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Abstract: With rapid development of the economy and urbanization, water-related environmental
risk in urban areas has increased and hindered social-economic development and ecological protec-
tion. The assessment of water-related environmental risk is of vital importance to the sustainable
development of the Yangtze River Economic Belt (YREB). This study constructed a comprehensive
assessment index system for water-related environmental risks from three perspectives: the hazards
posed by risk sources, the effectiveness of the control mechanisms, and the vulnerability of the risk
receptors. Employing the entropy method, the water-related environmental risks of cities in the
YREB from 2000 to 2015 were comprehensively evaluated, and the obstacle degree model was used
to analyze the associated influencing factors of the water-related environmental risk. The results
showed that the overall level of water-related environmental risk of the YREB presented a significant
spatial gradient characterized by “downstream risk > midstream risk > upstream risk”. The areas
with higher risks were mainly distributed in the Yangtze River Delta in the downstream area, and
Wuhan and Changsha in the midstream area, where their risk receptors were highly vulnerable, and
efforts should be made to improve the resilience of these areas. In terms of temporal change, the
average value of the comprehensive water-related environmental risk of the YREB dropped from
0.493 in 2005 to 0.392 in 2015, with a reduction rate ranging from about 16.55 to 25.76%. The number
of cities with medium-high to high risk had gradually decreased, and the number of cities with
medium, medium-low, and low risk continued to increase. The water-related environmental risk
of the YREB as a whole is in the transition stage from high risk level to medium and low risk level.
Specifically, the hazards posed by risk sources had increased continually, and especially increased
significantly in the midstream of the YREB; the effectiveness of risk control mechanisms had increased
throughout the region, with downstream cities mainly having a high level of effectiveness; the areas
with high vulnerability of the risk receptors were mainly concentrated in the Yangtze River Delta
and showed an upward trend. Overall, the main source of water-related environmental risks and
differences among the upstream, midstream and downstream cities had shifted from the hazards
posed by risk sources to the effectiveness of risk control mechanisms and the vulnerability of the
risk receptor. The main factors affecting the water-related environmental risk in the order of average
obstacle degree were per capita GDP (34.43%), the number of beds per thousand people (18.70%)
and the industrial structure height (15.55%). Therefore, promoting the adjustment of industrial
structure, improving economic efficiency, developing the regional social economy, and improving
and perfecting the construction of environmental protection infrastructure are effective ways to
realize the mitigation and resolution of water-related environmental risks.

Keywords: water-related environmental risk assessment; entropy weight method; obstacle degree
model; risk management; Yangtze River Economic Belt
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1. Introduction

The water environment is the entire body of water that surrounds a populated space
and can directly or indirectly affect human life and development. It is the sum of various
natural and social factors that have a feedback effect on the body of water. Risk assessment
is a quantitative assessment of the possible impact or loss caused by an event, and the
assessment result is often expressed as a risk value or level [1]. Rapid industrialization
and urbanization have brought increasing pressure on the environment. The United States
proposed the concept of water-related environmental risk assessment in the 1970s [2,3].
Water-related environmental risk assessment is the process of determining all potential
impacts on the water environment and estimating the probability of the occurrence of water-
related environmental events following the principles of locality, systemicity, dynamics,
and consistency [4,5]. It also involves determining the possibility of risk occurrence, the
vulnerability of the water environment, and the process resulting from the consequences of
the hazard [6]. The accumulation of water-related environmental risks and the increase in
risk receptors will heavily burden urban land and water resources [7]. Therefore, scientific
assessment of water-related environmental risks plays an important role in the prediction
and prevention of water-related environmental problems.

Water-related environmental risk assessment is an effective tool for water-related
environmental risk management. Through risk assessment, it can identify high-risk ar-
eas which allows the subsequent proposal of effective water-related environmental risk
prevention, control, and management methods. The current aspects of water-related en-
vironmental risk include health risks, environmental risks, and economic risks caused by
water environmental pollution [8,9]. The methods adopted in the risk assessment mainly
include analytic hierarchical processes, the Delphi method, principal component analy-
sis, the entropy weight method, the index evaluation method and canonical correlation
analysis. The scale of risk assessment spans from small-scale local evaluation to medium
and large-scale regional or watershed scale evaluation [10–15]. In addition, remote sensing
and geographic information system (GIS) technology have been widely used in the water-
related environmental risk assessment [16], in monitoring the pollution factors of the river
basins, such as nitrogen and phosphorus, and revealing the distribution characteristics
of water-related environmental risks to formulate control strategies [11]. Water-related
environmental risk influencing factors include both natural and socioeconomic factors.
Increasing human activities, social and economic development, industrial layout along
the rivers, emergencies and other factors will increase the water-related environmental
risks [17,18]. In response to water-related environmental problems, many scholars have
carried out extensive research work related to water-related environmental risk and have
achieved promising results. Cao et al. evaluated the risk of environmental events in
China at a national scale with a resolution of 1 km×1 km based on the theory of risk and
vulnerability. The results showed that higher or above risk levels were mainly distributed
in the Yangtze River Delta region, the Pearl River Delta region, the Bohai Sea Rim region,
and the Chengdu-Chongqing region [19]. Yang et al. established a conceptual model of
risk response by identifying ecological risk sources, pressure sources, end-points, and
corresponding response mechanisms. They employed the Canberra distance improved
TOPSIS model, which was combined with the analytic hierarchy process (AHP) and Critic
weighting methods, to analyze the comprehensive ecological risk of rivers in semi-arid
areas from the points of view of agriculture, industry, and urbanization [20]. Di et al.
proposed a water-related environmental risk index (WERI) model, which adopted disas-
ter, exposure, vulnerability, and regional management capability indicators to assess the
water-related environmental risk of the Yinma River Basin [21]. Leng et al. constructed
a water-related environmental risk assessment index system based on the DPSIR model,
and analyzed the water environment in the Beijing-Tianjin-Hebei region using AHP, fuzzy
comprehensive evaluation, and GIS technology. Their index system revealed the leading
factors of high-risk units, the relationship between risk level and social economy, and the
uncertainty of risk assessment [1]. Xu et al. established an integrated environmental risk
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assessment and management (IERAM) framework which adopted a multilayer DPSIR
conceptual approach to assess the environmental risks of protected marine areas. They also
established a database to assist in determining the priority of management options [22]. In
summary, most research on water-related environmental risks focused on the impact of
emergencies and pollutants on the water environment. The research focused mostly on
watersheds, enterprises, or industrial parks, etc. [23,24]. In terms of temporal scale, the
mentioned studies emphasized the short-term risks, and there is a lack of research on the
evolution of the long-term water-related environmental risks. In these risk assessments,
more attention has been paid to the evaluation of physical risks such as water quality,
water volume, and water environmental carrying capacity. There is little mention of the
regulatory risks represented by the water management level of the decision makers and
the degree of policy implementation [25].

