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Abstract
The degradation of water environment (WE) has constrained the sustainable development of cities, while the rapid urbanization
also exacerbates water environment change. However, the complicated relationship between urbanization and WE is far from
clearly understood. In this study, a comprehensive index system for urbanization and WE was applied along with the System
Index Evaluation Model (SIEM) and a Coupling Coordination Degree Model (CCDM) to analyze the coupling between urban-
ization and WE in Nanjing, East China, from 1990 to 2018. The comprehensive index of urbanization increased from 0.0392 in
1990 to 0.9890 in 2018, showing a clear increasing trend. Demographic and spatial urbanization made the largest contribution to
urbanization development from 1990 to 2010, while economic urbanization became the largest contributor to urbanization
development between 2011 and 2018. Under the combined effects of pressure, state, and response subsystems, the comprehen-
siveWE index showed an upward trend with some fluctuations from 1990 to 2018. The degree of coupling coordination between
urbanization and WE displayed an overall upward tendency, growing from 0.18 in 1990 to 0.95 in 2018. The coupling coordi-
nation state transitioned from a serious imbalance during the low coupling period (1990–1992) into the superior coordination of
the highly coupled period (2011–2018). With the continuous urbanization in the future, in addition to ensuring the optimal
management of surface water, protection of groundwater should be reinforced. The results advance our understanding of the
dynamic relationship between urbanization and WE and provide important implications for urban planning and water resource
protection.
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Introduction

The global urban population increased by approximately 3.6
billion from 1950 to 2018, and it is predicted another 2.3
billion increase by 2050 (UN 2018). China has accounted
for around 22% of the growth of world’s urban population
in the past seven decades, which far exceeds other countries
(UN 2018). China will contribute around 10% of the projected
growth of the world’s urban population in the next 30 years
(UN 2018). Urbanization, in general, brings economic devel-
opment and population increase, but also with the conse-
quence of eco-environment degradation (Fang et al. 2019).
Some empirical studies show the complex interactive relation-
ship between urbanization and the eco-environment (Conrad
and Cassar 2014; Liu et al. 2020; Tchakonte et al. 2015). In
the last decade, coupling has received growing attention for
researching the interactive relationship between urbanization
and eco-environment. Coupling refers to the phenomenon by
which two or more systems or movement forms influence one
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another through various interaction mechanisms (Li et al.
2012). For example, the Remote Sensing Ecological Index
(including wetness index, normalized vegetation index,
nighttime light index, normalized differential build-up, and
bare soil index) was applied to determine the coupling degree
between urbanization and the eco-environment in Yanqi
Basin, West China, and the results indicated moderately im-
balanced coupling in the area (Ariken et al. 2020). The cou-
pling degree between urbanization and the eco-environment
in 13 cities in the Beijing-Tianjin-Hebei region was also not
high, while it was on the rising trend (Cui et al. 2019).
Thankfully, the coupling coordination degree between eco-
nomic urbanization and eco-environmental indicators was rel-
atively higher in Shanghai, the largest city in China (He et al.
2017). The published results indicate the various coupling
relationship between urbanization and eco-environment
across different areas (Srinivasan et al. 2013; Yao et al. 2019).

As an important part of the eco-environmental, water
subsystems closely related to the process of urbanization
(Juma et al. 2014). It has been found that urban popula-
tions are positively associated with water resource utiliza-
tion, and a 1% increase in the urban population leads to a
0.925% increase in total water resource utilization (Wang
2020). Meanwhile, millions of people have migrated from
rural to urban areas, while urban residential areas have
sprawled much quicker than the population (He et al.
2017; Liu et al. 2014). The construction sector has
accounted for about 30% of global freshwater consump-
tion, and China’s new construction area contributed al-
most half of the newly built floor area globally in the
recent years (Hong et al. 2019; Yang et al. 2017). It is
predicted that half of the world’s population will be living
in water-stressed areas by 2025 (WHO 2019). Along with
growing consumption of water resource, urbanization will
lead to an increase in wastewater discharge. For example,
approximately 2.5 billion people worldwide are estimated
to be affected by organic pollution, from wastewater and
other sources, by 2050 (Wen et al. 2017). Therefore, se-
rious challenges have become apparent for global water
resources in relation to the rapid urbanization. However,
the coupling between urbanization and water environment
(WE) has received limited attention (Ma et al. 2016;
Zhang et al. 2019a, b).

Some scholars have studied the impact of urbanization on
WE, while the conclusions are inconsistent because of the
differences in WE measurement indicators, research temporal
scale, and spatial scale. In general, there are two main view-
points on the impacts of urbanization on WE. The first view-
point suggests that urbanization has positive effects on WE.
Comprehensive water management practices (particularly
wastewater treatment to reduce Chemical Oxygen Demand
(COD), Biochemical Oxygen Demand (BOD), Total phos-
phorus (TP)), green infrastructure, and public services (e.g.,

rainwater harvesting, green roofs, and waste recycling) can
improve water quality and water use efficiency, as well as
the utilization of urban rainwater resources (Bao and Chen
2015; Bao and Zou 2017; Ma et al. 2016; Zhao et al. 2015).
The second viewpoint argues that urbanization brings pres-
sures on the WE mainly through degrading water quality
and disturbing urban hydrology. Specifically, urbanization
can trigger some water environmental problems, such as mal-
odorous black, eutrophication, and loss of the biodiversity of
aquatic species (Huang et al. 2018a; Huang et al. 2018b; Luo
et al. 2018; Yang et al. 2018). The increase in urban impervi-
ous surfaces also alter the surface runoff, peak discharge,
storm water frequencies, and groundwater recharge (Hou
et al. 2020; Huang et al. 2020; Locatelli et al. 2017; Zhang
et al. 2019a, b).

