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Abstract: China is urbanizing at an unprecedented rate, but also accelerating the use of water
resources and overloading of urban drainage systems. To analyze the impact of urbanization on
the drainage-system health in Jinxi, a typical small case area in China, this study proposed an
innovative methodological framework for evaluation and prediction based on statistical and modeling
methods, which provides a demonstration and reference for urban development and drainage-system
construction in developing countries. The result shows that the comprehensive urbanization index
(CUI) of Jinxi shows an overall upward trend between 2009 and 2020. The drainage-system health
index (DHI) shows a U-shaped trend of decreasing and then increasing, with the threshold in 2016.
The years when the DHI and CUI are in balanced development occurred in 2014 and 2018. The
impact of urbanization on the drainage-system health is divided into positive and negative aspects,
depending on the drainage demands of the urban development. According to the predicted results,
it is suggested that the next drainage upgrading measures will be favorable for sustainable urban
development when the urbanization rate reaches 60%, the gross industrial output increases by 10%,
or the total retail sales of consumer goods increase by 40%.

Keywords: urbanization; drainage system; future-scenarios prediction; small cities in developing
countries; SWMM

1. Introduction

Urbanization refers to the process of migration from rural to urban areas, accompanied
by a gradual change in industrial structure from the primary to secondary and tertiary
industries [1]. China is urbanizing at an unprecedented rate [2,3], which has risen from
17.9% in 1978 [4] to 64.7% in 2022 [5]. This rapid urbanization has promoted the social and
economic development of China, but also accelerated the consumption of water resources
and caused several water pollution problems [6], such as sewage pollution [7], industrial
wastewater pollution [8], and non-point source pollution [9], which create tremendous
pressure on the water resources and environment of China. Recently, the Chinese govern-
ment has promulgated the Action Plan for Prevention and Control of Water Pollution [10],
Sponge City [11], Three-year Action Plan for Improving the Quality and Efficiency of Urban
Sewage Treatment (2019–2021) [12], and other policies to control and reduce water pollution.
The essence of these measures is to upgrade and optimize the treatment capacity of the
drainage system so that it remains balanced with rapid urbanization. Furthermore, the
status of coordinated development of urbanization and drainage systems will contribute
to the sustainability of the city and water environment. Therefore, it is urgent and of
great scientific significance to explore the balanced development relationship between
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urbanization and drainage-system health and analyze the impact of urbanization on the
drainage system.

According to the existing research, studies related to the impact of urbanization on
drainage-system health can be broadly divided into three types. The first type evaluated
the sustainable development of the city, where the drainage system was used as one of
the evaluation indicators [13,14]. Generally speaking, a larger drainage scale and higher
control rate of stormwater runoff indicate a higher level of sustainable urban development.
The second type of study explored the coordination development of urbanization and the
environment, where the outfalls in the drainage system were regarded as an indicator
for point source pollution [4,15–17]. This type focused on the analysis of the processes
of change in coordinated development and the key factors, population and economy,
that contribute to environmental pollution. The third type was multi-system coupling
analysis, which discussed the interactions between various sub-systems of urbanization,
economy, energy, resources, and environment [18–20]. The conclusions of these studies
were mostly consistent with the environmental Kuznets curve [1,21], which denotes a
U-shaped relationship between urban development and the subsystems of environment,
resources, and ecology. These studies mainly analyzed the national, regional, or large-scale
metropolitan level. However, fewer studies focused on urbanization and drainage-system
health in small-scale cities, limited by strategic importance and statistical data. Small cities,
whose population is less than 200,000, are the mainstay of the urbanization process because
of the huge population of rural residents. They are more prone to water pollution than
modern cities due to the lack of attention to the scientific construction of drainage systems
in the early stage of development [22].For example, the small cities or towns in China
contain approximately 0.8 billion people, who are, more or less, facing drainage-system and
water-pollution problems brought on by increased urbanization rates [23]. Therefore, this
paper innovatively selects a typical small city as the research case to analyze the impact of
urbanization on the drainage system, which is necessary for the sustainable development
of urban drainage systems and water resources in developing countries.

For the small cities in whichever developing countries, there are four main develop-
ment trends: the continued migration of the population from rural to urban areas [24], the
transformation of agriculture from a scattered scale to a concentrated scale [25,26], the trans-
formation of the industry from small scale to large scale [27], and the vigorous development
of service industries relying on tourism resources [28–30]. Different small cities may choose
the development plan corresponding to their conditions. As for Jinxi, it is a small city with
the general development of primary, secondary, and tertiary industries, located in the east
of Fuzhou, Jiangxi Province, China. It has not only a well-developed agricultural and spice
industry as its economic base but also extremely abundant ancient villages as a tourist
resource, which is why it has been called the Fragrance Capital and the Museum of Ancient
Villages. Between 2009 and 2020, the proportion of the urban population in Jinxi increased
from 31% to 48%, which is a critical stage of urbanization development. Considering the
reality of Jinxi, it is a typical example of thousands of small cities in developing countries.
With Jinxi as the study area, this paper provides a demonstration and reference for the
coordinated development of urbanization and drainage systems in developing countries.

This study was divided into three steps. First, a novel index system for evaluating
urbanization and drainage-system health was designed and applied based on the city
statistical data and SWMM, a hydrological and hydraulic model. Then, the impact of urban-
ization on the drainage-system health was analyzed using correlation analysis. Finally, the
Gray model was used to predict the changes in drainage-system health under different ur-
banization development scenarios in order to propose future-oriented urban-management
suggestions for the balanced development of urbanization and drainage systems.
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2. Study Area and Evaluation Index System
2.1. Study Area and Data Collection

Jinxi is located between 25◦05’–27◦40’ N and 116◦25’–117◦05’ E (Figure 1), and has
120,000 citizens on 2500 hectares. Data regarding urbanization and the drainage system
were obtained from various sources, including Fuzhou Bureau of Statistics, Jinxi Bureau of
Statistics, Jinxi Bureau of Natural Resources, Jinxi Bureau of Housing and Urban Develop-
ment, and Google Images, etc. According to the Housing and Urban Development Bureau
of Jinxi, a fundamental urban drainage-system upgrade project was carried out in 2017
and two new wastewater treatment plants (WWTP) began to operate in 2019. Since the
earliest high-resolution remote-sensing images of Jinxi are from 2009, we chose the period
of 2009–2020 as our study time interval. The list of data collection is shown in Table 1.
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2.2. Evaluation Index System
2.2.1. Comprehensive Urbanization Index

Generally, the urbanization rate is the proportion of the urban population to the total
population [31], which does not satisfy a comprehensive evaluation. Recently, researchers
have proposed a methodology to establish a scientific and comprehensive system of in-
dicators to evaluate the urbanization process [4,19,20]. In this study, we referred to the
existing evaluation system and selected 24 indicators to evaluate the urbanization process
in four dimensions: population, social development, economy, and spatial development
(Table 2). The population is the core of urbanization, and all the urban activities serve
the citizens [32]. Social development represents the vitality of the city, where citizens can
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enhance their quality of life through education, healthcare, and cultural activities [33,34].
The economy is the lifeblood and engine of the city driving the development of urban-
ization [35,36]. The spatial development represents the current status of the city. For
example, the proportion of high-rise buildings relates to the aggregation of residents, the
proportion of roads represents transportation development, the proportion of farmland
represents agricultural development, the forest land and water surface represent ecological
development, etc. [37–39]. Table 2 showed the composition and weights of the CUI.