Improving the water environment is an important part of the ecological environmental
protection of the Yangtze River Economic Belt (YREB), as well as an important prerequisite
for promoting the development of the YREB and the construction of the Golden Water-
ways. The YREB is an important inland river economic belt in China. It spans the three
major regions of China’s east, middle, and west. The region is rich in resources and is
economically, industrially, and technologically developed. It is the zone with the greatest
potential for economic growth in China [26]. However, the rapid economic growth and
large-scale development of cities along the Yangtze River come at the expense of its the
water environment. The rapid urbanization process has accelerated the establishment of
industrial enterprises [27], which has huge impacts on the urban water environment. The
ecological environment of some areas has exceeded the carrying capacity, particularly in
relation to water resources. The heavy chemical industries in the YREB are concentrated
in areas along the Yangtze River. About one-third of companies posing environmental
risks are located within 5 km of drinking water sources [28]. The migration of polluting
enterprises with high water and energy consumption along the river to the middle and
upper reaches is still predominant. The highly polluting and high-risk industries along the
Yangtze River have increased the water-related environmental risks. The environmental
emergencies in the YREB from 2006 to 2015 accounted for about 60% of the national review.
The frequency of emergencies was higher in three regions, namely, Shanghai, Zhejiang,
and Jiangsu [29]. Therefore, assessing the water-related environmental risks of the YREB
has become an urgent matter to further enhance water-related environmental risk preven-
tion, improve the control capabilities and formulate risk management and prevention and
control strategies, and to achieve the sustainable development of the YREB.

This study aims to construct a comprehensive water-related environmental risk as-
sessment index system to assess the water-related environmental risks of cities in the YREB
from 2005 to 2015, and analyze the obstacle factors affecting water-related environmental
risks, in the hope of revealing the evolution characteristics of water-related environmental
risks along the YERB and the key influencing factors. It contributes to the ecological envi-
ronmental protection and green development of the YREB. It also helps managers make
more effective and sustainable decisions on water-related environmental risk management
in the context of joint-protection and high-quality development of the Yangtze River. The
rest of this article is structured as follows. The next section introduces the materials and
methods, including research area, data sources, construction of water-related environmen-
tal risk assessment system and research methods. The third section gives an analysis of
the results, including the water-related environmental risk assessment results and obstacle
factor identification analysis, the fourth section is the discussion, and the final conclusion
part summarizes this paper.

2. Materials and Methods
2.1. Study Area

The YREB is one of China’s three national strategic regions, covering an area of ap-
proximately 2.05 million km2, accounting for 21.4% of the country’s total area (Figure 1).
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The YREB and the Eastern Coastal Economic Belt constitute an important T-shaped zone
of China’s economic development. It covers nine provinces (Sichuan, Yunnan, Guizhou,
Hunan, Hubei, Jiangxi, Anhui, Jiangsu, and Zhejiang) and two municipalities (Shanghai
and Chongqing) under the jurisdiction of the central government, with both the population
and economy exceeding 40% of the national total. It includes three national first-class urban
agglomerations, namely the Yangtze River Delta urban agglomerations, the Yangtze River
Middle Reaches urban agglomerations, and the Chengdu-Chongqing urban agglomera-
tion [30,31]. However, rapid urbanization, infrastructural projects, and extensive human
activities have adversely affected the water environment. The YREB has a high volume and
intensity of pollution discharge. Its wastewater discharge accounts for more than 40% of the
country’s total. In 2015, 83.3% of the 60 main lakes in the Yangtze River Basin did not meet
the water quality standards [32]. Heavy chemical companies line the Yangtze River, and
30% of companies with environmental risks in the basin are located within 5 km of drinking
water sources. This has increased the water-related environmental risks [28]. Therefore,
identifying and scientifically assessing the water-related environmental risks of the YREB is
of great significance for improving water-related environmental risk control and emergency
response capabilities in the region, beside improving the water environmental status of
the YREB.
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2.2. Water-Related Environmental Risk Assessment Index System and Data Sources