On the other hand, water resources can constrain the urban-
ization process (Bao and Zou 2017; Fang et al. 2007). Water
resource is the foundation of the formation and development
of cites. Not only are water resources required to meet the
daily needs of city-dwellers, but water is also indispensable
for ensuring the sustainable operation of industry and agricul-
ture (Rasul and Sharma 2016; Xu et al. 2016; Zhang et al.
2019a, b). Worse, extreme water environment changes can
threaten the sustainable development of urbanization and in-
duce economic losses through water shortage, urban
stormwater, and water pollution (Han et al. 2019a, b; Yang
et al. 2012a, b; Zhang et al. 2019a, b). Thus, the relationship
between urbanization and WE has become increasingly com-
plicated. However, most of existing studies only illustrate the
urbanization level using only a single parameter, such as land
use and land cover change (LUCC), gross domestic product
(GDP), population density, nighttime light, or urban sprawl
(Eigenbrod et al. 2011; Li et al. 2016; Wang et al. 2019a, b),
while the comprehensive socioeconomic development is far
from clearly understood.

Despite growing studies on the relationship between urban-
ization andWE, to the best of our knowledge, the findings are
constrained by at least two limitations. First, studies on the
interactive relationship are mainly focused on “one-to-one”
dual-element coupling effects, such as the coupling relation-
ship between single urbanization parameter and single ele-
ment like water quality (Fang et al. 2019), but few studies
have explored the “many-to-one” and “many-to-many” cou-
pling relationships and mechanisms. Second, most published
results on the coupling degree between urbanization and the
eco-environment mainly aim at the highly developed areas
(i.e., Shanghai, Beijing in China) or typical arid area (i.e.,
Yanqi Basin, Ningxia) (Ariken et al. 2020; Cui et al. 2019;
He et al. 2017; Lyu et al. 2018; Wang et al. 2014); little
attention has been given to “new first-tier cities” which are
experiencing the rapid urbanization.

To fill the knowledge gap, this study made the following
attempts. Considering that population and economic
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development will accelerate the demand of land, space, and
natural resources, the population-economy-social-spatial
framework (PESS) was established to analyze the comprehen-
sive urbanization development. To provide a quantitative ba-
sis for achieving harmonious relationships between humans
and water systems, the pressure-state-response (PSR) frame-
work (Wang et al. 2019a, b) was adopted to set up the evalu-
ation index system for analyzing water resources, water envi-
ronment, and water utilization. This study selected Nanjing,
East China, as a representative of “new first-tier cities,” be-
cause it has undergone rapid urbanization in the last decades.
The main aims of the study are to (1) construct an urbanization
quality index and water environment index based on the PESS
and PSR, (2) analyze the dynamics of the indices of urbaniza-
tion and the water environment from the perspectives of the
whole system and subsystem in Nanjing from 1990 to 2018,
and (3) explore the dynamic coupling process between urban-
ization and the water environment using a Coupling
Coordination Degree Model (CCDM).

Study area and methods

Study area

Nanjing (31° 14″ N–32° 37″ N, 118° 22″ E–119° 14″
E) is the capital of Jiangsu Province, East China, which

is located in the lower reaches of the Yangtze River,
and covers an area of 6597 km2 (Fig. 1). It lies in a
subtropical monsoon climate area, with distinct four sea-
sons. The annual average precipitation is 1236 mm from
2009 to 2018. In addition to being a famous tourist
destination for its long history, Nanjing is an important
economic node at the strategic intersection of the east-
ern coastal economic belt and the Yangtze River eco-
nomic belt in China. From 1990 to 2018, the regional
urbanization rate increased from 47.07 to 82.5%; the
average annual growth rate of urbanization was 1.27%,
higher than the national growth rate of 1.18%. In the
meantime, Nanjing’s annual economic growth rate was
16.74%, higher than the national economic growth rate
of 9%. The rank of built-up area rose from 15th to 10th

in China during the period.
Despite the economic boom, more challenges have

arisen from the imbalance between rapid urbanization
and water resource consumption (Ma et al. 2020). In
2018, Nanjing’s water resource per capita was less than
a quarter of the national average. In addition, water has
been continuously polluted, and around 57.2% of the
total monitoring sections were in Grade IV (moderately
polluted) or above (heavily polluted) (Nanjing
Ecological Environment Bureau 2018). With the rapid
urbanization, it is an urgent challenge for realizing the
coordinated development of urbanization and the WE.
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Fig. 1 The location and the digital elevation model (DEM) of the study area Nanjing City, East China
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Methods