Table 2. The urbanization evaluation index and weights of indicators.

Dimensions Indicators Code Unit Property Subjective
Weight

Objective
Weight

Comprehensive
Weight

Population
Urbanization rate X1 % Positive 0.313 0.034 0.175

Population density X2 /km2 Positive 0.104 0.043 0.076
Total 0.417 0.077 0.251

Social
development

Consumer price index X3 - Positive 0.025 0.045 0.037
Years of

education per capita X4 year Positive 0.008 0.045 0.028

Municipal
sweeping area X5 ha Positive 0.004 0.042 0.025

Number of beds
in health

institutions
X6 - Positive 0.018 0.041 0.031

Total gas supply X7 thousand m3 Positive 0.006 0.033 0.021
Total water supply X8 thousand m3 Positive 0.011 0.043 0.029
Disposable income

per capita X9 ¥ Positive 0.018 0.042 0.032

Total 0.090 0.291 0.203

Economy

GDP X10 billion ¥ Positive 0.128 0.043 0.087
Gross

industrial output X11 billion ¥ Positive 0.089 0.044 0.068

Total retail sales of
consumer goods X12 billion ¥ Positive 0.025 0.043 0.036

The proportion of the
population in the

secondary industry
X13 % Positive 0.051 0.041 0.048

The proportion of the
population in the

tertiary
industry

X14 % Positive 0.040 0.044 0.044

Total 0.332 0.215 0.283

Spatial
development

Urban built-up area X15 ha Positive 0.038 0.042 0.042
The proportion of

high-rise buildings X16 % Positive 0.030 0.044 0.039

The proportion of
low-rise buildings X17 % Negative 0.005 0.042 0.025

The proportion of
industrial land X18 % Positive 0.024 0.038 0.032

The proportion of
bare land X19 % Negative 0.005 0.043 0.026

Proportion of road X20 % Positive 0.008 0.039 0.025
The proportion of

water surface X21 % Positive 0.016 0.042 0.031

Proportion of
woodland X22 % Positive 0.018 0.043 0.032

Proportion of farmland X23 % Negative 0.009 0.045 0.029
Proportion of river X24 % Positive 0.008 0.040 0.025

Total 0.160 0.416 0.306



Sustainability 2022, 14, 16998 5 of 24

Among the 24 indicators, X1–X15 were obtained directly from statistical yearbooks,
and X16–X24 were calculated from the supervised classification of land use (LU) us-
ing remote-sensing images [40,41]. The specific details of each indicator are shown in
Appendix A, Table A1. The index weights were calculated using the analytic hierarchy
process (AHP) and the entropy weight method (EWM), where the AHP generates the
subjective weights of the experts and the EWM generates the objective weights of the index.
The calculation process of AHP and EWM is shown in Section 3.2. The average of the
subjective and objective weights represents the importance of the index.

In the four dimensions, the population had the highest subjective weight at 0.417
followed by the economy (0.332), spatial development (0.160), and social development
(0.090), indicating that the population indicators and the economy indicators dominated for
the experts who scored the weights. Spatial development had the highest objective weight
at 0.416, indicating that it has the largest range of changes during 2009–2020. Overall, spatial
development contributed the highest comprehensive weight, followed by the economy,
population, and social development.

2.2.2. Drainage-System Health Index

We selected 12 indicators to evaluate the health of the drainage system in four dimen-
sions: drainage-system scale, rainwater destination, pollution, and drainage system status.
The drainage-system scale is the most visual indicator of the drainage system. Generally,
the larger it is, the healthier the urban drainage system is. The rainwater-destination
dimension measures the collection and conversion of rainwater, including the rate of infil-
tration and runoff. For the pollution dimension, we chose the total nitrogen (TN) as the
representative pollutant and converted the runoff and overflow pollution into pollution
per mm of precipitation, since precipitation is a vital factor impacting the amount of runoff
and overflow pollution and we had to eliminate the effect of precipitation on runoff and
pollution. The drainage-system-status dimension represents the overload and overflow of
pipes and WWTP. The lower it is, the healthier the urban drainage system is.

Table 3 shows the composition and weights of the drainage-system health index.
Among the 12 indicators, X25–X26 were obtained from the statistical yearbooks, and
X27–X36 were simulated from the drainage-system model. The modeling methods of
the drainage system are described in Section 3.1. Details of the drainage-system health
index are shown in Appendix A, Table A2. The difference in weights is also obvious
between dimensions in the drainage-system health index (Table 3). Pollution had the
highest subjective weight at 0.549 followed by drainage-system status (0.236), rainwater
destination (0.109), and drainage-system scale (0.106). The objective and comprehensive
weight of dimensions had the same rankings with different values.

Table 3. The drainage-system health index system and weights of indicators.

Dimensions Indicators Code Unit Property Subjective
Weight

Objective
Weight

Comprehensive
Weight

Drainage
system scale

Pipes density X25 km/km2 Positive 0.053 0.085 0.069
The daily treatment
capacity of WWTPs X26 m3/d Positive 0.053 0.037 0.045

Total 0.106 0.122 0.114

Rainwater
destination

Infiltration rate X27 - Positive 0.018 0.085 0.052
Runoff rate X28 - Negative 0.091 0.090 0.091

Total 0.109 0.175 0.142
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Table 3. Cont.