The index system of regional water-related environmental risk is constructed accord-
ing to the theory of the regional environmental risk system. The construction of a scientific
and reasonable water-related environmental risk index system is the key to water-related
environmental risk management and prevention. The water environment of the YREB is
important for social and economic development. Human activities and industrial develop-
ment have negatively affected the water environment by releasing pollution discharges.
Therefore, the index system of water-related environmental risk assessment should be
comprehensively considered from the points of view of society, the economy, water re-
sources, and water environment. This study uses the prefectural city as the evaluation
unit to constructs a comprehensive index system for water-related environmental risk
assessment in the YREB. It includes three system layers and four criterion layers, making
a total of fourteen indices (Table 1). This index system conforms with the mainstream
water-related environmental risk research, and is useful for the measurement and calcula-
tion of water-related environmental risk. According to the process of environmental risk
occurrence, which consists of risk origin, risk occurrence, and risk control, the assessment
framework is divided into risk source hazard, the effectiveness of control mechanisms,
and risk receptor’s vulnerability. The hazard index of the risk source refers to the degree
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of threat stemming from the source of the environmental risk. The study selected the
density of industrial enterprises, the amount of industrial wastewater discharge, and the
amount of chemical fertilizers used per unit area as the indicators. The effectiveness of
control mechanisms mainly evaluates the level of source control of pollution sources. The
centralized treatment rate of sewage treatment plants, the non-hazardous treatment rate
of domestic waste, and the comprehensive utilization rate of industrial solid waste were
selected for characterizing the city’s level of source control. The aforementioned six indica-
tors collectively reflect the potential threat to the water environment due to the sources of
water pollution. The vulnerability of the risk receptors reflects the sensitivity and resilience
of the disaster-bearers (i.e., urban residents, infrastructure, etc.) to environmental risks.
Therefore, the vulnerability of the risk receptors comprises two criteria: sensitivity and
resilience. In this study, considering the availability of data and information from previous
studies [1,21,33], the industrial structure height, industrial scale, and industrial structure
optimization indicators have been identified as suitable indicators to reflect receptor’s
sensitivity, while technological progress was deemed as an appropriate indicator to reflect
receptor’s resilience. Sensitivity refers to the nature of the risk receptor, i.e., whether they
are susceptible to the impacts and damages caused by the environmental risks. Five indica-
tors consisting of green coverage in built-up areas, industrial structure height, population
density, industrial scale, and industrial structure optimization were selected to evaluate
sensitivity. Resilience evaluates the ability of risk receptors to recover to the original state
after the manifestation of water-related environmental risks. It is expressed in terms of per
capita GDP, number of beds per thousand people, and technological progress. The data for
the index system were derived from the China City Statistical Yearbook and the Statistical
Yearbook of various provinces and cities of China.

Table 1. Index system of water-related environmental risk assessment of cities in the YREB.

System Layer Criterion Layer Code Index Layer Code Attribute Units Function

Risk source
hazard

Industrial source B1
Density of

industrial enterprises C1 − pcs/km2 Reflects industrial strength

Industrial wastewater
discharge C2 − 10,000 tons/km2 Reflects the potential hazards

of industrial wastewater

Agricultural
source B2 Amount of chemical

fertilizers used per unit area C3 − 10,000 tons/km2
Reflects the pollution caused
by agricultural production to

the water environment

Effectiveness of
control

mechanisms
Source control B3

Centralized treatment rate of
sewage treatment plant C4 + % Reflects the control effect

of sewage
Non-harmful treatment rate

of domestic garbage C5 + % Reflects the ability to control
garbage pollution

Comprehensive utilization
rate of industrial solid waste C6 + % Reflects the treatment of

industrial solid waste

Risk receptor’s
vulnerability

Sensitivity B4

Green coverage rate in
built-up area C7 + %

Reflects the range of
ecologically sensitive areas in

the region

Industrial structure height C8 + % Reflects the sensitivity of
industrial structure

Population density C9 − Person/km2 Reflects the density of
human society

Industrial scale C10 − Ten thousand
yuan

Reflects the results of the
overall business activities of

the three industries in
the region

Industrial structure
optimization C11 + % Reflects changes in the

industrial structure

Resilience B5

GDP per capita C12 + Ten thousand
yuan/person

Reflects overall regional
economic condition

Number of beds per
thousand people C13 + Number/thousand

people
Reflects regional medical and

health level

Technological progress C14 + CNY/person

Reflects the comprehensive
level of production technology,
operational management, and

employee skills of all
enterprises in the region
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2.3. Methods
2.3.1. Entropy Weight Method

Entropy is a physical quantity in physics that describes the degree of chaos in a
system. Entropy was first introduced into the information theory by Shannon [34]. Entropy
weight method is an important information weight model, which has been widely used
in engineering technology, social sciences, economics, and other fields [35]. The entropy
method is an objective evaluation method. Its advantage is that it can avoid the interference
of human factors and improve the objectivity of the comprehensive evaluation result. It is
more credible than the weight determined by subjective weighting methods [36].