Index system design and data sources

To explore the coupling relationship between urbanization
and WE, this study first constructed an integrated indicator
system to measure the urbanization process and WE.
Indicators were selected based on the following criteria: (1)
the most widely used indicators in the previous studies (He
et al. 2017; Liu et al. 2018a, b; Ren et al. 2014; Wang et al.
2014), (2) the indicators that are the components of urbaniza-
tion process and also affect WE (Ma et al. 2016; Srinivasan
et al. 2013), and (3) the simplest indicators that facilitate data
collection, analyzing, and interpretation (Liu et al. 2011). In
addition, the indicator selection considered experts’ opinions
and the local situation.

Water resource sustainability indicator framework has been
constructed to study the sustainability of global water re-
sources (Wada and Bierkens 2014) and region or watershed
water resources in California (Shilling et al. 2013), northern
India (Singhal et al. 2015), PeninsularMalaysia (Naubi 2017),
and west Java (Juwana et al. 2010). However, there is still a
lack of consensus not only on the conceptual framework, but
also the approach. Pressure-state-response (PSR) model was
introduced by the Organization for Economic Co-operation
and Development (OECD) and has been increasingly used
in the environmental research (Neri et al. 2016). The PSR
model includes a causality of “what happened, why, and
how to deal with it” and has the characteristics of flexibility
and comprehensiveness (Hambling et al. 2011). In this con-
text, this model reflects the current state of the WE under the
pressure, identifies the reasons for a change in the state, and
examines the response measures that are taken to overcome
the pressures (Han et al. 2019a, b; Wang et al. 2019a, b).

Based on these studies, this research further developed the
indicators of WE. In total, three primary indicators (pressure,
state, and response) and 14 secondary indicators of the WE
system were constructed (Table 1). Firstly, urbanization pres-
sure on the water environment come from water resource con-
sumption of industry, agriculture and domestic sector, and
water quality deterioration caused by wastewater discharge.
As the main industrial water pollutant, chemical oxygen de-
mand (COD) is widely considered as the indicator of water
pollution in China. Thus, industrial wastewater discharge and
discharge of COD, water consumption of industrial, agricul-
tural, domestic sectors were considered in this study.
Secondly, the state subsystem not only refers to the water
resource state under the pressure but also the water quality
state under the pressure. Therefore, different from many pre-
vious studies, both the surface water quality and groundwater
quality were considered in this paper. In order to overcome
water resource pressures, sewage treatment and discharge re-
duction were widely applied. Wastewater reuse can also

alleviate the pressure on water resources, and therefore indus-
trial water reuse rate was considered in this study.

Urbanization is a complex process including spatial mor-
phological change, socio-economic development, and urban
population expansion. Many scholars evaluated China’s new-
type urbanization from four aspects, namely, population ur-
banization, economic urbanization, spatial urbanization, and
social urbanization (Liu et al. 2018a, b; Han et al. 2019a, b;
Zhao et al. 2016; Zhou et al. 2018). Similarly, the current
study followed this framework and constructed four primary
indicators (Table 1). Considering local situation and the prin-
ciples of comprehensiveness and objectivity, some secondary
indices were considered in this study. Firstly, as urbanization
progresses, the economic structure shifts from primary to sec-
ondary and tertiary industries. Thus, the proportion of tertiary
industry of total GDP and the ratio of tertiary industry output
value to second industry output value were accounted for the
economic aspect in this study. Secondly, the future urbaniza-
tion will focus on sustainable development and ecological
protection. Spatial urbanization not only involves the increase
of impervious surface such as roads and construction land, but
also involves the increase of ecological land such as green
space. Thus, public green area and green coverage rate were
considered for spatial urbanization in this study. Thirdly, un-
employment rate is an important index to measure the eco-
nomic and social development. Thus, in addition to education,
transportation, medical care, and domestic consumption, un-
employment rate was considered to represent social life qual-
ity of urban residents in this study.

The socio-economic data, population data, and urban land
area data were obtained from the China City Statistical
Yearbook (1991–2019) (NBS 2019), the Nanjing Statistical
Yearbook (1991–2019) (NMBS 2019b), and the Nanjing
Statistical Bulletin (2007–2018) (NMBS 2019a). The WE da-
ta were collected from the Nanjing City Water Resources
Bulletin (2000–2018) (NHWRM 2019) and the Nanjing
Statistical Yearbook (1991–2019) (NMBS 2019b).

Data standardization

To eliminate the influence of dimension and magnitude on the
evaluation results and make the indicators comparable, the
data were standardized using Eqs. (1) and (2) (Han et al.
2019a, b; Ren et al. 2014).

Positive indicator : X
0
ij ¼ X ij−minX j

maxX j−minX j
ð1Þ

Negative indicator : X
0
ij ¼ maxX j−X ij

maxX j−minX j
ð2Þ

where i is the year, j is the indicator, Xij and X’ij are the
original value and the normalized value, and maxXij and
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minXij represent the maximum and minimum values of the
indicator j over the research period.