Dimensions Indicators Code Unit Property Subjective
Weight

Objective
Weight

Comprehensive
Weight

Pollution

TN runoff pollution per
mm of precipitation X29 kg/mm Negative 0.037 0.085 0.061

TN point source
pollution X30 kg Negative 0.062 0.088 0.075

TN combined sewer
overflow per mm of

precipitation
X31 kg/mm Negative 0.117 0.091 0.104

TN outfall pollution
per mm of precipitation X32 kg/mm Negative 0.333 0.087 0.210

Total 0.549 0.351 0.450

Drainage
system status

Overloaded sewage
inflow of WWTPs X33 m3/y Negative 0.042 0.082 0.062

Days of overloaded
WWTPs X34 d/y Negative 0.015 0.089 0.052

Total time of
surcharge pipes X35 h/y Negative 0.040 0.091 0.066

Total overflow of nodes X36 m3/y Negative 0.138 0.091 0.115
Total 0.236 0.352 0.294

3. Research Methods

We designed an evaluation index system of comprehensive urbanization and drainage
system health. The statistical method, remote-sensing image analysis, and hydrology and
hydraulic model were used to obtain the specific values of the indicators. The analytic
hierarchy process and entropy methods were applied to perform subjective and objective
weightings. The correlation analysis was carried out to explore the impact of urbanization
on the drainage system. The gray system model [42] was used to predict the changes in
drainage-system health indicators in different development scenarios. The technology
roadmap is shown in Figure 2.
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3.1. Calculation Methods for the Value of Indicators
3.1.1. Supervised Classification of Spatial-Development Indicators

Supervised classification, also known as training classification, is the process of using
sample images from the identified category to identify unknown category images [43,44].



Sustainability 2022, 14, 16998 7 of 24

We used the object-oriented image-classification method in ENVI 5.3 (Exelis Visual Infor-
mation Solutions Corporation, Colorado, United States) to extract the LU information from
remote-sensing images of Jinxi, which were provided by KOMPSAT-2 (2009) and Google
historical image (2011–2020). Each image was chosen to be sunny and cloudless, and taken
in July or August. The image from KOMPSET-2 was bought and pre-processed from the
Map Services Company (Shengshi Huayao Technology Corporation, Beijing, China). In
addition, the images downloaded from Google historical images are provided from Landsat
7 and Landsat 8. The sample set consisted of nine types and 270 samples of LU, including
high-rise buildings, low-rise buildings, industrial plants, rivers, water surface, farmland,
woodland, roads, and bare land, which were manually labeled. The LU changes in the
period of 2009–2020 are shown in Appendix A, Figure A1. The confusion matrix, espe-
cially the kappa coefficient, was used to evaluate the accuracy of LU classification [43,44].
According to Appendix A, Table A3, the kappa coefficient of LU classification from each
image was greater than 0.80, indicating that the classification results were acceptable.

3.1.2. Drainage-System Modeling

The drainage-system model was built on Stormwater Management Model (SWMM) [45].
Meanwhile, we used ArcGIS 10.7 to calculate the hydrology and hydraulic parameters that
had to be input into the SWMM. The hydrology unit of SWMM had 709 subcatchments
which were divided based on the high-resolution DEM data [46]. The hydraulic unit
included the junctions, outfalls, conduits, pumps, and WWTPs, simulating the entire
drainage network. The water-quality unit simulated 2 types of pollution input: rainwater
washoff and wastewater inflow, which were the main pollution sources of the combined
sewer overflow [47,48]. Horton infiltration formula was used to simulate the infiltration
process [49–51]. For flow routing in the drainage network, the dynamic wave routing
scheme was used. Evaporation rates and precipitation were simulated in SWMM based
on the hourly observation data of weather, which were downloaded from the National
Centers for Environmental Information. We built a series of updated SWMM models based
on the collected data and supervised classification results of LU in different years, which
represented 2010/2012/2014/2016/2018/2020, separately. The parameters were not always
the same between models, as Jinxi kept developing. Therefore, the different inputs among
the series of drainage models are shown in Table 4.

Table 4. The different inputs among the series of SWMMs.

Items Differences among the Series of Models

Hydrology unit

Precipitation Hourly precipitation data per year
Evaporation Daily evaporation data per year

Maximum infiltration rate Depending on the type of soil and LU
Manning coefficient Depending on the type of soil and LU

Percent of impervious Depending on LU

Hydraulic unit
Drainage network The drainage system was upgraded in 2017

WWTP Two new WWTPs were operated in 2019

Water quality
unit

Wastewater discharge Depending on the type of LU and
the population

Washoff Depending on the type of LU

According to Table 4, the result of LU classification was used to assign the initial
values to infiltration, Manning coefficient, wastewater discharge parameters, and washoff
pollution. The initial value ranges of the hydrological parameters are shown in Appendix A,
Table A4. The event mean concentrations washoff function were chosen for water-quality
simulations in the drainage model [47,52] and different LU types correspond to different
pollutant flushing coefficients, which are listed in Appendix A, Table A5. Wastewater
discharge is highly correlated with human activities and LU. In this case, we allocated
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the total amount of wastewater to each subcatchment according to the building area. The
calculation formula is as follows:

Qτ =
3 × Sτ−high + 10 × Sτ−plant + Sτ−low

3 × Shigh + 10 × Splant + Slow
× Qtotal (1)

where τ means the order of subcatchments, ranging from 0~607; Qτ is the wastewater
discharge baseline for each subcatchment, m3/d; Qtotal is the average daily wastewater
treatment capacity, m3/d; Sτ represents the area of high-rise buildings, industrial plants,
and low-rise buildings in each subcatchment, m2; S represents the total area of each type of
LU, m2. Depending on the height of the building, we assume that the baseline drainage of a
high-rise building is three times more than that of the low-rise building, and the industrial
plant is about ten times. Furthermore, random factors between 0.7 and 1.3 were chosen
randomly and multiplied with the baseline flow to simulate the real drainage process.

The minimum unit of calculation for the hydrologic process is the subcatchment in
SWMM. When various types of LU exist in one subcatchment, it is necessary to provide the
proportion for each type. In that case, the parameters were set according to the largest LU
area of this subcatchment. After setting and running the initial model, the cross-validated
method [53] was used in the calibration and verification of hydrological, hydraulic, and
water-quality units. We monitored the flow of outfalls from five actual storms from 2019
to 2021, and used four of them for calibration and the rest for verification, repeating five
times ordinally. The calibrated model simulated storm events with Nash-Sutcliffe efficiency
values ranging from 0.73 to 0.93. We selected the calibration result with the highest Nash
coefficient as the model parameter input. The calibration and verification data for the
water-quality unit was obtained from the WWTP inlet data from January to December 2019,
and the Nash–Sutcliffe efficiency was 0.82, which fit the requirements of accuracy.

