jiangsu Province is extracted and vectorized as the research
work’s base map.

Table 1 shows the descriptive statistical values of each variable in the model. It can
be seen that the highest FAR of the explained variable is 5.440, the minimum is 0.900, the
average is 2.061 and the standard deviation is FAR less than the average, indicating that the
FAR value distribution of each sample is relatively uniform. The sample value distribution
of UPCDI, STRU and LAT in explanatory variables is also relatively uniform; the standard
deviations of PD, REDI and SLOPE are greater than the average, and the sample values are
relatively different.

Table 1. Descriptive statistics of variables.

Variable Name Number of Samples Average Value Standard Deviation Min Max

FAR 950 2.061 0.464 0.900 5.440
UPCDI 950 3.159 1.171 1.017 6.586

PD 950 0.229 0.350 0.023 2.440
STRU 950 0.471 0.156 0.100 0.998
REDI 950 69.228 70.693 4.370 484.580
LAT 950 32.726 1.074 31.270 34.830

SLOPE 950 0.797 1.083 0.100 5.030

3. The Spatiotemporal Pattern and Evolution Laws of Urban Vertical Expansion
3.1. The Spatiotemporal Pattern of Urban Vertical Expansion
3.1.1. Trend Analysis

We generated trend maps of Jiangsu Province’s urban vertical expansion in 2009 and
2018 (Figure 2). The Y-axis direction represents the south to north areas, and the blue line
represents the change trend from north to south. The X-axis direction denotes the west to
east areas, and the green line represents the change trend from east to west. Z signifies the
FAR value of newly added residential land.

Figure 2 shows that the degree of urban vertical expansion in Jiangsu Province in
2009 exhibited a downward trend in the Y-axis direction, indicating that vertical expansion
decreased from north to south. In the X-axis direction, it displayed a decreasing trend from
west to east. In 2018, it had a pattern of highs in the north and south and lows in the middle.
From west to east, it maintained a downward trend, and the decline was greater than in
2009. In general, the intensity of urban vertical expansion in Jiangsu Province was high in
the north, low in the south, high in the west and low in the east.
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3.1.2. Analysis of Regional Characteristics

We classified all samples as “center-periphery”. The central area, for example, refers
to the part where the administrative unit was the “district” before 2009. Given that their
urbanization level was still relatively low, those removed from counties and made districts
after 2009 were divided into peripheral areas with other counties. Figure 3 shows that
the degree of urban vertical expansion in Jiangsu Province exhibited an inverted “U”
characteristic. The lowest value was 1.81 in 2009, while the highest value was 2.20 in
2015. The degree of vertical expansion gradually decreased after 2015, and the degree of
expansion in 2018 was the same as in 2010. According to the perspective of the “center-
periphery” classification, the central area’s vertical expansion in 2009 was much greater
than that of the peripheral counties. However, the peripheral counties had a higher vertical
expansion rate, which surpassed the central area in 2013 before falling back after 2015. The
pattern remained unchanged until the end of the study period.
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3.1.3. Analysis of Regional Difference