Determination of the weights of indicators

Considering the complexity and uncertainty of the human–
water system, the entropy method was used to determine the
weights of the control variables (Jia et al. 2018). The weights
of indicators were calculated following the steps below:

Urbanization index weight : wi ¼ Vi

∑
n

i¼1
Vi

ð3Þ

Water environment index weight : wj ¼ V j

∑
n

j¼1
V j

ð4Þ

where Vi and Vj are the coefficients of variation of urbani-
zation and WE assessment indicators, respectively.

Table 1 Index system for urbanization and water environment in Nanjing, East China

Target layer Primary indicators Secondary indicators Weight Nature Source

Urbanization (X) Demographic
urbanization (X1)

X11 Percentage of urban population (%) 0.4380 + Yu et al. (2018); Liu et al.
(2018b)X12 Percentage of tertiary industry employment (%) 0.5620 +

Economic urbanization
(X2)

X21 GDP per capita (US$) 0.3203 + Zhao et al. (2016)
X22 Industrial output value per capita (US$) 0.2642 +

X23 Total fixed asset investment per capita (US$) 0.2959 +

X24 Tertiary industry output value as a percentage of GDP
(%)

0.0440 + Designed by authors

X25 The ratio of tertiary industry output value to second
industry output value (%)

0.0756 +

Spatial urbanization
(X3)

X31 Urban population density (persons/km2) 0.1529 - Zhao et al. (2016)

X32 Road area per capita (m
2/person) 0.2226 + Han et al. (2019a, b)

X33 Total area of built-up area (km2) 0.2482 +

X34 Living area of urban residents per capita (m2/person) 0.2255 +

X35 Public green area per capita (m2) 0.1250 + Designed by authors
X36 Green coverage rate in built-up area (%) 0.0258 +

Social urbanization
(X4)

X41 Disposable income of urban residents per capita (US$) 0.2187 + Wang et al. (2014);
Yu et al. (2018);
Zhao et al. (2016)

X42 Consumption expenditure of urban residents per capita
(US$)

0.1876 +

X43 Social consumer good retail sales (1.555*10
7 US$ ) 0.2612 +

X44 Number of university students (104 persons) 0.1674 -

X45 Number of doctors per 104 persons 0.0287 +

X46 Number of buses per 104 persons 0.0713 +

X47 Urban registered unemployment rate (%) 0.0650 + Designed by authors

Water
environment
(Y)

WE pressure (Y1) Y11 Daily water consumption per capita (L/(per·d)) 0.0779 + Wang et al. (2019a, b)
Y12 Industrial wastewater discharge (10

8 t) 0.1192 +

Y13 Water consumption per 1555 US$ (104 yuan) of GDP
(m3/1555 US$)

0.3434 +

Y14 Water consumption per 1555 US$ of industrial output
value (m3/1555 US$)

0.3141 +

WE state (Y2) Y15 Discharge of chemical oxygen demand (COD) in waste-
water (104 t)

0.1243 - Designed by authors

Y16 Agricultural water consumption (108 m3) 0.0211 -

Y21 Water resources per capita (L/person) 0.2869 - Ji and Ni (2018)
Y22 Annual rainfall (mm) 0.2076 -

Y23 Total urban water supply (104 t) 0.0808 -

Y24 Rate of surface water quality up to water functional area
standard (%)

0.2550 + Designed by authors

Y25 Rate of groundwater quality up to national standard (%) 0.2546 +

WE response (Y3) Y31 Industrial wastewater discharge compliance rate (%) 0.1515 + Han et al. (2019a, b)
Y32 Sewage treatment rate (%) 0.4238 +

Y33 Industrial water reuse rate (%) 0.4247 + Designed by authors

Note: “+”: positive indicator; “-”: negative indicator
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Vi and Vj were calculated as follows:

V i ¼ Si

X i

or V j ¼ S j

X j

ð5Þ

where Si and Sj are the standard deviations, X i and X j is the
average values of the i or j evaluation indicators of urbaniza-
tion and WE, respectively.

Coupling Coordination Degree Model (CCDM)

Coupling is kind of phenomenon by which two or more sys-
tems or movement forms influence one another through vari-
ous interaction mechanisms (Li et al. 2012). Based on the
concept of capacitive coupling and capacitive coupling coef-
ficient model in physics (Illingworth 1996), the coupling de-
gree (C) was introduced by Liao (1999) to describe the degree
of interactive influence between systems. However, in some
cases, the degree of coupling alone cannot satisfactorily reflect
the integrated coherence and synergistic effect of the system
(Ai et al. 2016; Han et al. 2019a, b). Therefore, the Coupling
Coordination Degree Model (CCDM) was developed to de-
termine the sequence and structure of the system when it
reached the critical region or to determine the trend that the
system developed from disorder to order (Zhou et al. 2016;
Liu et al. 2018a, b). The concept has been increasingly applied
to further understand the relationship between urbanization
and eco-environment (Han et al. 2019a, b; He et al. 2017; Li
et al. 2012). In this study, the coupling relationship between
urbanization and WE can be addressed as an effect-feedback
framework among different systems (Liu et al. 2007), and the
system that is composed of urbanization and WE subsystems
can be defined as a coupling system in which the coupling
relationship facilitates the realization of healthy urbanization
(He et al. 2017).