3.2. Calculation Methods for the Weight of Indicators

The data should be normalized considering the differences in dimension, magnitude,
and symbols [15,19]:

For positive indicators : Xij =
xij − ximin

ximax − ximin
(2)

For negative indicators : Xij =
ximax − xij

ximax − ximin
(3)

where i is the serial number of the indicators; j represents the number of years; Xij represents
the normalized value and xij represents the original value; and ximax and ximin represent
the maximum and minimum value of the indicator xi. The values of all indicators were
normalized between 0 and 1 after the pre-processing.

The analytic hierarchy process (AHP) is a multi-criteria decision-making method,
which was first introduced in the 1970s and has been widely applied to solve multi-
objective complex problems [54,55]. In this study, we used YAAHP [56], an AHP software,
to calculate the subjective weights of urbanization and drainage-system health index. The
calculation process of AHP consists of 3 steps: (1) build a hierarchical model based on the
relationship of indicators in Tables 2 and 3; (2) obtain the judgment matrix from the experts
who are from the executive managers of drainage-network department, Shenzhen Water
Group; (3) input the judgment matrix into the YAAHP and conduct the consistency check
to make sure the consistency index is below 0.1; and (4) output the subjective weights.

The entropy weight method (EWM) is a weighting method that calculates the objective
weight of the indicator according to the dispersion degree of the data [57,58]. The required
original data for the entropy method is shown in Appendix A, Tables A1 and A2. In
addition, the calculation process of EWM consists of three main steps, as follows.

(a) Data normalization
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Pij =
Xij

∑n
j=1 Xij

(4)

(b) Entropy calculation

Ei = − ln
1
n
×

n

∑
j=1

(
Pij × ln Pij

)
(5)

where i is the serial number of the indicators; j represents the number of years; n represents
the number of total years; and Ei represents the entropy of Xi.

(c) Weight calculation

Wi =
1 − Ei

m − ∑m
i=1 Ei

(6)

where m represents the number of total indicators; and Wi represents the objective weight
of Xi.

3.3. Correlation Analysis and Principal Component Analysis
3.3.1. Correlation Analysis

The Pearson correlation coefficient (PCC) can be used to represent the correlation
between two variables [59]. In general, the absolute value of PCC is considered to be a
strong correlation between the two variables if it is greater than 0.8. A range between 0.3 to
0.8 is considered a weak correlation. There is considered to be no correlation when it is less
than 0.3 [60]. We calculated the PCCs and validated the significance level using R studio in
this study.

3.3.2. Principal Component Analysis

The 24 indicators of CUI were transformed into mutually independent variables by
principal component analysis considering the correlation between the indicators of CUI.
The principal component analysis [61,62] was finished with SPSS 26.0 and the results are
shown in Appendix A, Table A6. From Table A6, the cumulative variance contribution
rate of the first four factors is 92.328%, indicating that the first four factors could well
represent the main information from the 24 indicators. The factors were then extracted
by the principal factor analysis method and the matrix is listed in Appendix A, Table A7.
The indicators of CUI were transformed into four mutually independent variables F1–F4,
as follows:

F1 = 0.045x1+0.073x2+0.016x3+···+ 0.041x23−0.059x24 (7)

F2 = −0.093x1+0.012x2−0.004x3+··· − 0.075x23−0.055x24 (8)

F3 = 0.056x1+0.038x2+0.217x3+··· − 0.256x23−0.159x24 (9)

F4 = 0.351x1 − 0.021x2 + 0.301x3 + ···+ 0.077x23 + 0.107x24 (10)

3.4. Future Scenarios Design and Prediction
3.4.1. Principles of Scenario Design

We set up four future scenarios to explore the impact of urbanization on drainage-
system health in the future based on the actual indicator data of 2020, which were popula-
tion development, industrial development, cultural and tourism development, and passive
development. The population development scenario represented a normal urbanization
mode characterized by the simultaneous development of social, economy, and spatial lay-
out along with population growth. The industrial development scenario meant the future
development of the secondary industry. The cultural and tourism development scenarios
represented the future development of tertiary industry. The passive development scenario
referred to the fact that the residents in small cities were attracted to the nearby large
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cities that can provide more opportunities and higher salaries, which is also called the
Siphon Phenomenon in City Cluster [63,64]. There are 2 large cities, Fuzhou and Nanchang,
surrounding Jinxi, which are attractive workplaces. The principles of scenario design are
shown in Table 5.

Table 5. Details of different scenarios.

Scenarios Principles and Description

Population development
The urbanization rate increased from 0.48 to

0.50/0.55/0.60/0.65/0.70 and other indicators were adjusted
synchronically according to the changes.

Industry development
The gross industrial output improves 10%/20%/30%/40%/50%

of basic value, and other indicators were adjusted
synchronically according to the changes.

Cultural and tourism
development

The total retail sales of consumer goods improve
10%/20%/30%/40%/50% of basic value, and other indicators

were adjusted synchronically according to the changes.

Passive development
The GDP declines −5%/−10%/−15%/−20%/−25% of basic

value, and other indicators were adjusted synchronically
according to the changes.

3.4.2. Method of Scenario Prediction

The gray system model has attracted wide attention due to its simplicity and efficiency
in time-series prediction with small samples [42,65,66]. In this study, the gray model was
chosen as the prediction method, which predicted the four dimensions of DHI with or
without the upgrading measures, respectively. Indicator data from 2009–2015 were used
to train the gray models without optimization measures of the drainage system, and data
from 2016–2020 were applied for training the gray models with measures. For each gray
system model, the inputs were the independent indicators F1–F4 calculated by principal
component analysis, and the first-order accumulative generation operation (abbreviated as
1-AGO) data of the original series were used as accumulation. The outputs were the DHI
prediction values for the future scenarios with and without the drainage upgrade measures,
respectively. The relative error was used to assess the accuracy of the gray models. After
calibrating the parameters, the relative error of each gray model was controlled within 20%.

4. Results and Discussion
4.1. Trends of CUI and DHI

The temporal changes in the CUI in Jinxi are shown in Figure 3a. The CUI presents
an overall upward trend during 2009–2020, showing the similarity from other cities in
developing countries [16,21,67,68]. The CUI maintains a steady development in 2009–2014
with the population, economy, society, and spatial development but decreased slightly
during 2016–2018. The main reason for the decline is the spatial-development dimension.
According to Table A1 and Figure A1, the rapid expansion of urban areas caused changes
in the proportion of LU. During 2016–2018, about 7% of the land was developed from forest
to residential and bare land, which was an inappropriate urbanization process, being at the
expense of ecological resources. In 2019–2020, the CUI further increased as the population
of Jinxi rapidly grew.