Jiangsu Province was further divided into three major regions: Southern Jiangsu,
Central Jiangsu and Northern Jiangsu. The Southern Jiangsu region includes a total
of 39 districts (counties) under the jurisdiction of five cities (Nanjing, Suzhou, Wuxi,
Changzhou and Zhenjiang). The Central Jiangsu region includes a total of 19 districts
under the jurisdiction of three cities (Nantong, Taizhou and Yangzhou). The Northern
Jiangsu region includes a total of 37 districts (counties) under the jurisdiction of five cities
(Xuzhou, Yancheng, Suqian, Huai’an and Lianyungang). Figure 4 exhibits that Northern
Jiangsu had the greatest degree of urban vertical expansion, followed by Southern Jiangsu
and Central Jiangsu. The pattern remained unchanged throughout the study period.
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The degree of vertical expansion of districts and counties in Jiangsu Province in 2009,
2012, 2015 and 2018 were visualized via ArcGIS (Figure 5). Breakpoints were manually
set to 1.5, 1.8, 2.4 and 3.0. Based on the average FAR of newly added residential land in
China in the past ten years, combined with the current regulatory detailed planning of
residential land, a plot ratio of 2.4 and below is a reasonable development intensity [25,31].
Figure 5 displays that the high-value areas (FAR > 2.4) of urban vertical expansion in Jiangsu
Province were mainly concentrated in Northern Jiangsu and the center of Nanjing City,
while the low-value areas (FAR ≤ 1.8) gradually shifted from Southern Jiangsu to Central
Jiangsu. The median-value area distribution (1.8 < FAR ≤ 2.4) was relatively balanced.
From 2009 to 2012, there was a relatively evident urban vertical expansion in Jiangsu
Province. The number of high-value areas increased from 8 to 20, with suburban counties
and cities (county-level cities) accounting for most of the newly added high-value areas.
The pattern in 2015 was similar to that of 2012. Northern Jiangsu was the focal point for
high-value areas, while vertical expansion in Central and Southern Jiangsu was gradual.
The distribution of median-value areas was relatively balanced. In 2018, the degree of
urban vertical expansion in Jiangsu Province showed the following pattern: Northern
Jiangsu > Southern Jiangsu > Central Jiangsu. The degree of vertical expansion showed a
decrease, and the number of high-value areas reduced from 25 to 15. The “cooling” policy
had a significant impact on urban height.
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3.2. The Evolution Laws of Urban Vertical Expansion

To analyze and further reveal the spatial evolution process of urban vertical expansion
intensity, we used α-convergence, β-convergence and club convergence.

3.2.1. Analysis of α-Convergence

We first calculated the average value and standard deviation of Jiangsu Province’s
vertical expansion degree from 2009 to 2018 and used a formula to calculate the coefficient
of variation of the vertical expansion degree.

Table 2 depicts that the coefficient of variation of urban vertical expansion in Jiangsu
Province has a fluctuating downward trend that can be roughly divided into two stages:
During the first phase, which lasted from 2009 to 2011, the coefficient of variation showed a
“V” trend that decreased and then increased. In 2008, the Ministry of Housing and Urban–
Rural Development issued a Notice on Strengthening the Management and Supervision
and Inspection of the Floor Area Ratio of Construction Land (Jiangui (2008) No. 227). The
local government began to strengthen the supervision and inspection of buildings’ FAR in
May 2009. This led to the convergence of the degree of vertical expansion in various regions.
However, from 2010 to 2011, the coefficient of variation suddenly rebounded. The reason for
this was that the vertical expansion degree of counties and cities (county-level cities) closer
to the central urban area increased rapidly. For example, Jurong City is adjacent to Qixia
District in Nanjing City, and its degree of vertical expansion increased from 1.28 to 2.61. To
obtain higher economic radiation intensity, counties and cities (county-level cities) chose
land closer to big cities for development and attracted a large number of floating people
who worked in big cities by offering low housing prices. Hence, the government intended
to increase the residential plot ratio, which broke the original steady-state structure and
caused the coefficient of variation to rapidly increase. The second phase, from 2012 to 2017,
saw a decrease in the fluctuation of the coefficient of variation, which only recovered in
2015. The vertical expansion pattern of all districts (counties) in Jiangsu was stable. This
may be because the Ministry of Housing and Urban–Rural Development issued Measures
for the Administration of the Floor Area Ratio of Construction Land (Jiangui (2012) No. 22)
in 2012. Subsequently, cities in Jiangsu Province introduced corresponding measures to
further limit indicators such as floor height and FAR, effectively restricting the degree of
vertical expansion. During this period, areas with a rapid increase in the degree of vertical
expansion in the previous stage were effectively controlled. For example, the degree of
vertical expansion in Jurong City dropped from 2.61 to 2.05.
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Table 2. The variation coefficient of urban vertical expansion in Jiangsu Province.

Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Average
value 1.811 1.937 2.064 2.068 2.101 2.174 2.198 2.169 2.084 1.990

Standard
deviation 0.410 0.402 0.486 0.446 0.443 0.430 0.483 0.475 0.424 0.388

Coefficient
of variation 0.227 0.207 0.236 0.216 0.211 0.198 0.220 0.219 0.203 0.195

3.2.2. Analysis of β-Convergence

We used formula (2) to analyze the absolute β-convergence of the vertical expansion
degree in 95 districts (counties) in Jiangsu Province and estimated the data at different
periods. The results are shown in Table 3.

Table 3. Estimation results of absolute β-convergence.

Time Period Coefficient β Constant Term R-Sq Convergence Speed

2009–2014 −0.721 ***
(0.088)

0.599 ***
(0.054) 0.418 0.255

2014–2018 −0.438 ***
(0.093)

0.242 ***
(0.073) 0.192 0.144

2009–2018 −0.735 ***
(0.094)

0.517 ***
(0.058) 0.394 0.148

Note: * p < 0.1, ** p < 0.05 and *** p < 0.01; the data in parentheses is standard error.

Table 3 shows that the estimation results for the three periods (i.e., 2009–2014,
2014–2018 and 2009–2018) were all significantly negative. Jiangsu Province’s urban vertical
expansion depicted absolute β-convergence, with convergence rates of 0.255, 0.144 and
0.148. It should be noted that the β-convergence of three periods had different mean-
ings. Between 2009–2014 and 2009–2018, the urban vertical expansion in Jiangsu Province
showed an upward trend. During these two time periods, β-convergence meant that areas
with a higher degree of expansion had a “trickle-down effect” relative to areas with a lower
degree of expansion. Lower areas have caught up in urban vertical expansion, particularly
between 2009 and 2014. Affected by policy regulation, the degree of vertical expansion gen-
erally showed a downward trend from 2014 to 2018. Due to the existence of β-convergence,
areas with higher urban vertical expansion had a faster decline rate, resulting in value
convergence with low-value areas. With the steady progress of ecological civilization
construction and the continuous improvement of space management and control in recent
years, the degree of vertical expansion in all parts of Jiangsu has shown a clear downward
trend. The degree of urban vertical expansion is expected to gradually form a three-level
ladder feature (“central urban area–suburban area–outer suburban area”) in the future, and
a more reasonable urban development and construction pattern will emerge.

3.2.3. Analysis of Club Convergence

The 95 districts (counties) in Jiangsu Province were grouped according to their ge-
ographical location. Southern Jiangsu (SJ), Central Jiangsu (CJ) and Northern Jiangsu
(NJ) are used as “clubs” for convergence analysis to further test whether there was club
convergence in the degree of urban vertical expansion in Jiangsu Province. The results are
shown in Table 4.

Table 4 displays that club convergence occurred in the three major regions of Southern
Jiangsu, Central Jiangsu and Northern Jiangsu in most years. Club convergence in Southern
and Northern Jiangsu had better temporal continuity and a faster convergence rate. The
reason for this could be that Southern and Northern Jiangsu had a higher level of regional
integration. For example, the integration of Nanjing, Zhenjiang and Yangzhou, as well
as the integration of Suzhou, Wuxi and Changzhou, had already been listed as regional
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development strategies in Southern Jiangsu. Northern Jiangsu was vigorously promoting
the construction of the Huaihai economic zone; Xuzhou is positioned as the economic zone’s
central city, highlighting Suqian City and Huai’an City through its developed transportation
network. Therefore, Southern and Northern Jiangsu had more advanced transportation
networks and integration, resulting in a higher degree of internal convergence. Against the
background of bipolar development, the “Collapse of Central Jiangsu” situation was also
reflected. Despite its proximity to Southern Jiangsu, Taizhou City’s transportation center
degree in the urban agglomeration was low [50]. Yangzhou relied more on the promotion of
the Nanjing Metropolitan Circle and the integration of Nanjing, Zhenjiang and Yangzhou.
Nantong City was part of the Shanghai metropolitan area and was greatly affected by it.
Ultimately, the strength of internal connections and the convergence rate in Central Jiangsu
were both low.