The coupling degree (C) and coupling coordination degree
(D) between urbanization and WE were calculated as follows
(Ding et al. 2015; Zhou et al. 2016):

The coupling coordination degree : D ¼
ffiffiffiffiffiffiffi

CT
p

ð6Þ

The coupling degree : C ¼ f xð Þkg yð Þk
T 2k ð7Þ

Comprehensive evaluation index : T ¼ αf xð Þ þ βg yð Þ ð8Þ

Comprehensive urbanization index : f xð Þ ¼ ∑
m

i¼1
wixi ð9Þ

Comprehensive WE index : g yð Þ ¼ ∑
n

j¼1
wjy j ð10Þ

where m is the number of urbanization indicators, n is the
number of water environmental indicators, xi and yj are the eval-
uation indicators for urbanization and water environmental

systems, and wi and wj are their respective weights. C indicates
the extent of coupling between the subsystems. The larger the
value of C, the greater the level of coordination between urbani-
zation and theWE, and the higher the coupling degree (Xiao et al.
2020).D is the coupling coordination degree, an index tomeasure
the coordination state between systems. The larger the value ofD,
the higher the coupling coordination degree, and the better coor-
dination state of urbanization and the WE. k is the adjustment
coefficient, in the range of 2–5. Because there are only two sys-
tems (urbanization and WE) in this study, k = 2. α and β are
undetermined coefficients. Because the two parameters α-
urbanization and β-WE have minimal effect on the coupling co-
ordination system (He et al. 2017), this study considered that
urbanization and the WE were in a mutually beneficial and re-
strictive relationship, and they were equally important (α = β =
0.5).

To better explain the degree of mutual coupling and coor-
dinated development of urbanization and WE on the basis of
comprehensive research classification, the coupling coordina-
tion degree can be divided into three primary development
stages, which can be further divided into five secondary de-
velopment stages (He et al. 2017; Huang et al. 2019; Liu et al.
2018a, b) (Table 2). Furthermore, nine tertiary development
stages can be used to describe the coupling relationship be-
tween urbanization (f(x)) and WE (g(y)) (Table 2).

Results

Temporal variation in the comprehensive
urbanization index in Nanjing from 1990 to 2018

The comprehensive evaluation index of urbanization was ob-
tained by calculating the demographic, economic, spatial, and
social urbanization indices from 1990 to 2018 (Fig. 2). The
comprehensive index of urbanization increased from 0.0392
in 1990 to 0.9890 in 2018, showing a clear and steady upward
trend. During the same period, the demographic, economic,
spatial, and social urbanization indices all showed overall up-
ward trends. According to the fluctuation ranges of different
urbanization subsystem indices, the process can be divided
into three stages: the first stage (1990–2000), the second stage
(2001–2010), and the third stage (2011–2018). In the first
stage (1990–2000), the urbanization subsystem index grew
slowly, while the demographic urbanization index took the
lead through rapid development, and its values were markedly
higher than the other three urbanization indices. In the second
stage (2001–2010), the growth rate of the urbanization index
was substantially higher than those in the first phase at the
subsystem levels and system level. In the first half of the stage,
the spatial and demographic urbanization indices grew faster,
while the economic and social urbanization indices grew
quicker in the second half of the stage. During this stage,
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spatial urbanization and demographic urbanization had similar
trends, while economic urbanization and social urbanization
showed similar patterns. In the third stage (2011–2018), the
economic urbanization index took the lead through the rapid
growth. After 2014, the social urbanization index developed
rapidly. Economic urbanization indices exceeded the demo-
graphic and space urbanization indices in 2014, while social
urbanization indices surpassed the demographic and space
urbanization indices in 2018.

Temporal variation in the comprehensive WE index
from 1990 to 2018

According to the weights of all indicators in the WE system
and the obtained data, the pressure, state, and response indices

and the comprehensive WE index (the sum of pressure, state,
and response) of Nanjing’s WE from 1980 to 2018 were cal-
culated (Fig. 3). The comprehensive WE index showed an
upward trend with some fluctuations during the period.
Among the three indices (pressure, state, and response),
the WE state index demonstrated a slightly increasing
pattern with some fluctuations. The WE pressure index
and response index showed clear upward trends. From
1990 to 2000, the growth rate of the WE response in-
dices was the largest, while the fluctuation of the WE
pressure indices was the biggest. The WE pressure
reached the maximum level in 1992. Although all three
indices affected the comprehensive WE index, WE state
is the main factor influencing the comprehensive level
of WE system.

