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Abstract: The water ecological environment problems brought about by rapid urbanization have
prompted the proposal and implementation of different approaches to urban water ecological con-
struction, such as eco-cities, best management practices (BMPs), and low-impact development (LID).
As one of the most representative urban water ecological management policies in China, the Water
Ecological Civilization City (WECC) was proposed in 2013, and 105 cities were selected for pilot
construction. Many studies have evaluated the effectiveness of WECC construction, but international
quantitative comparison is lacking. To address this, an urban Water-Human-Health (WHH) Assess-
ment Model, considering water resources, ecological environment, economic and social development
level, and water resources utilization, was developed and applied to five WECC pilot cities in China
and 10 other cities worldwide, in which mainstream urban water ecological construction modes have
been used. Principal component analysis of the index values in the assessment system was used to
evaluate the current status of water ecosystem health in the 15 cities, showing that Sydney, Cleveland,
and Hamburg were the most advanced in urban water ecological management. The two cities
with the best evaluation results (Sydney and Cleveland), and the WECC city with the highest score
(Wuhan) were selected for documentary analysis of their water ecological construction documents to
identify similarities and differences to inform best practice internationally for urban water ecological
construction. The results showed that Sydney and Cleveland attach similar emphasis across most
constituents of urban water ecological construction, while, for Wuhan, greater importance is attached
to water resource management and water culture. The advantages and disadvantages of WECC
construction and international experience are discussed. The WHH assessment model proposed in
this study provides a new quantitative evaluation method for international urban water ecological
health evaluation, which could be further improved by including an urban flood risk indicator.

Keywords: urban water management; principal component analysis; documentary analysis;
international comparison

1. Introduction

The city is not only the main area of human activities, but also the centre of economic,
political, and cultural development. As mentioned in the United Nations Sustainable De-
velopment Goals, half of the world’s population (c. 3.5 billion) currently lives in cities, and
by 2030 this number will rise to 5 billion, accounting for 60% of the world’s population [1].
Moreover, urbanization has brought benefits, such as population aggregation, convenience,
and economic efficiency [2]. However, urban expansion has also led to “urban diseases”
and numerous problems, such as encroaching on ecological space and damaging the envi-
ronment [3]. Among them, urban water problems, such as pollution, increased flooding
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frequency, and shortage of water resources, are the most prominent [4]. All these phenom-
ena have highlighted the need to construct inclusive, safe, risk-resilient, and sustainable
cities, which coincides with SDG 11 in the 2030 Agenda for Sustainable Development [1].

Many important concepts in sustainable water landscapes in cities, which are known
by different names in different countries, have appeared globally, for example:
Eco-cities [5–7], Best Management Practices (BMPs) [8–10], Low Impact Development
(LID) [11–13], Green and Blue Infrastructure (GBI) [14–16], Water Sensitive Urban Design
(WSUD) [17–19], and Sustainable Urban Drainage Systems (SUDS) [20–22]. Based on the
experience of water ecological construction in world cities, and combined with China’s
national conditions, the Ministry of Water Resources of China formally proposed the con-
struction of water ecological civilizations in 2013. Following this, 105 representative cities
of different conditions were selected in China to construct water ecological civilization
cities (WECC) [23].

Many researchers have discussed the content of WECC construction in different
types of cities, and have actively explored new paths for the development of WECC in
combination with regional characteristics. Current research on WECC mainly focuses on
the definition of WECC core concepts, construction of quantitative evaluation systems, and
methods for measuring the construction level of WECC, as described below:

(a) Definition of WECC. Zuo [24] suggested that the core idea of WECC is the harmonious
coexistence of human beings and water. It not only emphasizes the protection of the
water ecological environment, but also balances it with the creation of material wealth.
Zhao et al. [25] started from the actual needs and connected water resources and social
economy in a problem-oriented manner to analyze the relationship between them to
explore the significance of WECC. Chao et al. [23] mainly defined WECC from two
aspects of human behavior and water resources carrying capacity;

(b) Construction of indices for evaluating WECC. To shift research on WECC from qual-
itative investigation to quantitative analysis, many researchers began to construct
evaluation index systems. For example, Yue et al. [26] built an evaluation system based
on the Driving–Pressure–State–Impact–Response(DPSIR) framework, conducted a
case analysis of Wuhan City, and discussed the impact of WECC on its water ecological
carrying capacity. Pi et al. [27] took Nanchang as an example to evaluate WECC from
the indicators of water resources, water ecology, water utilization, water management,
and water culture. The Yangtze River Economic Belt was evaluated by Qi et al. [28],
using the indicators of social economy, total water resources, water use efficiency, and
comprehensive environmental management based on the Pressure-State-Response
(PSR) framework;