Table 4. Estimation results of club convergence.

Time Period 2009–2010 2010–2011 2011–2012 2012–2013 2013–2014 2014–2015 2015–2016 2016–2017 2017–2018

Convergence rate
SJ 0.273 - 0.499 0.526 0.599 - 0.296 0.445 0.671
CJ - 0.478 0.578 - 0.389 0.504 - 0.830 -
NJ 0.869 - 0.411 0.154 0.395 0.652 0.523 0.569 0.904

Note: Blank value means that there is no absolute β-convergence in this time period.

4. Analysis on the Influencing Factors of Urban Vertical Expansion
4.1. Analysis of Results

To systematically reveal the specific impact of each variable, we first estimated all
samples (Model 1). Then, Model 2 was obtained after deleting the insignificant variable
PD. In addition, considering the heterogeneity of different geographic units, subregional
estimations were performed for Southern Jiangsu (Model 3), Central Jiangsu (Model 4) and
Northern Jiangsu (Model 5). Given that the three major regions were divided by latitude,
the LAT variable was excluded from the regional estimation to avoid interfering with the
results. We first used the LSDV method to determine whether the individual dummy
variables were significant. The results show that most individual dummy variables were
significant, implying that the original hypothesis (H0: a mixed model should be established)
was rejected. The fixed effects model (Model 1) was then determined using the Hausmann
test (p-value less than 0.05). The subsequent models were also estimated according to this
procedure, with Model 5 adopting OLS mixed estimation and the rest using fixed effects.
Table 5 displays the regression results.

The estimated results reveal the following: (1) In Models 1 and 2, real estate develop-
ment investment and economic structure had a significant positive impact on the degree of
urban vertical expansion, which was consistent with the theoretical analysis. In addition,
the quadratic regression coefficients for urban per capita disposable income and economic
structure were both significantly negative. This meant that economic development and ur-
ban vertical expansion had an inverted U-shaped relationship. Inflection points were CNY
40,484 (UPCDI) and 0.649 (STRU) (Model 2). This finding corroborated the relevant research
conclusion. The FAR of residential land first increased as economic development improved.
When the economy develops to a certain level, residents will pursue greater comfort in their
living conditions, resulting in a slowing or even a decline in the growth rate of residential
FAR [31]. (2) The impact of slope and real estate development investment was positive
and significant. Higher land leveling costs will increase the intensity of residential devel-
opment. Furthermore, given the scarcity of land resources, the local government would
appropriately increase the FAR of the transferred land. New urban districts with prominent
positioning are important growth poles and city cards for future urban development and
building heights are often higher. However, as the latitude increased, so did the building
development intensity, which contradicted the theoretical analysis but was consistent with
the results of the trend analysis (Figure 2) and related research [31,32]. (3) For the regional
samples, the regression results show that the influencing factors in the three regions were
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quite different. Southern Jiangsu was greatly affected by economic development, while
Central and Northern Jiangsu were heavily influenced by population density.

Table 5. Estimated results of the model.