Table 2 Standards for identifying the coupling coordination between urbanization and water environment

Primary division Coupling
coordination (D)

Secondary division Comparison between
f(x) and g(y)

Tertiary division

Balanced development
(acceptable interval)

0.85<D≦1 Superiorly balanced
development

f(x) > g(y)
f(x) = g(y)
f(x) < g(y)

Superiorly balanced development with
environment lagging behind

Superiorly balanced development of
urbanization and environment

Superiorly balanced development with
urbanization lagging behind

0.7<D≦0.85 Coordinated
development

Transitional development
(transitional interval)

0.5<D≦0.7 Barely coordinated
development

f(x) > g(y)
f(x) = g(y)
f(x) < g(y)

Superiorly balanced development with
environment lagging behind

Superiorly balanced development of
urbanization and environment

Superiorly balanced development with
urbanization lagging behind

Imbalanced development
(unacceptable interval)

0.25<D≦0.5
0<D≦0.25

Slightly imbalanced
development

Severely imbalanced
development

f(x) > g(y)
f(x) = g(y)
f(x) < g(y)

Superiorly balanced development with
environment lagging behind

Superiorly balanced development of
urbanization and environment

Superiorly balanced development with
urbanization lagging behind

0.0
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1.0
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Fig. 2 The urbanization levels in
Nanjing from 1990 to 2018
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Degree of coupling coordination between
urbanization and WE

The coupling coordination degree (D) between urbanization
and the WE demonstrated an overall rising trend with some
fluctuations during the research period, growing from 0.18 in
1990 to 0.95 in 2018 (Fig. 4). In general, the coupling coor-
dination state between urbanization and the WE system im-
proved, advancing from the serious imbalance in 1990 to the
highly coupled period in 2018. Based on the urbanization
performance trend, the water ecosystem performance trend,
and the coordination state, the change of the coupling system
can be divided into two different stages: the first stage (1990–
2010), the comprehensive urbanization index lagged behind
the WE, and the second stage (2011–2018), the comprehen-
sive WE index lagged behind the urbanization (Fig. 5).
Further analysis are described as follows:

(1) 1990–2010: The first stage can be further divided into
two periods. From 1990 to 1998, the comprehensive index
gap between urbanization and WE gradually widened (Fig.
5). Its coupling coordination degree underwent a stage of im-
balance. The coupling degree and coordination levels changed
from a serious imbalance during the low coupling period
(1990–1992) to a slightly imbalanced development during
the antagonism period (1993–1999) (Fig. 4). On average, the
comprehensive level of urbanization and WE was low during
this period. From 2000 to 2010, the gap in the comprehensive
index between urbanization andWE gradually narrowed (Fig.
5). The state of the coupling coordination between the two
systems varied from the balanced development of the
running-in period (2000–2003) to the coordination of the
highly coupled period (2004–2010) (Fig. 4).

(2) 2011–2018: With the continued strengthening of water
resources protection, the pressure on the water environment
due to urbanization gradually decreased, and the conflict be-
tween urbanization and the WE gradually abated. During this
phase, the urbanization subsystem and WE subsystem

developed rapidly, which resulted in a higher comprehensive
level of urbanization andWE (Fig. 5). The development of the
two systems was in a superiorly coordinated state of the highly
coupled phase (Fig. 4).

Discussion

Assessment of the urbanization subsystems

Similar to many cities in the world, Nanjing has experienced
rapid urbanization in the last decades, while the temporal
changes in the four subsystems of urbanization were different.

In the first phase (1990–2000), owing to the Asian financial
crisis and the national policy of protecting cultivated land,
Nanjing’s GDP and land urbanization grew slowly (Lu et al.
2015; Wu et al. 2015). Spatial development mainly focused
on the construction of small towns during this period in
Jiangsu province where Nanjing is the capital. The develop-
ment of roads, residential area, and other construction area
slowly progressed, along with the slow economic develop-
ment. However, due to the attraction of the economic devel-
opment in central cities, the rural and suburban population
continued to migrate to the urban area in this period.

In the second phase (2001–2010), the spatial urbanization
primarily constructed the prefecture-level central cities in
Jiangsu province, with implementing of police of compensa-
ble use of the state-owned land. Constructing the Nanjing
metropolitan area was greatly promoted. Specifically,
National Economic and Technological Development Zones,
Export Processing Zones, and University Town (Jiangning
and Xianlin) were constructed, which accelerated the process
of spatial urbanization in Nanjing (Li et al. 2018). In addition
to spatial urbanization, population urbanization developed
rapidly during this stage. Two factors promoted the growth
of population urbanization: administrative division and popu-
lation policy. There were two adjustments of administrative
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division in 2000 and 2002. The urban development and the
relaxed regulation for migrant workers attracted population
from the surrounding areas and neighboring provinces to
Nanjing (Ma et al. 2016). The urbanization progress in this
period was a typical government-oriented urbanization. Local
governments operated land use rights to promote spatial ur-
banization. In addition, the local governments promoted pop-
ulation urbanization by encouraging more agricultural popu-
lation to the city. In this period, economic urbanization and
social urbanization shared the similar growth patterns. In eco-
nomic urbanization subsystem, GDP per capita increased
from 3,191 US$ to 12,305 US$, industrial output value per
capita increased from 1,208 US$ to 4,913 US$, and total fixed
asset investment per capita increased from 1,180 US$ to 8,117

US$. In the social urbanization subsystem, disposable income
of urban residents per capita, consumption expenditure of ur-
ban residents per capita, and social consumer goods retail
sales increased 3.44, 2.58, and 4.49 times in 2001–2010, re-
spectively, which were directly related to economic develop-
ment. The weights of these indicators were much larger than
other indicators in social urbanization subsystem. In the mean-
time, unemployment, public transportation, and education
also improved. Zhao et al. (2017) suggested that the interac-
tion between economic and social issues was critical to global
sustainability. For government-oriented urbanization, there-
fore, it is important to not only pay attention to the economic
development brought about by population agglomeration and
spatial expansion, but also use the disposable financial
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resources to improve the employment, social security, and
public welfare to achieve sustainable urbanization.