Figure 3b shows the changes in the DHI in Jinxi from 2009–2020 with an overall trend
of decreasing in 2009–2015 and increasing in 2016–2020, which presents a U-shaped curve.
The decline in DHI was caused by a combination of changes in the four dimensions. First,
the drainage-system scale is lagging compared to the rapid urbanization during 2009–2015,
resulting in a decrease in the drainage-system-scale dimension score. Second, the urban-
ization process caused pervious areas to be replaced by impervious areas, resulting in an
increase in stormwater runoff, that is, a decrease in the stormwater-destination dimension.
In addition, the increase in domestic and industrial water consumption increased the pollu-
tion discharge and drainage-system loading. After 2017, the DHI improved as the govern-
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ment recognized the problems in drainage systems and implemented upgrading measures,
including the construction of drainage pipelines and wastewater treatment plants.
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Figure 3c describes the development relationship between CUI and DHI in the period
of 2009–2020. θ of the polar system is the angle between the point (CUI, DHI) and the origin,
reflecting the degree of balanced development between urbanization and drainage-system
health. When θ exceeds 45◦and the value of DHI is greater than CUI, the drainage-system
health is ahead of the urbanization development, which can be interpreted as the drainage
system still having a surplus wastewater treatment capacity. Conversely, it indicates
that urban development is ahead of the drainage-system health when θ is less than 45◦.
Therefore, Figure 3c is divided into two parts that are the drainage-leading area (DLA)
and the urbanization-leading area (ULA). Jinxi is in the DLA during 2009–2014. However,
the leading of drainage-system health gradually decreases as the CUI rises during this
period. In 2014, the urbanization and drainage-system health reached a low-level balanced
development. Jinxi has been in the ULA since 2015. In 2018, urbanization and drainage-
system health are a high-level balanced development as the drainage-system upgrading
project increased the DHI.

4.2. Impact of Urbanization on Drainage System Health
4.2.1. Correlation Analysis

The PCC is used to present the correlation between urbanization and drainage-system
health. Figure 4 shows the heat map of the correlation coefficients for the eight dimensions
of CUI and DHI, where green represents positive correlation and pink represents nega-
tive correlation. The four dimensions of the CUI show positive inner correlations with
correlation coefficients varying from 0.37 to 0.82 in the top left corner of Figure 4. The
inner correlation coefficients of the four dimensions of the DHI range from −0.86 to 0.67
located in the bottom right corner of Figure 4, where the drainage-system scale appears a
strong negative correlation with the two dimensions: rainwater destination (−0.82) and
drainage-system status (−0.86). As for the impacts of urbanization on drainage-system
health, the population, social development, and economy have positive impacts on the
drainage-system scale with coefficients of 0.76, 0.53, and 0.61, indicating that the scale of the
drainage system is consistently increasing with the development of the urban population,
society and economy. All of the dimensions of CUI have negative impacts on the rainwater
destination, with coefficients of −0.88, −0.79, −0.93, and −0.44, respectively. This situation
occurs because there is no measure of runoff control in Jinxi and the surface runoff creates
immense pressure on the drainage system. The economy and spatial development have
negative impacts on the pollution dimension with coefficients of −0.33 and −0.57, meaning
that economic and spatial development leads to an increasing amount of pollution emis-
sions in the natural environment. The population, social development, and economy have
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negative impacts on the drainage system status with coefficients of −0.69, −0.57, and −0.51,
suggesting that urbanization development increases negative pressure on the operation of
the drainage system. All the values pass the significance test at the level of 0.05.

Sustainability 2022, 14, x FOR PEER REVIEW  13  of  26 
 

The PCC is used to present the correlation between urbanization and drainage‐sys‐

tem health. Figure 4 shows the heat map of the correlation coefficients for the eight di‐

mensions of CUI and DHI, where green represents positive correlation and pink repre‐

sents negative correlation. The four dimensions of the CUI show positive inner correla‐

tions with correlation coefficients varying from 0.37 to 0.82 in the top left corner of Figure 

4. The inner correlation coefficients of the four dimensions of the DHI range from −0.86 to 

0.67 located in the bottom right corner of Figure 4, where the drainage‐system scale ap‐

pears a strong negative correlation with the two dimensions: rainwater destination (−0.82) 

and drainage‐system status (−0.86). As for the impacts of urbanization on drainage‐system 

health, the population, social development, and economy have positive  impacts on the 

drainage‐system scale with coefficients of 0.76, 0.53, and 0.61, indicating that the scale of 

the drainage system is consistently increasing with the development of the urban popu‐

lation, society and economy. All of the dimensions of CUI have negative impacts on the 

rainwater destination, with coefficients of −0.88, −0.79, −0.93, and −0.44, respectively. This 

situation occurs because there is no measure of runoff control in Jinxi and the surface run‐

off creates immense pressure on the drainage system. The economy and spatial develop‐

ment have negative  impacts on  the pollution dimension with coefficients of  −0.33 and 

−0.57, meaning that economic and spatial development leads to an increasing amount of 

pollution emissions in the natural environment. The population, social development, and 

economy have negative impacts on the drainage system status with coefficients of −0.69, 

−0.57, and −0.51, suggesting that urbanization development increases negative pressure 

on the operation of the drainage system. All the values pass the significance test at the 

level of 0.05.   

 

Figure 4. The Pearson correlation coefficients among eight dimensions from CUI and DHI. Figure 4. The Pearson correlation coefficients among eight dimensions from CUI and DHI.

4.2.2. Qualitative Analysis and Mechanism

The results of the DHI trend are directly influenced by the various water-use habits of
urban residents and the operation of the drainage system. Figure 5 shows the mechanism
of the qualitative impact of urbanization on the drainage-system health. From the result of
Section 4.1 and some related research, the impact is divided into negative and positive parts.
The negative impact comes from the pressure of urbanization on the drainage system, such
as increased domestic sewage due to population development, increased industrial sewage
due to economy development, increased municipal water use due to social development,
and increased stormwater runoff rates due to the large-scale development of the impervious
area, which are shown as the green arrows in the outer ring of Figure 5. The positive
impact comes from positive measures that can enhance the drainage-system health, such
as drainage-system construction, low-impact development [69], joint dispatch of drainage
systems [70], and promotion of water-saving behaviors [71–73], etc., which are shown as
the red arrows in the outer ring of Figure 5. Changes in DHI are caused by a combination
of positive and negative impacts. Jinxi experienced negative impacts at the beginning of
the urbanization development process and positive impacts at the later stage, which can
explain the U-shaped trend of Jinxi DHI in Section 4.1.