Variable Name Model 1
(All Samples)

Model 2
(All Samples)

Model 3
(SJ)

Model 4
(CJ)

Model 5
(NJ)

UPCDI 0.251 ***
(0.059)

0.251 ***
(0.059)

0.603 ***
(0.089)

0.506 ***
(0.172)

UPCDI2 −0.031 ***
(0.001)

−0.031 ***
(0.008)

−0.068 ***
(0.008)

−0.101 **
(0.034)

STRU 1.910 ***
(0.732)

1.920 ***
(0.008)

2.772 ***
(0.983)

1.599 **
(0.575)

0.512 **
(0.229)

STRU2 −1.465 ***
(0.713)

−1.478 **
(0.667)

−2.188 ***
(0.702)

PD −0.007
(0.145)

11.328 *
(5.931)

0.209**
(0.086)

REDI 0.001 *
(0.001)

0.001 *
(0.001)

LAT 4.705 ***
(0.689)

4.704 ***
(0.688)

SLOPE 1.523 ***
(0.226)

1.523 ***
(0.225)

0.483 ***
(0.144)

−0.109 ***
(0.029)

C −156.838 ***
(23.214)

−156.796 ***
(23.186)

−1.718 ***
(0.597)

−4.171 **
(2.689)

1.321 ***
(0.086)

N 950 950 390 190 370
F 9.97 10.08 30.89 11.91 5.90

R2 0.540 0.540 0.715 0.358 0.058
Note: * p < 0.1, ** p < 0.05 and *** p < 0.01; the data in parentheses is standard error.

4.2. Discussion

As mentioned above, the setting of FAR was influenced to a certain extent by local
government decision makers as a policy restriction; however, they still made decisions
based on natural, economic and social factors. Moreover, due to different development
statuses and development modes in various regions, decision makers in different places
had diverse priorities in the setting of FAR. According to the estimation results of different
regions in Jiangsu Province, the economy of Southern Jiangsu developed, and the setting of
FAR in this region was more affected by the economy. On the one hand, urban per capita
disposable income in Southern Jiangsu was higher and residents’ purchasing power was
stronger; they were willing to pursue low-density housing [31]. On the other hand, relevant
studies indicated that an increase in FAR was often accompanied by a decline in house
prices [51]. Moreover, local governments were willing to obtain more benefits under the
premise of ensuring the stability of the real estate market and the incentive of economic
development, resulting in an inverted “U” relationship between economic development
and urban vertical expansion. This relationship did not fully appear in Northern and
Central Jiangsu. Only the indicator of urban disposable income had a nonlinear impact
on urban vertical expansion in Northern Jiangsu. In Central Jiangsu, there was a single
linear relationship between economic development and urban vertical expansion. From
2009 to 2018, the population growth rates in city proper in Central and Northern Jiangsu
reached 4.6% and 5.6%3, respectively, significantly higher than the 2.8% growth rate in
Southern Jiangsu. The rapid process of population urbanization stimulated demand for
housing, but the amount of land available for sale by local governments each year was
limited. Thus, local governments paid more attention to the impact of population, and by
increasing the setting of residential land’s FAR, the residential construction area could be
raised, allowing for more population to be absorbed. This also explains why the population
density in Central and Northern Jiangsu significantly improved the degree of urban vertical
expansion. It is also worth mentioning that this paper’s results were in line with the existing
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relevant studies. For example, Zhou found that the impact of economic factors on urban
vertical expansion was only significant in East and Northeast China (relatively developed
regions), while the impact of population was only significant in Central China (lagging
behind the eastern region) [31]. Moreover, Zambon’s research showed that the economic
impact of urban vertical expansion was increasing over time, while the population impact
was gradually weakening [32]. In addition, it can be found from the FAR-setting system
in other countries that the influencing factors behind it were different. The setting of FAR
in China [31], India [52] and Japan [8] were strictly controlled by the government because
land resources in these countries are scarce and the relationship between people and land
was tense. Consequently, governments needed to consider factors such as population,
environment and economic development, make the best decision and promote sustainable
urban development through target restrictions. In some countries where the contradiction
between people and land is not as strong (such as the United States), the setting of FAR is
more flexible [53], and the urban vertical expansion of cities is more affected by economic
factors [54].