In 2011–2018, driven by spatial and demographic urbani-
zation, this period was featured with continuous economic
growth and social progress but limited population agglomer-
ation and spatial expansion. The economic urbanization index
exceeded the spatial urbanization index in 2012 and demo-
graphic urbanization index in 2014, respectively (Fig. 2).

Compared with other large cities, for example, Shanghai
and Beijing in China (He et al. 2017; Zhang et al. 2019a, b),
the contribution and development speed of the urbanization
subsystems in Nanjing are slightly different. One global ur-
banization study indicated that economic urbanization and
social urbanization dominated the urbanization system (Zhao
et al. 2017). CCD values in Singapore, Japan, and the
Republic of Korea were higher than that in China. In
Nanjing, demographic urbanization and spatial urbanization
have made the largest contribution to the overall urbanization
level from 1990 to 2018 (Fig. 2). It can be inferred that the
population agglomeration and spatial expansion made the
dominant contribution to the rapid development of urbaniza-
tion in Nanjing. However, in Shanghai, economic indicators
have taken into much larger account when measuring urban-
ization, while the contribution of demographic urbanization
was the smallest during the period of 1990–2013 (He et al.
2017). In Beijing, social urbanization is considered to be the
largest contributor to the overall urbanization level in the pe-
riod of 2008–2017 (Zhang et al. 2019a, b). There are two
reasons for the differences. First, due to the advantageous
economic location in Shanghai and political policy in
Beijing, the attractiveness and development speed of econo-
my, medical service, and education in these two cities were
obviously larger than those in Nanjing. Second, urban popu-
lation is influenced by both the population policy and the
urbanization rate (Fang et al. 2019). Compared with
Nanjing, both Beijing and Shanghai have implemented much
stricter urban household regulation policies for migrants.

Assessment of the WE subsystems

The overall performance levels of theWE subsystems showed
an upward trend with fluctuations (Fig. 3). Nanjing lies in a
subtropical monsoon-climate area with large interannual var-
iation in rainfall, which induces marked fluctuations in the
WE state subsystem index. Similar findings have been report-
ed in Beijing, Suzhou, and other cities in eastern China
(Huang et al. 2019; Ji and Ni 2018). The annual rainfall in
1992 was only 885.2 mm, and industrial water consumption
(Y14) reached the peak, which resulted in that year being the
one with the greatest pressure on the WE. The domestic daily
water consumption per capita (Y11) was relatively high from
1996 to 1998, which led to a decrease in the pressure index.
Since 1999, the industrial and domestic water consumption

and pressure on the WE have decreased over time. In 2010–
2014, large-scale concentrated urban construction for the
Asian Youth Olympic Games, the Youth Olympic Games,
and the massive rainwater and sewage diversion project af-
fected industrial water reuse and groundwater quality, conse-
quently lowering the overall level of the response subsystem
(Hu et al. 2018). After 2014, owing to the slowdown of con-
centrated urban construction and the improvement of water
resource conservation, WE has improved considerably (Liu
et al. 2015; Yang 2014).

Coupling coordination state

Similar to many cities, there is a dynamic and complex coor-
dination coupling relationship between urbanization and WE
systems in Nanjing. In the early stage of urbanization in
Nanjing (1990–1992), although economic development was
slow and the discharge of industrial wastewater was large, the
WE lagged behind urbanization. Urbanization did not have a
severe impact on the WE. With the continued advancement of
urbanization (1993–1999), water resource consumption and
water environment quality were largely affected by urbaniza-
tion, and the negative effect of urbanization on the WE be-
came apparent. At this stage, the rapid urbanizationwas at cost
of WE, indicating a level of coordination coupling which be-
longs to the category of “WE lagged” (Zhao et al. 2016). From
2000 to 2010, the impact of urbanization development on the
WE increased dramatically and even regularly exceeded the
threshold of the water resources carrying capacity in the city
(Jiang et al. 2014). Simultaneously, WE also exerted a sub-
stantially constraining function on urbanization. Therefore,
urbanization gradually exerted a role of optimizing and regu-
lating water resources and water environment. Higher urban-
ization increased the reliance on water resources and the water
environment, which prompted additional financial investment
in the development and protection of the WE. During this
stage, the development of urbanization had both negative
and positive effects on WE (Li et al. 2020). The state of cou-
pling coordination between urbanization and WE changed
from the basic coordination state to the coordination state. In
2011, the comprehensive urbanization index surpassed the
comprehensive WE index (Fig. 5). In 2012, Nanjing success-
fully approved the National Water-Saving Society
Construction Pilot. The surface water quality improved grad-
ually, while the groundwater quality continued to worsen.
Only 26.7% of the groundwater met the water quality standard
in 2013. Although the rate improved markedly in 2014 (73%)
and 2015 (60%), it fell again to below 35% in 2017 and 2018.