The basic idea of the entropy method is to determine the objective weight according to
the variability of the index. Generally speaking, if the information entropy Ej of a certain
index is smaller, the degree of variation of the index value is greater and more information
is provided. Hence, the index can play a greater role in the comprehensive evaluation, and
it assumes a greater weight [37,38]. Therefore, information entropy can be used to calculate
the weight of each indicator, which provides the basis for comprehensive evaluation using
multiple indicators. For example, Zhao et al. used the entropy weight method to evaluate
the water security of Jiangxi Province [39], and Dong et al. used the AHP and the entropy
weight method to evaluate the water security status of Luoyang City from 2006 to 2016 [40].
Aiming at the city-scale water-related environmental risk assessment of the YREB, the
entropy weight method was used to determine the weights of various indicators that reflect
the vulnerability based on the information in the actual data. This confers the index system
the advantage of strong applicability.

The first step in entropy weight method is standardization. In this method, m indica-
tors and n samples were set in the evaluation, and the measured value of the ith indicator in
the jth sample is recorded as xij(i = 1, . . . , n; j = 1, . . . , n) [41]. The standardized formulas
for positive and negative indicators are as follows.

For positivie indicator : X′ij =
xij −min

{
xij, . . . , xnj

}
max

{
xij, . . . , xnj

}
−min

{
xij, . . . , xnj

} (1)

For negative indicator : X′ij =
max

{
xij, . . . , xnj

}
− xij

max
{

xij, . . . , xnj
}
−min

{
xij, . . . , xnj

} (2)

Subsequently, pij is generated by

pij =
x′ij

∑n
i=1 xij

, i = 1, . . . , n, j = 1, . . . , m (3)

In EWM, the entropy value Ej of the jth sample is defined as

Ej = −
∑n

i=1 pij ln
(

pij
)

ln(n)
, j = 1, . . . , m (4)

when pij = 0, pij ln
(

pij
)

is set to 0.
Ej lies in the [0, 1] domain. In EWM, the weight parameter Wj is calculated as

Wj =
1− Ej

∑m
j=1 1− Ej

, j = 1, . . . , m (5)

Since the weights obtained in each year are different, the calculation results are not
inter-yearly comparable. Therefore, after calculating the weights of each indicator in 2005,
2010, and 2015, the arithmetic average weight of the three years is used as the final weight
of the indicator:

–
Wj

=
Wj 2005 + Wj 2010 + Wj 2015

3
(6)
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Based on the framework of water-related environmental risk assessment of the YREB,
the entropy weight method was used to determine the weight of each index. The results
are shown in Table 2. In terms of the average weight of indicators, the index with the
highest weight is per capita GDP, followed by the number of hospital beds per thousand
people, and the height of industrial structure, while the weights of other indicators vary in
a small range.

Table 2. Index weights for water-related environmental risk assessment of cities in the YREB.

Indicators

Year

2005 2010 2015
Average
Weight

Industrial enterprise density 0.007 0.018 0.036 0.020
Industrial wastewater discharge 0.013 0.022 0.029 0.021

The usage of fertilizers per unit area 0.022 0.035 0.027 0.028
Population density 0.010 0.013 0.015 0.012

Industrial scale 0.006 0.010 0.015 0.010
Centralized treatment rate of sewage treatment plant 0.177 0.052 0.021 0.083

Harmless treatment rate of domestic waste 0.183 0.090 0.030 0.101
Comprehensive utilization rate of industrial solid waste 0.050 0.022 0.047 0.040

Green cover rate of built-up area 0.040 0.049 0.077 0.055
Industrial structure height 0.079 0.118 0.151 0.116

Industrial structure optimization 0.058 0.101 0.116 0.092
GDP per capita 0.197 0.219 0.215 0.210

Number of beds per thousand people 0.105 0.141 0.157 0.134
Skill improved 0.052 0.109 0.066 0.076

Finally, the comprehensive score of each sample is calculated as follows:

Si =
m

∑
j=1

–
Wj

pij i = 1, . . . , n (7)

2.3.2. Obstacle Degree Model

On the basis of the water-related environmental risk assessment of the YREB, the
main obstacle factors affecting the level of water-related environmental risk need to be
clarified. The obstacle degree model is often used to identify the obstacle factors affecting
the development of things based on the comprehensive evaluation mode [40]. Therefore,
this study introduces the obstacle degree model identifying the influencing factors of the
water-related environmental risk. The obstacle degree model employs three indicators to
perform the analysis and identification, i.e., contribution degree, index deviation degree,
and obstacle degree. The specific calculation formula is as follows [42].

Mj =
UjVj

∑j UjVj
× 100% =

–
Wj

(
1− Xj

)
∑j

[
–
Wj
−

(
1− Xj

)] × 100% (8)

where Mj represents the obstacle degree to the target of the jth indicator. The factor
contribution degree Uj represents the contribution degree of the jth indicator to the target,
which can be expressed by the weight –

Wj
of the jth indicator. The indicator deviation

degree Vj represents the difference between the jth indicator and the ideal value, which is
Vj = 1− xj.
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3. Results
3.1. Spatiotemporal Variations of Water Environmental Sub-System Risk in the YREB