(c) Methods for measuring the construction level of WECC. There are many evaluation
methods for WECC. Tian et al. [29] used the entropy method to evaluate WECC in
the Pearl River Delta, and concluded that there are obvious differences in the level of
water ecological civilization among cities. Wang [30] combined the entropy method
and the Delphi method to evaluate WECC of 10 transboundary river cities to explore
the relationship between them. Tian et al. [31] analyzed the construction level of
WECC in three urban agglomerations in the Yangtze River Economic Belt based on
multicriteria analytical methods, and found that the construction level gradually
increased from west to east, showing obvious spatial differences.

In summary, previous studies have discussed the feasibility of applying various
evaluation methods to the assessment of WECC based on specific cases. However, the
current quantitative analysis of WECC is limited to specific regions, provinces, and cities,
and few international comparison or evaluation has been conducted. The objective of this
paper is to fill the gap in the lack of international quantitative comparisons of WECC, and to
establish an international general index system for evaluating urban water ecological health.
This paper first selects 5 WECC cities and 10 other cities worldwide in which mainstream
urban water ecological construction modes have been used (including BMPs, LID, GBI,
WSUD, and SUDS); then, a universal Water-Human-Health (WHH) Assessment Model was
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developed to evaluate the cities from different countries in which the scores of water health
for each city were reduced by principal component analysis to allow comparison. Finally,
two cities with the best evaluation results and one WECC city with the highest score were
selected for documentary analysis of their water ecological construction documents to try
to identify the differences between WECC and other urban water ecological construction
modes. The WHH assessment model in this study can provide a universal urban water
health evaluation system suitable for international use. Furthermore, the results of the
international comparison can help inform the subsequent development and international
applicability of WECC.

2. Study Area

Cities around the world were screened based on the principles of representativeness,
considering continent, country, starting time and data availability; of these, 15 cities repre-
sentative of WECC, BMPs, LID, GBI, WSUD, SUDS, and eco-cities were selected for analysis
(Table 1 and Figure 1).

Table 1. Cities selected for this research with different urban water ecological construction modes.

City (Country) Construction Mode Starting Time

Chengdu, China WECC 2013 [32]
Wuhan, China WECC 2014 [33]

Xiangyang, China WECC 2014 [33]
Zhuzhou, China WECC 2014 [33]
Suining, China WECC 2014 [33]

Cleveland, OH, USA BMPs, LID and GBI 2000 [34]
Minneapolis, MN, USA BMPs, LID and GBI 2000 [35]

St. Paul, MN, USA BMPs, LID and GBI 2000 [35]
Toronto, ON, Canada GBI and LID 1994 [36]
Melbourne, Australia WSUD 1999 [37]

Sydney, Australia WSUD 1999 [37]
London, UK SUDS 2000 [38]

Copenhagen, Denmark SUDS and WSUD 2007 [39]
Hamburg, Germany Eco-city 2009 [40]

Curitiba, Brazil Eco-city 1970 [41]

Construction in Chengdu started in 2013 in the first batch of WECC [32], while, in
Wuhan, Xiangyang, Zhuzhou, and Suining, it started in 2014 in the second batch [33].
These five cities are located in the Yangtze River Economic Belt, which is one of the most
developed economic belts in China and an important waterway connecting eastern and
western China [31].

Cleveland is located in western Ohio in central USA. The city is near the south shore
of Lake Erie and spans the mouth of the Cuyahoga River. BMPs in Cleveland can be dated
back to the Federal Water Quality Act (1987) and the Ohio Agricultural and Silvicultural
Pollution Abatement Law (1991) [42]. With the release of the BMPs handbook in 2000,
Cleveland began more extensive construction [34]. According to the Cleveland Office of
Sustainability, the city installed three pervious pavement and paver parking lot BMPs in
2009 and 2010 and joined the Big Creek Watershed Plan, including stormwater management
methods through LID and GBI [43].