In the inner ring of Figure 5, there are several dashed lines connecting the four di-
mensions of urbanization and the positive measures of the drainage system, meaning
that changes in the various dimensions of urbanization also provide references to the
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decision-making process for urban drainage-system upgrading measures. According to the
correlation calculation results in Section 4.2.1, the economy dimension has the strongest cor-
relation with the DHI among the urbanization dimensions, followed by the spatial, social,
and population. Therefore, it would be more conducive to the sustainability of decision-
making if the demands from the economy and spatial development were prioritized.
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4.3. Future Scenarios Prediction

Figure 6a–d illustrates the prediction result of CUI and DHI for Jinxi in different sce-
narios, where each scenario includes two results for adopting drainage-system upgrading
measures or not. Here, “0” on the x-axis represents the actual score of CUI and DHI in
2020, and “1”–“5” represents the intensities of the scenario. The predicted results of DHI
have similar trends in the population (Figure 6a), industrial (Figure 6b), and cultural and
tourism (Figure 6c) development scenarios. In the case of taking measures to upgrade
the drainage system, DHI will increase with CUI, which means they can develop syn-
ergistically in a balanced relationship. On the contrary, if the government does not pay
attention to the drainage-system health, DHI will decrease as the CUI increases, indicating
that the drainage system of Jinxi will be gradually unbefitting of the growing demand of
urbanization and probably lead to urban flooding and water-pollution problems. In the
passive development scenario (Figure 6d), CUI and DHI will be decreasing with increasing
development intensity. The passive development scenario is somehow like the inverse
process of the population development scenario, where the population loss becomes more
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severe as the intensity of the scenario increases. As a result, the trend in Figure 6d shows
the opposite to that in Figure 6a.
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In addition, Figure 5e–h plots the detailed trends of the four dimensions of the DHI for
each scenario, where different shapes represent the four dimensions in the legend. The score
of scale, pollution, and status would be improved by taking drainage-network upgrade
measures, meaning that the measures could significantly affect these three dimensions.
The score of rainwater destinations would decrease (Figure 6e) or be essentially constant
(Figure 6f,g) by adopting drainage-system upgrade measures, indicating that the measures
are not the major factor. The ranking of the impact of drainage-system upgrading measures
on the four dimensions could be analyzed according to the difference between the scores of
measures and no measure: pollution > status > scale > rainwater destination. The trend of
the scale, rainwater destination, and pollution in the passive development scenario is the
opposite of the other three scenarios and the trend of the status is similar (Figure 6h). In this
case, the overflows of the drainage system and overloads of WWTPs would be significantly
reduced, leading to an upward trend in the drainage-system health status.

4.4. Suggestions for the Development of the Drainage System in Jinxi

Figure 7 shows the future development relationship between CUI and DHI based
on the predicted results. Compared with Figure 3c, there exist negative numbers of θ in
Figure 7, which means that some indicators of DHI are lower than the lowest score from
2009-2020. In another way, the drainage system will be in a terribly unhealthy state if the
score of DHI is less than zero. Therefore, Figure 7 is divided into three areas by θ as 0
and 45◦, which are the drainage-leading area (DLA), the urbanization-leading area (ULA),
and the unhealthy area (UHA). Suggestions of drainage-system development for Jinxi are
proposed based on the status area of different scenarios, as follows.

In the population development scenario, drainage upgrading measures will be recom-
mended when the urbanization rate is up to 60%. The expected result will be a balanced
development in CUI and DHI with θ = 43.55◦ (Figure 7a).

In the industry development scenario, it will be suggested to propose drainage up-
grading measures when the gross industrial output improves by 10%. The expected result
will still prioritize the urbanization development area with θ = 32.27◦. According to the
results in Figure 7b, the dimension of pollution is the main factor that causes the decrease
in DHI. Therefore, the pre-treatment devices for industrial drainage should be the addi-
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tional measures cooperating with drainage upgrading measures to reduce the quantity of
pollution and improve the DHI score.
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Figure 7. The development relationship between CUI and DHI in future scenarios. (a–d) represent
the results of future development relationship in different scenarios.

In the culture and tourism scenario, the measures to upgrade the drainage system will
be favorable for sustainable urban development when the total retail sales of consumer
goods improve by 40%, of which the expected result will be a priority of the drainage
development area with θ = 57.68◦. Therefore, the drainage-network upgrade measure is
oversaturated in this scenario. According to Figure 7c, it is recommended that the drainage
upgrading measure in level 2 be implemented instead of the measure in level 4 for the
balanced development of CUI and DHI with θ = 49.00◦.

In the passive development scenario, θ is always located in the ULA, which ranges
from 18.99◦ to 24.32◦ (Figure 7d). Considering that the drainage-system pressure is also
decreasing under the scenario, there is no need to implmement drainage-system upgrading
measures for the time being. The current focus should be on considering how to reduce
the impact of the urban siphon phenomenon and attract talents and quality investment for
society and economic recovery. The balanced development of urbanization and drainage
health would be considered when the city is back to its usual stage.

The low-impact development and joint dispatch of drainage systems are also important
positive measures to improve the score of drainage-system health from Figure 4, though
it has not been applied in Jinxi yet. Therefore, it is recommended that Jinxi should take a
variety of positive measures in the future to maximize the score of the drainage-system
health index and ensure the constant balanced development between urbanization and
drainage-system health.

5. Conclusions

Taking Jinxi, a typical small city in developing countries, as an example, we evaluated
the score of CUI and DHI from 2009 to 2020 and analyzed the impact of urbanization on
drainage-system health. Then, we predicted the trends of DHI in four different development
scenarios and made suitable suggestions for the drainage-system development of Jinxi. The
conclusions are as follows. CUI increased overall but there was a slight decrease in 2017 and
2018 because of the inappropriate land development in the city. The changes in DHI showed
a U-shape, decreasing first and then improving due to the drainage-system upgrading
measures. According to the trend of CUI and DHI, 2014 and 2018 are the years of balanced
development of urbanization and drainage-system health. The impact of urbanization on
the drainage system is divided into negative and positive impacts. The negative impact
comes from various drainage pressures during the development of urbanization, and
the positive impact comes from various drainage-system management measures. This
study focused on the impact of the current drainage-system upgrade measures on each
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dimension of DHI, which was ranked as pollution > status > scale > rainwater destination.
Further drainage upgrading measures are favorable for sustainable development when
the urbanization rate reaches 60%, the gross industrial output increases by 10%, or the
total retail sales of consumer goods increase by 40%. If Jinxi faces the passive development
scenario in the future, it could consider counteracting the attraction of large cities compared
to nearby small cities before focusing on drainage-system health.