The spatiotemporal evolution results of the risk source hazards, the effectiveness
of control mechanisms, the vulnerability of the risk receptors, and the comprehensive
water-related environmental risks of the cities in the YREB were obtained (Figure 2). It
can be seen that the risk sources hazards in the YREB gradually increased from 2005 to
2015 (Figure 2a). The spatial distribution of the risk sources hazards showed that in the
areas with high hazard, there is the greater pressure on water-related environmental risk
sources, were mainly concentrated in the upstream and midstream areas, such as Yunnan
and Guizhou in the upstream area and Hubei and Jiangxi in the midstream area. From
2005 to 2015, there were apparent changes in the risk sources hazards in the midstream
area, with most areas changing from low hazards to high hazards. The risk sources hazards
in downstream cities did not show apparent change and maintained a low risk. The level
of hazard of the risk sources was mainly affected by the use of chemical fertilizers and
industrial wastewater treatment. The upstream and midstream area risk sources consisted
of areas of high hazard, such as Yunnan, Guizhou, Sichuan, Hubei, etc., where there is
more arable land so the use of chemical fertilizers was relatively high, the investment
in environmental protection was low, and the wastewater discharge treatment facilities
were not well-maintained. The economy of the downstream area was relatively more
developed with fewer chemical fertilizers used, and greater emphasis on the management
of water pollution. In this area, corresponding measures had been taken to control the use
of chemical fertilizers and the discharge of industrial wastewater, and there was better
environmental governance leading to a lower hazard level of the risk sources.

The effectiveness of water-related environmental risk control mechanisms is used to
characterize the city’s ability to control the water pollution sources. The higher the effec-
tiveness of the control mechanisms, the lower the water-related environmental risk will be.
The spatiotemporal evolution of the effectiveness of control mechanisms showed that it
had gradually increased throughout the basin from 2005 to 2015 (Figure 2b). In particular,
the cities in the midstream and downstream areas had experienced significant changes,
while the downstream cities had been in a constant state of high effectiveness. In 2005, the
control mechanisms in Jiangsu, Zhejiang, and Shanghai, located in the downstream area,
were significantly more effective than those in the upstream and midstream areas. In 2010,
the effectiveness of the control mechanisms in most cities in the upstream and midstream
areas, such as Chongqing, Wuhan, and Changsha, had increased significantly, while those
Shanghai and Zhejiang in the downstream area had not changed significantly, but the effec-
tiveness of northern Jiangsu (Yancheng City, Huai’an City, Yangzhou City, Lianyungang
City, Xuzhou City, etc.) had decreased noticeably. This might be attributed to the greater
attention being paid to environmental protection and increased infrastructure construction
in the upstream and midstream areas, which had narrowed the gap in effectiveness of
control mechanisms with the downstream cities. In 2015, the effectiveness of the control
mechanisms of all cities in the YREB had increased overall, with downstream cities having
the most apparent increase, followed by those in the upstream and midstream areas. The
increase in the effectiveness of the control mechanisms showed that the ability to prevent
water-related environmental risks had improved, and the government had paid more
attention to water pollution problems, industrial wastewater treatment, and the protection
of the water environment. It also reflects that, over the years, provincial and municipal
governments have continuously promoted pollutant emission control measures, improved
the level of urban environmental infrastructure, and carried out ecological civilization con-
struction to achieve the results. However, in areas of low-effectiveness, there is an impetus
to continue to enhance the effectiveness of solid waste, sewage, and garbage treatment.
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The vulnerability of the included risk receptors is characterized by the sensitivity of
the bearing body to water-related environmental risks and the resilience to the risks. The
vulnerability of the risk receptors of the cities in the YREB increased slightly from 2005 to
2015, indicating that the bearing body’s carrying capacity was slightly reduced (Figure 2c).
The Yangtze River Delta, Wuhan, Changsha, Chengdu, Guiyang, and other regions were at
a relatively high vulnerability level, mainly due to the small proportion of green space, high
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population density and unbalanced industrial structure, resulting in high vulnerability
and the areas being affected to a large extent. In comparison, Yibin, Dazhou, Qujing, and
Fuyang, etc. had lower vulnerability, which means that they could withstand risks to a
greater extent and minimize the losses caused by water-related environmental incidents.
The analysis of the results of various evaluation indicators shows that the resilience of risk
receptors in the study area has significantly improved. This indicates that investment in
environmental protection infrastructure, technological progress, and medical and health
conditions became more important as influencing factors.