Same as other regions in China, the protection of water
resources, particularly groundwater, should be reinforced fur-
ther in Nanjing (Yang et al. 2013a, b; Yang et al. 2015).
Despite the continued development of urbanization, the pro-
tection of the WE has been strengthened, and the pressure on
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the water environment has decreased gradually over the past
years (Yang et al. 2012a, b). Thankfully, the conflict between
urbanization development and the WE has gradually dimin-
ished, thus resulting in a coordinated and orderly development
stage (Yang et al. 2013a, b).

Our findings have some important policy implications. For
a more sustainable urbanization in Nanjing and other cities in
China, the policy makers should improve the quality of urban-
ization by deemphasizing the spatial and demographic urban-
ization but promoting socioeconomic development and envi-
ronmental protection (Lu et al. 2020). More supports should
also go to city resident consumption, employment, education
and health, social security, and public welfare. Importantly,
governments should balance the development between urban-
ization and water resources utilization, particularly after the
COVID-19 pandemic (Yang et al. 2020). More supports are
needed for developing water-saving, wastewater treatment,
and water recycling technologies (Dong et al. 2020).

Limitations and future research

Similar to many studies, this study has several limitations,
and corresponding future studies warrant further explora-
tion. First, there are multiple sources of data for Nanjing’s
water resource and water environment. For example, the
percentages of surface water quality that met the water
functional area standards are provided by both Nanjing
Water Resources Bulletin and Nanjing Statistical
Yearbook. By comparing the water environment quality
of Qinhuai River (Nanjing’s Mother River) (Gao et al.
2019; Wu et al. 2017), this study selected data from the
Nanjing Water Resources Bulletin. The future studies in-
cluding more data sources can further improve the estima-
tion of water environment. Second, because of the different
WE indicator systems in various studies, it is probably
difficult to compare our findings with published results.
For instance, the water indicator system did not account
for the compliance rate of surface water resource function-
al areas and groundwater in the study in Beijing (Zhang
et al. 2019a, b). In the future, more comprehensive and
standard urbanization index and the WE index system
should be applied so that the findings can have a wide
application for the sustainable development of urbaniza-
tion and water environment. Third, detailed water quality
parameters have not yet included in the current study due
to the unavailability of groundwater or surface water qual-
ity parameters in Nanjing City Water Resources Bulletin. It
is estimated that Jiangsu’s industrial wastewater discharge
reached 1,652.13 million tons in 2017 (Yu et al. 2021).
COD and NH4

+-N are the main industrial water pollutants,
which have been listed as the restrictive indicators of water
environment from the beginning of “Outline of the 11th

Five-Year Plan (FYP) for National Economic and Social

Development” (NDRC, 2007). With available data in the
future, the concentrations of COD and NH4

+-N in surface
water or groundwater can be consider in the further studies.

Conclusion

Globally, the urban population growth and urban spatial ex-
pansion have placed increasing pressure on the water environ-
ment. Similar to many cities, Nanjing entered a stage of rapid
urbanization development. In this context, the developed cou-
pling model was used to reveal the dynamic relationship be-
tween urbanization and theWE in Nanjing from 1990 to 2018.

Over the past 30 years, the comprehensive urbanization
index showed an obvious growing trend, while its subsystems
had different contributions to the comprehensive urbanization
in different periods. Before 2000, demographic urbanization
took the lead in urbanization. From 2000 to 2010, spatial
urbanization developed rapidly and made the largest contribu-
tion to the overall urbanization. After 2011, economic urban-
ization has developed rapidly, surpassed spatial and demo-
graphic urbanization in 2012 and 2014, and became the dom-
inant contributor to urbanization development.

The comprehensive WE index showed an increasing ten-
dency with some fluctuation over the study period. At the
subsystem level, the WE state index fluctuated largely with
a subtle increasing trend, while the pressure index and re-
sponse indices demonstrated clearly increasing trends with
some fluctuation. Although water resource conservation has
received ever-increasing attention, more effective measures
are still needed to protect water resource, particularly the
groundwater.

The state of the coordination between urbanization and WE
experienced a dynamic evolution, from an imbalanced low
coupling toward a superiorly coordinated highly coupled stage.
With effective measures for the sustainable utilization of water
resources and regional economic development, urbanization
can benefit the water resource reservation. The key is to recog-
nize the dynamic coupling law of interactive relationship be-
tween urbanization and WE and implement the appropriate
measures to minimize the negative impact of the urbanization
on WE within the water carrying capacity in the region.

The results of this study serve as a solid knowledge base for
improving water resources and achieving sustainable urban
development in Nanjing and other cities sharing the similar
challenges of balancing urbanization and water resource.
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