Admittedly, this work has the disadvantages of few study areas and uncertainty in
model prediction. In the future, we will optimize the research method, such as by using
the fractional multivariate gray model with convolutional integration [74] to replace the
traditional gray model and apply it to other cities to explore and compare the different
regular impacts of urbanization on drainage-system health.
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Appendix A

Table A1. The original data of the comprehensive urbanization index.

Indicators 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

X1 31.70 32.02 31.64 32.20 33.05 32.92 32.75 33.88 34.16 34.44 34.50 48.21
X2 4052 4140 4180 4320 4640 4664 4606 4717 4767 4810 4818 4894.92
X3 97.9 103.1 104.4 102.4 101.8 103.2 100.9 101.5 101.6 102.1 102.6 103.8
X4 12.25 13.1 14.22 14.89 15.07 15.11 15.63 15.71 15.79 15.59 15.22 15.53
X5 59 73 73 108 118 129 140 141 194 198 200 220
X6 492 622 622 622 622 622 660 673 919 985 995 1404
X7 15 16 27 26 13.4 13.6 13.8 14.1 14.12 14.3 14.4 14.8
X8 653 650 740 795 834.75 834.75 697.5 787.1 297.14 615 703 713
X9 14,503 16,240 17,903 18,649 20,168 22,102 23,914 25,875 28,662 30,237 32,634 34,599
X10 3.080 3.616 4.521 5.426 6.097 6.735 7.220 7.907 8.372 9.046 9.333 9.589
X11 2.527 3.828 4.709 5.229 7.412 9.122 9.986 10.698 7.916 6.090 6.133 6.533
X12 1.027 1.221 1.448 1.665 1.865 2.149 2.409 2.714 3.040 3.079 3.438 2.917
X13 6.34 6.78 7.49 8.02 8.13 17.33 17.56 17.53 15.87 16.85 17.03 20.49
X14 13.22 13.47 14.98 9.32 17.75 15.26 15.46 15.78 16.55 17.70 17.87 22.89
X15 12.00 12.25 12.11 13.25 13.75 14.00 14.40 14.80 14.85 15.10 15.20 15.60
X16 6.19 7.28 11.74 16.20 17.20 18.20 21.75 25.29 24.79 24.28 23.00 21.71
X17 11.31 16.01 18.08 20.14 22.39 22.45 23.19 23.73 24.75 22.27 22.43 23.82
X18 1.26 1.48 1.67 1.85 2.05 6.24 5.81 5.37 6.42 6.47 7.28 7.10
X19 3.72 4.38 2.38 0.39 1.84 3.30 4.92 6.55 5.67 4.79 4.85 4.91
X20 1.52 1.79 1.52 1.25 1.73 1.33 1.92 2.17 2.97 2.78 3.70 3.63
X21 2.13 2.50 2.10 3.71 4.54 4.37 4.78 6.14 6.60 6.06 6.41 5.76
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Table A1. Cont.

Indicators 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

X22 33.81 33.89 30.55 29.22 29.20 28.18 21.74 16.60 14.13 18.67 17.39 18.11
X23 36.61 28.60 29.50 26.40 19.78 14.23 14.70 13.45 13.67 13.38 14.03 14.44
X24 3.45 4.06 2.46 0.85 1.28 1.70 1.20 0.70 1.00 1.30 0.91 0.53

Table A2. The original data of the drainage-system health index.

Indicators 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

X25 8.31 7.51 7.45 7.40 7.27 7.71 7.99 8.07 8.79 8.82 9.32 9.32
X26 20 20 20 20 20 20 20 20 20 20 30 30
X27 48.72 47.50 43.10 46.08 43.95 38.92 31.14 29.16 32.96 28.37 29.40 26.67
X28 41.97 45.87 45.10 42.63 47.04 48.84 47.65 48.60 53.13 51.63 55.81 57.31
X29 15.09 15.55 12.12 14.84 15.33 15.74 14.51 14.99 12.75 12.41 14.03 12.43
X30 6204 6367 6411 6677 6910 6939 8489 8515 8478 8476 9890 9905
X31 1672 1135 2356 1036 2118 1529 1401 1460 2096 2001 4254 4078
X32 1232 826 1746 751 1565 1121 932 971 1401 1337 1690 1622
X33 4531 4647 4690 4871 5051 5072 8303 8345 8323 8333 9957 12967
X34 60 82 122 120 165 160 182 195 203 222 125 160
X35 31,776 36,866 29,539 39,956 33,143 36,226 56,667 56,670 53,781 51,698 511,086 509,510
X36 33,367 50,127 22,759 59,928 30,131 39,520 54,049 56,432 36,662 37,420 97,186 93,651

Table A3. The confusion matrix for LU classification.

Input
Output High-Rise

Buildings
Low-Rise
Buildings

Industrial
Plants Rivers Water

Surface Farmland Woodland Roads Bare
Land

Kappa
Coefficient

2009

High-rise buildings 24 2 3 0 0 0 0 0 1

0.80

Low-rise buildings 2 25 1 0 0 2 0 0 0
Industrial plants 0 0 26 0 1 2 0 0 1
Rivers 0 1 0 25 2 0 0 1 1
Water surface 0 0 0 0 27 2 0 0 1
Farmland 0 0 0 0 4 26 0 0 0
Woodland 0 0 0 0 1 2 24 1 2
Roads 0 0 0 5 0 3 0 21 1
Bare land 0 3 1 0 1 0 0 0 25

2012

High-rise buildings 26 2 1 0 0 0 0 0 1

0.83

Low-rise buildings 2 27 1 0 0 0 0 0 0
Industrial plants 0 1 29 0 0 0 0 0 0
Rivers 0 0 0 24 3 0 0 2 1
Water surface 0 0 0 0 24 2 3 0 1
Farmland 0 0 0 0 4 23 0 2 1
Woodland 0 0 0 0 1 2 24 1 2
Roads 0 0 0 2 0 0 1 26 1
Bare land 0 1 0 0 1 1 0 0 27

2014

High-rise buildings 24 2 1 0 0 0 0 0 3

0.82

Low-rise buildings 1 28 1 0 0 0 0 0 0
Industrial plants 0 2 27 0 0 0 1 0 0
Rivers 0 0 0 24 3 0 0 2 1
Water surface 0 0 0 0 24 2 3 0 1
Farmland 0 0 0 0 3 24 0 2 1
Woodland 0 0 0 0 1 2 24 1 2
Roads 0 0 0 3 0 0 1 25 1
Bare land 0 1 0 0 1 1 0 0 27
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Table A3. Cont.