3.2. Spatiotemporal Variations of Comprehensive Water-Related Environmental Risk in the YREB

The comprehensive water-related environmental risk in the YREB presented a spatial
distribution characteristic of being high in the east and low in the west (Figure 2d). In 2005,
the comprehensive water-related environmental risk of cities in the YREB were relatively
high. The high-risk areas were mainly located along the Yangtze River, including Chengdu,
Wuhan, Changsha, Shanghai, Hefei, Wuxi, Nanjing, Changzhou, Suzhou, Hangzhou,
Shaoxing, and Ningbo, etc. In comparison with 2005, the number of cities with high
comprehensive water-related environmental risk decreased significantly in 2010, especially
in the Yangtze River Delta region. However, Shanghai, Hangzhou, Wuxi, Changzhou, and
Suzhou, which are located in the downstream area of the Yangtze River, were still at high
risk level, while the risks of Yichang, Shiyan, Yueyang, Xiangtan, Zhangjiajie, and Zhuzhou
in the midstream area were lower. The water-related environmental risk of the remaining
cities did not differ significantly. In 2015, the water-related environmental risk was at a
medium-low level. The regions with medium-high risk were distributed in the Yangtze
River Delta and the capital cities of Hunan and Hubei provinces (Changsha and Wuhan) in
the midstream area (Figure 3). From 2005 to 2015, the overall comprehensive water-related
environmental risk showed a downward trend. The average comprehensive water-related
environmental risk dropped from 0.493 in 2005 to 0.392 in 2015, and the risk reduction rate
was approximately 25.76–16.55%. The comprehensive water-related environmental risk of
the cities in the midstream area had decreased the most, with a decrease rate of more than
18%. Based on the frequency distribution diagram of the water-related environmental risk
index (Figure 4), it can be seen that in 2005, the water-related environmental risk had only
one peak and was at a medium-to-high level, distributed around 0.5. In 2010, the peak of
the risk index shifted to around 0.4, which was at a medium level, showing a slight decrease
from that of 2005. The frequencies of the peak risk index in 2005 and 2010 were both greater
than 40, indicating that most cities were at a medium-to-high risk level. In 2015, the risk
index peaked in the range of 0.2–0.5, and the frequency of high-risk areas dropped to less
than 30, indicating that most cities had changed from medium-high risk to medium-low
risk. Most cities had changed from being high-risk to medium-risk, relatively low-risk,
and low-risk. The number of cities that had high risk or medium-high risk had gradually
become fewer, and overall, there was a crucial transition of water-related environmental
risk from high risk to medium-low risk. Judging from the results of various indicators,
from 2005 to 2015, the hazard levels of risk sources and the sensitivity of risk receptors
gradually increased, but the effectiveness of control mechanisms and the resilience of risk
receptors also continuously improved. Combining the weights of various indicators, a
comprehensive analysis showed that the water-related environmental risk depends largely
on the changes of the latter two components, which contributed to the gradual reduction
in the water-related environmental risk.
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Figure 4. Frequency statistics of water-related environmental risk in the YREB from 2005 to 2015.

3.3. Analysis of Obstacle Factors of Water-Related Environmental Risk in the YREB
3.3.1. Analysis of Index Layer Obstacle Factors on Water-Related Environmental Risk

Based on the obstacle model, this study further analyzed and explored the obstacle
factors that affected water-related environmental risk in the YREB. Due to the large number
of indicators at the index level, this study only lists the top five obstacle factors for different
water-related environmental risk level regions in 2005, 2010, and 2015 according to the
degree of obstacles (Table 3). It can be seen that in three years, per capita GDP (C12),
number of beds per thousand people (C13), and industrial structure height (C8) had the
highest frequencies. Among them, the obstacle degree of per capita GDP reached an
average of 34.43%, followed by the number of beds per thousand people and the industrial
structure height, with the average values of 18.70% and 15.55%, respectively. Looking
at individual years, the top five obstacles that occurred most frequently in 2005 were
GDP per capita (C12), number of beds per thousand people (C13), industrial structure
height (C8), centralized treatment rate of sewage treatment plants (C4), and industrial
structure optimization (C11). The centralized treatment rate of sewage treatment plants
and industrial structure optimization fall under the aspects of the effectiveness of the
control mechanisms and risk receptor’s vulnerability, respectively. This indicates that the
water-related environmental risk in 2005 had insufficient control mechanisms, and the
industrial structure was not optimized. The reason for the lack of control mechanisms was
that the construction of sewage treatment plants was relatively low, and the infrastructure



Water 2021, 13, 2140 12 of 17

was not complete. In 2010, per capita GDP (C12), number of hospital beds per thousand
people (C13), industrial structure height (C8), and industrial structure optimization (C11)
were still the main obstacle factors. In addition, technological progress (C14) was also
added to the list, which showed the slow development of water-related environmental risk
mitigating technology. In 2015, per capita GDP (C12), number of hospital beds per thousand
people (C13), industrial structure height (C8), and industrial structure optimization (C11)
had the same frequency, and the frequency of technological progress (C14) was only four,
meaning that the obstacle of technological progress became smaller. In general, the overall
water-related environmental risk obstacle factors did not change much from 2005 to 2015.
Looking at the main obstacle factors in areas with different risk levels, the most prominent
obstacle factor in low risk, medium-low risk, and medium risk areas from 2005 to 2015 was
GDP per capita. The most prominent obstacle factor in medium-high risk and high risk
areas had shifted from GDP per capita to industrial structure height and industrial structure
optimization. This implies that the industrial structure in medium-high risk and high risk
areas was not optimized. There is a need to enhance industrial structure transformation in
order to more effectively mitigate and reduce the water-related environmental risks.

Table 3. Top five index layer obstacle factors on water-related environmental risk assessment in different risk level areas of
the YREB from 2005 to 2015.

Risk Levels
Obstacle Factors in 2005 Obstacle Factors in 2010 Obstacle Factors in 2015

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Low risk C12 C13 C8 C11 C14 C12 C13 C8 C14 C11 C12 C8 C13 C11 C14
Medium-low risk C12 C13 C8 C4 C5 C12 C13 C8 C14 C11 C12 C8 C13 C11 C14

Medium risk C12 C13 C8 C4 C14 C12 C13 C8 C14 C11 C12 C8 C13 C11 C14
Medium-high risk C12 C13 C8 C4 C11 C12 C8 C13 C14 C11 C8 C12 C13 C11 C14