5. Conclusions

This paper used the FAR of newly added residential land to characterize the degree
of urban vertical expansion. First, we used trend and convergence analyses to explore the
spatiotemporal evolution characteristics of urban vertical expansion in Jiangsu Province
from 2009 to 2018. Subsequently, an empirical model was constructed to further investigate
the factors influencing the urban vertical expansion. The research conclusions are as follows:
(1) The degree of urban vertical expansion in Jiangsu Province presented an inverted “U”
characteristic. The lowest value was 1.81 in 2009, and the highest value appeared in 2015.
The degree of urban vertical expansion gradually decreased after 2015. In terms of spatial
distribution, Jiangsu Province’s urban vertical expansion depicted the following pattern:
Northern Jiangsu > Southern Jiangsu > Central Jiangsu, with the extent of expansion in
the west being higher than that in the east. From a “center-periphery” perspective, the
vertical expansion of peripheral counties (county-level cities) in 2009 was lower than that
of the central urban area. However, the degree of vertical expansion of peripheral counties
(county-level cities) grew faster and surpassed that of central urban areas in 2013 but
then declined after 2015. In addition, there was the phenomenon of rapid urban vertical
expansion in suburban counties (county-level cities) near large cities’ central areas. For
example, Jurong City (county-level city) was adjacent to Nanjing City’s Qixia District,
and its degree of urban vertical expansion increased from 1.28 in 2009 to 2.61 in 2011.
(2) With the continuous advancement of regional integration and the construction of urban
agglomerations, the degree of vertical expansion of Jiangsu cities had a relatively evident
β-convergence. The convergence rate was the fastest in 2009–2014, reaching 0.255. At the
same time, there was a club convergence phenomenon in Southern, Central and Northern
Jiangsu; the convergence rate was fast in the north and south but slow in the middle. (3) The
econometric models’ estimated results reveal that real estate development investment and
slope had a significant positive impact on the degree of urban vertical expansion in Jiangsu
Province. Economic development had a nonlinear effect on urban vertical expansion. In
the initial stage of economic development, the degree of vertical expansion increased with
economic growth. However, when the economy reached a certain stage, residents were
more willing to pursue low-density (FAR) living space, and the degree of vertical expansion
decreases with economic development.

This paper established the spatiotemporal evolution characteristics of urban vertical ex-
pansion at the regional scale and explored the factors influencing urban vertical expansion,
and its results shed light on how China and other countries can systematically promote and
improve the level of urban construction. On the one hand, we should strengthen the control
of FAR of various urban land in the process of promoting urbanization. For example, in
seeking economic development, local governments in China increased the FAR setting of
commercial and residential land to obtain higher land-sales revenue, while decreased the
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FAR setting of industrial land to attract more companies to settle in the city [55,56]. As a
result, the FAR of residential land in China’s big cities FAR exceeded that of other central
cities in countries with scarce land resources (such as Seoul, South Korea) [33]. However,
the low-density development of industrial land is widespread [16]. Therefore, in the future,
local governments must further optimize the scientificity of the FAR setting of various
types of land to effectively ensure high-quality development. On the other hand, more
research into urban vertical expansion and its changes is necessary. Urban expansion is a
three-dimensional expansion process. It is difficult to comprehensively measure the level
and characteristics of urban expansion by only considering the horizontal dimension. It is
essential to examine the characteristics of urban expansion in multiple dimensions. Internet
data, cadastral data, land transaction data, radar scanning imaging and other data should
be used to analyze the characteristics of urban vertical expansion. In terms of land use
types, it is also necessary to expand from residential to commercial, industrial and other
types of land. In addition to paying attention to the above-ground space, underground
space analysis is an important part of urban development that cannot be overlooked.

It is worth noting that this study initially explored the spatiotemporal evolution char-
acteristics of urban vertical expansion on a mesoscale using Jiangsu Province as an example;
deficiencies were inevitable: First, the research area’s typicality and representativeness
can be improved. In the future, it will be necessary to explore more regions. Second, this
article only considered the FAR of newly added residential land and lacks comprehensive
consideration of other types of land.
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