Minneapolis and Saint Paul, commonly known as the Twin Cities, is a metropolitan
area in the Upper Midwest USA. The Minnesota Pollution Control Agency (MPCA) was
the local authority responsible for the National Pollutant Discharge Elimination System
(NPDES) program in 1990 [35]. The MPCA issued the first Municipal Separate Storm Sewer
System (MS4) NPDES Permit to the Twin City in 2000, including BMPs, LID, and GBI [35].
According to the 2022 NPEDS report [44,45], more than 3000 BMPs and hundreds of green
stormwater infrastructure had been built in the Twin Cities by 2021.
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Toronto, located on the northwest shore of Lake Ontario, is Canada’s largest city
and the provincial capital of Ontario. In 1994, the Ontario Ministry of Environment
and Energy issued the Stormwater Management Practice Planning and Design (SMPPD)
Manual which provided detailed guidance for designing and building multi-objective
stormwater management facilities to balance the impact of urbanization on the natural
hydrological cycle and to address water quality issues [36]. Following this, Canada issued
the world’s first “Guidelines for Urban Municipal Green Infrastructure” in 2001 [36]. Under
the construction concepts of GBI and LID, Toronto’s urban stormwater management focuses
on integrated water resources management, emphasizing watershed management and
ecosystem protection within the entire natural hydrological cycle.

Sydney and Melbourne, the two largest cities in Australia, are also early cities to
explore urban stormwater management. At the end of the 20th century, Australia proposed
a water-sensitive urban design (WSUD) stormwater management system, for which the
guidelines were first published in 1994. WSUD includes two aspects: developing exciting,
aesthetic environments for the community through urban planning and design; and ensur-
ing the sustainable development of the city by paying attention to the overall rainwater
circulation of the site [46].

London is the capital of the United Kingdom, and is one of the largest cities (and is the
largest economic center) in Europe. The UK developed a set of stormwater management
systems called “sustainable urban drainage systems (SUDS) based on best management
practices (BMPs) [47]. After the first manual was released in London in 2000, the city began
to promote the construction of SUDS, including sustainable stormwater management and
water quality restoration for all water bodies [48], source control of stormwater [48], and
reduction of potential adverse impacts of flooding on human health, activities, and the
environment [22].

Copenhagen is the capital of Denmark, located in northern Europe. From 2007–2012,
Denmark’s national strategic research project Black, Blue, Green (2BG) explored WSUD
retrofit options in Copenhagen to address the challenges posed by sewer overflows and
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climate change [39]. At the same time, SUDS have been piloted in the city as an optional
solution for rainwater resource management [49].

Hamburg is Germany’s second-largest city and Europe’s third-busiest port, located
80 km up the Elbe Estuary from the North Sea. The construction of an eco-city in Hamburg
can be traced back to the proposal of the ”Eco-City Hamburg-Harburg” project in 2009, ded-
icated to regenerating the old harbor as a sustainable creative-industrial environment [40].
It was named the 2011 European Green Capital for its green network, eco-city construction,
and effectiveness in tackling climate change [50,51].

Curitiba, a city in the south of Brazil, is an eco-city recognized by the United Nations.
In the early 1970s, municipal governments recognized that the design and systems of cities
could have a serious impact on their local environment, and began to promote eco-city
development [41,52,53]. Over the past 50 years, Curitiba has invested in many small
sustainable urban planning developments and was called “The Greenest City on Earth” in
2014 [41].

3. Materials and Methods

In this study, a mixed-methods approach was used to adequately analyze each aspect
of urban water ecosystem health. Urban water ecological construction is a systems problem
involving multiple levels. The key to evaluating the current status of cities lies in the
ability to build a comprehensive evaluation index system that can be applied to most
cities. A universal urban water ecological health index was established to evaluate cities
from different countries. The scores of water health of the study cities were measured by
principal component analysis, due to its advantages of reducing the workload of index
selection [54], with a higher score indicating better water ecological construction. To
understand how to promote the best urban ecological development model, policy and
technical guidance documents were analyzed for the three top-scoring cities to compare
each city’s water ecological management construction system.