High risk C12 C8 C13 C4 C11 C8 C12 C14 C13 C11 C8 C11 C12 C13 C7

In addition, based on the frequencies of the top three obstacle factors at the provincial
level (Table 4), it can be seen that GDP per capita (C12), industrial structure height (C8),
and number of hospital beds per thousand people (C13) appeared 33 times, 33 times,
and 29 times. Therefore, these three indicators were the leading obstacle factors affecting
the water-related environmental risks of the YREB from 2005 to 2015. In addition to per
capita GDP and industrial structure height, Shanghai had two other important obstacle
factors which were the non-hazardous treatment of domestic waste and technological
progress. For Hubei and Hunan, the important obstacle factors were number of beds
per thousand people, GDP per capita, and the centralized treatment rate of the sewage
treatment plants. The obstacle factors which ranked third in 2005 varied greatly in each
province, and there was no significant change of the factors within each province from
2010 to 2015. From 2005 to 2015, the overall obstacle factors of different provinces did
not change substantially. In addition, some indicators such as the non-harmful treatment
rate of domestic waste and the comprehensive utilization rate of industrial solid waste
posed a relatively small obstacle to water-related environmental risks. The results of
the obstacle indicator distribution showed that the main obstacle indicators affecting the
water-related environmental risks were relatively evenly distributed among the various
risk levels. Therefore, whether it is a low-risk area or a high-risk area, various factors
should be considered comprehensively to improve industrial production efficiency, strictly
control pollution discharge, increase the development of tertiary industries, strengthen
the construction of environmental protection infrastructure, promote the adjustment and
optimization of industrial structure, further improve economic efficiency, develop the
regional social economy and increase the awareness of environmental protection. This
eventually leads to the mitigation and minimization of water-related environmental risks.



Water 2021, 13, 2140 13 of 17

Table 4. Top three index layer obstacle factors on water-related environmental risk assessment in provinces of the YREB
from 2005 to 2015.

Provinces
Obstacle Factors in 2005 Obstacle Factors in 2010 Obstacle Factors in 2015

1 2 3 1 2 3 1 2 3

Shanghai C5 C8 C12 C8 C14 C12 C12 C8 C14
Jiangsu C8 C12 C13 C8 C12 C13 C8 C13 C12

Zhejiang C12 C13 C8 C12 C8 C13 C8 C12 C13
Anhui C12 C13 C4 C12 C8 C13 C12 C8 C13
Jiangxi C12 C13 C8 C12 C13 C8 C12 C8 C13
Hubei C12 C13 C4 C12 C13 C8 C12 C8 C13
Hunan C12 C13 C4 C12 C13 C8 C12 C8 C13

Chongqing C12 C13 C8 C12 C13 C8 C12 C8 C13
Sichuan C12 C13 C5 C12 C8 C8 C12 C8 C11
Guizhou C12 C13 C8 C12 C13 C14 C12 C8 C13
Yunnan C12 C13 C8 C12 C13 C14 C12 C8 C13

3.3.2. Analysis of Criterion Layer Obstacle Factors on Water-Related Environmental Risk

This study further calculated the obstacle degrees of criterion layer factors to the water-
related environmental risk in the YREB, and divided them into five categories according
to the dominant obstacles: industrial source (B1), agricultural source (B2), source control
(B3), sensitivity (B4), and resilience (B5) (Table 5). The obstacle degree of each criterion
layer factor to the water-related environmental risk at each risk level was different. The
obstacle degree of the industrial source (B1) factors all exhibited an increasing trend. The
obstacle degree of agricultural source (B2) factors gradually increased only in high risk
areas, and experienced initial increase and subsequent decrease in all other areas. The
obstacle degree of the source control (B3) factor decreased in all five risk areas. The obstacle
degree of the sensitivity (B4) factor decreased in low risk areas. In high risk areas, the
sensitivity obstacle degree first decreased and then increased, while in medium-low risk,
medium risk, and medium-high risk areas, it all showed an increasing trend. The obstacle
degree of the resilience (B5) factor declined in low risk, medium-high risk, and high risk
areas, suggesting that these areas had the ability to recover to their original state after
the occurrence of water-related environmental risks had increased. In low risk areas, the
obstacle degree resilience factor increased, and it first increased and then decreased in the
medium risk areas. The distribution of the obstacle indicators showed that reducing the
hazard levels of risk sources, strictly controlling the discharge of pollutants, maintaining
and promoting source control, and improving the resilience of risk receptors are important
for mitigating and reducing water-related environmental risks.

Table 5. Top five criterion layer obstacle factors on water-related environmental risk assessment in the YREB from 2005 to 2015.

Risk Level
2005 2010 2015

B1 B2 B3 B4 B5 B1 B2 B3 B4 B5 B1 B2 B3 B4 B5

Low risk 0.002 0.013 3.19 5.54 13.27 0.004 0.023 0.43 5.00 9.54 0.006 0.005 0.067 4.48 6.45
Medium-low risk 0.004 0.022 6.06 5.53 15.39 0.011 0.050 0.74 10.69 20.51 0.041 0.024 0.13 16.39 22.42

Medium risk 0.004 0.019 4.36 4.42 12.20 0.016 0.051 0.44 11.31 21.18 0.053 0.026 0.13 16.32 19.47
Medium-high risk 0.008 0.024 2.92 5.08 11.98 0.039 0.031 0.26 7.28 10.40 0.076 0.012 0.034 6.94 7.94

High risk 0.030 0.024 3.18 5.99 9.78 0.060 0.021 0.16 4.98 4.78 0.12 0.005 0.024 5.17 2.69