Input
Output High-Rise

Buildings
Low-Rise
Buildings

Industrial
Plants Rivers Water

Surface Farmland Woodland Roads Bare
Land

Kappa
Coefficient

2016

High-rise buildings 25 2 1 0 0 0 0 0 2

0.88

Low-rise buildings 1 28 1 0 0 0 0 0 0
Industrial plants 0 1 29 0 0 0 0 0 0
Rivers 0 0 0 27 3 0 0 0 0
Water surface 0 0 0 0 27 2 0 0 1
Farmland 0 0 0 0 4 25 0 0 1
Woodland 0 0 0 0 1 0 26 1 2
Roads 0 0 0 2 0 0 1 26 1
Bare land 0 1 0 0 1 1 0 0 27

2018

High-rise buildings 25 2 1 0 0 0 0 0 2

0.85

Low-rise buildings 2 24 3 0 0 0 0 0 1
Industrial plants 0 1 29 0 0 0 0 0 0
Rivers 0 0 0 27 3 0 0 0 0
Water surface 0 0 0 0 25 2 2 0 1
Farmland 0 0 0 0 1 26 0 2 1
Woodland 0 0 0 0 1 2 25 1 1
Roads 0 0 0 2 0 0 1 25 2
Bare land 0 1 0 0 1 0 0 0 28

2020

High-rise buildings 28 0 1 0 0 0 0 0 1

0.84

Low-rise buildings 2 25 1 0 0 0 1 0 1
Industrial plants 0 1 27 0 2 0 0 0 0
Rivers 0 0 0 26 1 0 0 2 1
Water surface 0 0 0 0 24 2 3 0 1
Farmland 0 0 0 0 4 25 0 0 1
Woodland 0 0 0 0 1 2 24 1 2
Roads 0 0 0 2 0 0 1 26 1
Bare land 1 1 0 0 1 1 0 0 26

Table A4. Hydrological parameter range and initial values.

Parameters Unit Type of LU Range Initial Values

Max infiltration rate mm/hour

high-rise buildings, low-rise
buildings, industrial plants, road 0~12.7 6.85

river, water surface 9999 9999
farmland, woodland 50–250 150

bare land 25.4–127 70

Min infiltration rate mm/hour
except bare land 0.25–10.99 2.54

bare land 0.25–120 35

Decay constant 1/hour all types 2~7 4

Drying time day all types 2~14 3

Manning coefficient -

high-rise buildings, low-rise
buildings, industrial plants, road 0.011–0.015 0.012

farmland 0.06–0.17 0.1
woodland 0.4–0.8 0.4
bare land 0.01–0.05 0.05

river, water surface 0 0

Depth of depression
storage mm

high-rise buildings, low-rise
buildings, industrial plants, road 1.27–2.54 1.95

woodland 7.62 7.62
farmland 2.54–5.08 3.75
bare land 2.54–7.62 5.08

river, water surface 9999 9999
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Table A5. Washoff parameter settings in different types of LU.

LU Pollutant Function Co-efficiency Street Cleaning Removal
Efficiency/%

High-rise buildings TN EMC 0.005 85
Low-rise buildings TN EMC 0.012 60

Industrial plants TN EMC 0.002 75
Bare land TN EMC 0.008 50

Roads TN EMC 0.032 95
Water surface TN EMC 0 0

Woodland TN EMC 0.015 0
Farmland TN EMC 0.02 0

Rivers TN EMC 0 0
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Figure A1. Results of supervised classification from 2009 to 2020 in Jinxi (a) 2009, (b) 2012, (c) 2014,
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Table A6. Total variance explained of CUI.

Components The Initial Eigenvalues Cumulative
Variance

Contribution
Rate (%)

Extracting Square Loaded Cumulative
Variance

Contribution
Rate (%)

Totals
Variance

Contribution
Rate (%)

Totals
Variance

Contribution
Rate (%)

1 13.371 55.712 55.712 13.371 55.712 55.712
2 4.443 18.513 74.225 4.443 18.513 74.225
3 2.784 11.602 85.827 2.784 11.602 85.827
4 1.560 6.500 92.328 1.560 6.500 92.328
5 0.746 3.107 95.434
6 0.449 1.870 97.305
7 0.281 1.172 98.477
8 0.181 0.753 99.230
9 0.120 0.500 99.730

10 0.043 0.179 99.908
11 0.022 0.092 100.000

Table A7. Component score coefficient matrix of CUI.

Components F1 F2 F3 F4

Urbanization rate 0.045 −0.093 0.056 0.351
Population density 0.073 0.012 0.038 −0.021
consumer price index 0.016 −0.004 0.217 0.301
Years of education per capita 0.064 0.067 0.121 −0.108
Municipal sweeping area 0.070 −0.057 0.061 −0.057
Number of beds in health institutions 0.056 −0.125 0.088 0.150
Total gas supply −0.042 −0.005 0.253 −0.012
Total water supply 0.003 0.182 0.124 0.180
Disposable income per capita 0.070 −0.069 0.051 −0.017
GDP 0.073 −0.025 0.062 −0.068
Gross industrial output 0.052 0.146 −0.047 −0.050
Total retail sales of consumer goods 0.070 −0.033 0.036 −0.152
The proportion of population in secondary industry 0.071 0.005 −0.040 0.021
The proportion of population in tertiary industry 0.056 −0.072 −0.024 0.265
Urban built-up area 0.073 −0.011 0.032 −0.067
Proportion of high-rise housing 0.069 0.032 0.059 −0.197
Proportion of low-rise dwellings −0.062 0.103 0.092 0.013
Proportion of industrial land 0.022 0.198 −0.118 −0.015
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Table A7. Cont.

Components F1 F2 F3 F4

Proportion of bare land −0.046 0.067 0.220 0.091
Proportion of road 0.036 0.170 −0.119 0.144
Proportion of water surface 0.035 0.124 −0.095 0.386
Proportion of forest −0.053 −0.138 −0.027 0.126
Proportion of farm land 0.041 −0.075 −0.256 0.077
Proportion of river −0.059 −0.055 −0.159 0.107
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