4. Discussion

Water environmental issues have always been a focus of sustainable development
of the YREB. A comprehensive and systematic index system, combined with appropriate
evaluation methods, forms the basis of the water-related environmental risk evaluation.
In existing studies, there are relatively few studies on water-related environmental risk
assessment using prefecture-level cities in the YREB, therefore, the research reported in
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this paper has a typicality. This study comprehensively assessed the water environment of
the prefecture cities in the YERB during 2005–2015, analyzed the spatiotemporal evolution
characteristics and further analyzed the influencing factors. The results of this study
revealed that the effectiveness of control mechanisms and the resilience of the receptors
of each city still needed to be improved, and the potential should be investigated using
the sources of the risk hazards as an entry point. At the same time, efforts should be made
to control the emissions of industrial enterprises and agricultural pollution sources, as
well as to actively promote the transformation, optimization, and upgrading of industrial
infrastructure. These efforts would alleviate the risks to the water environment. The results
of this study show that areas of high water-related environmental risk were located in the
downstream area of the YREB, which was consistent with the findings of Li et al. (2018)
highlighting the Yangtze River Delta as an environmental risk hotspot [43]. However, this
study is limited by the availability of reference materials and data. It did not fully examine
the water environment of the YREB in detail. In addition, this study is only based on the
data for years, 2005, 2010, and 2015. For future research, the timeline can be gradually
extended to further explore its regularity. However, due to the different developmental
stages these cities are in, some indicators may differ from city to city. The entropy method
is an objective weighting method with a sound mathematical basis. This can help us to
overcome the bias of previous subjective weighting methods which rely on personal factors.
Our research also shows that the index weight is not static, but constantly changes with the
development of social economy. Therefore, it is more reasonable to use the entropy method
to comprehensively evaluate the risk for different years. Besides, the index system could
be further enriched and improved.

5. Conclusions

To facilitate ecological environmental protection and green development and to sup-
port the prevention, control, and management of water-related environmental risks in
the YREB, this study used prefecture-level cities as the evaluation unit to construct a
water-related environmental risk assessment index system based on three aspects, i.e.,
the risk sources hazards, the effectiveness of the control mechanisms, and the vulnerabil-
ity of the risk receptors. The entropy weight method was used to determine the index
weighting and to assess the city-scale water-related environmental risks of the YREB in
2005, 2010, and 2015. The obstacle degree model was applied to analyze the main obstacle
factors that affected the water-related environmental risk. The results showed that the
overall water-related environmental risk of cities in the YREB presented a downward trend
from 2005 to 2015. Among them, the upstream and midstream cities, such as Zhangjiajie,
Zhuzhou, Yichang, Nanchang, etc. showed the most obvious reduction. This was due to
government’s timely attention and management. From the perspective of spatial pattern
changes, the water-related environmental risk of the YREB presented a characteristic of
high in the east and low in the west. The areas with higher risk were mainly distributed
in the Yangtze River Delta and areas along the Yangtze River such as Shanghai, Wuxi,
and Hangzhou, etc. The vulnerability of the risk receptors in these areas was high. There-
fore, efforts should be made to improve the resilience of the carrying body and conduct
water-related environmental risk management, prevention, and control to achieve urban
ecological environmental protection and sustainable development.

In terms of water-related environmental risk sources, the risk sources hazards in cities
in the upstream and midstream areas of the YREB were higher than those in the down-
stream area. The risk sources hazards during 2005–2015 showed a continued increasing
trend, especially for the cities in the midstream area, and this was mainly due to the large
area of arable land, serious agricultural pollution, high pollution emissions from industrial
enterprises, and faulty environmental protection facilities in the upstream and midstream
areas. Therefore, prevention and control of water-related environmental problems caused
by industrial enterprises and agricultural pollution should be strengthened. Reducing
emissions and fertilizer use and enhancing wastewater treatment capacity should be the
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aim of ecological protection. The effectiveness of control mechanisms during 2005–2015
increased significantly, especially in the upstream and midstream areas, which reduced the
water-related environmental risk. Meanwhile, the effectiveness of the control mechanisms
in the downstream cities has always been high, which was beneficial to water-related envi-
ronmental risk control. It is worth noting that, in general, the vulnerability of risk receptors
was not high, but vulnerability in Shanghai, northeastern Anhui, northern Zhejiang, and
southern Jiangsu still need to be monitored. The downstream area was one of the regions
with the highest population density and the highest economic strength in China, thus its
high vulnerability. It should further enhance the receptor’s resilience, reduce the receptor’s
vulnerability, and strengthen water environmental management. Enterprises should also be
encouraged to participate in water-related environmental risk governance, adjust industrial
infrastructure, improve economic benefits, and develop a sustainable social economy. In
addition, the main obstacles to water-related environmental risks in the Yangtze River
Economic Zone were GDP per capita, the number of beds per thousand people, and the
height of the industrial structure. Among them, the most prominent obstacle factor in low
risk, medium-low risk, and medium risk areas was GDP per capita. The most prominent
obstacle factors in medium-high risk and high risk areas had changed from GDP per capita
to the industrial structure height and optimization of industrial structure, indicating that
the industrial structure in medium-high risk and high risk areas was undesirable, and fur-
ther adjustments and changes were needed. The identification of obstacle factors revealed
the shortcomings in alleviating water-related environmental risk. Therefore, promoting
industrial restructuring, strictly controlling pollutant emissions, accelerating the develop-
ment of tertiary industries, improving economic benefits, developing the regional social
economy, and strengthening the construction of environmental protection infrastructure
are proposed as effective ways to mitigate and reduce water-related environmental risks.
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