3.1. Development of the Urban Water Ecosystem Health Evaluation Index

Under the guidance of the concept of water ecological civilization, the health level of
urban water ecosystems is mainly the evolution of the interaction between the water system
and the human system [29,54,55]. The optimization of various water-related activities is the
foundation; at the same time, there is the aim to realize the sustainable supply of aquatic
ecosystem services. Therefore, a Water-Human-Health assessment model (WHH) that can
reflect the health connotations of urban water ecosystems was constructed here to evaluate
urban water ecosystems. Based on the WHH assessment model, this study developed an
evaluation index system using indicators that met the following criteria:

(a) System analysis. According to the regional water resources and economic and social
development, regardless of special circumstances, indicators are sought that can
characterize the health of the urban water ecosystem as much as possible;

(b) Universal data availability. Indicators were selected, for which data are readily
available for cities worldwide;

(c) Theoretical analysis. Indicators were selected that were expected to be meaning-
ful for characterizing and understanding the operation and management of urban
water ecosystems;

(d) Independence. The selected indicators should be as independent as possible to prevent
overlap between indicators.

The indicators selected in this study for an urban water ecosystem health evaluation
index system suitable for most cities are shown in Table 2, and are explained in more detail
in Supplementary Materials S1. Data for the indicators were obtained for 2018 for each of
the selected 15 cities, and the data sources are given in Supplementary Materials S2.
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Table 2. Components of the Urban Water Ecosystem Construction Index constructed for this study.
For indicator attributes, “positive” means a positive association is expected between the indicator
value and urban water ecosystem health, whilst “negative” means a negative association is expected.

Subsystem Layer Domain Level Indicator Abbreviation Unit Indicator
Attributes

Water ecosystem
health

Water resources

Average monthly precipitation in the
wet season A1 mm Positive

Average monthly precipitation in the
dry season A2 mm Positive

Water environment-related civic features A3 Number Positive

Water resources per capita A4 m3/per
capita

Positive

Ecological
environment

Forest cover rate B1 % Positive
Wetland area cover rate B2 % Positive

Water function area water quality
compliance rate B3 % Positive

Drinking water quality compliance rate B4 % Positive

Health of the
humanities system

Economic and
social

development level

The population density C1 people/km2 Positive
GDP per capita C2 £ Positive

Secondary industry output value as a
percentage of GDP C3 % Negative

Tertiary industry output value as a
percentage of GDP C4 % Positive

Water resources
utilization

Water consumption per year D1 m3/capita Negative
Average water consumption per ha of

farmland irrigation D2 m3/ha Negative

Water consumption per GBP 10,000 of
industrial added value D3 m3 Negative

Proportion of groundwater in
water supply D4 % Negative

Sewage treatment compliance rate D5 % Positive
Recycling rate of water used

by industries D6 % Positive

Exchange rate: 1 USD = 0.8 GBP, CNY = 0.11 GBP, EUR = 0.89 GB, 3 June 2020.

3.2. Principal Components Analysis

In this study, since there may be correlation between the various indicators, the
independence of each indicator cannot be guaranteed, and the calculation of multiple
indicators is more complicated. PCA is a statistical analysis method that reduces multiple
indicators into a few comprehensive indicators. Therefore, PCA was selected to calculate
the weighting of each of the 18 indicators to quantify the overall water ecological health
score of each of the selected cities. SPSS v25.0 software was used for the PCA analysis, and
the steps involved are described below.

First, the scores for each indicator were normalized so that the data were compara-
ble [56]. The general approach to standardization, Z-score standardization, was used in
this study, that is, the mean value is 0 and the variance is 1.

After entering the dimensionless processed data into SPSS 25.0, the first 6 principal
components with a cumulative contribution rate of 87.4% were selected for the PCA
(Table 3), aided by examination of the scree plot, to represent the 18 original indicators.
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Table 3. Interpretation of total variance.

Principal
Component

The Initial Eigenvalue

Total Variance, % Cumulative, %

1 6.005 33.361 33.361
2 4.286 23.811 57.172
3 1.802 10.011 67.183
4 1.572 8.735 75.918
5 1.160 6.446 82.365
6 0.909 5.050 87.415
L L L L
18 −1.610 × 10−16 −8.947 × 10−16 100.000

Next, a varimax rotation, which maximizes the sum of the variance of each factor
load through coordinate transformation [57], was used to make the components easier to
interpret. This study used the Kaiser-standardized orthogonal rotation method to rotate the
initial factor load matrix [58], which converged after 18 iterations to obtain the final rotation
factor load matrix. From the normalized data and the results of the rotation component
matrix, the coefficients of each indicator in the six principal components were calculated by
multiplying the eigenvector coefficients by the normalized value of the original data.

To calculate the total score of the principal components, the overall principal component-
weighted value of each indicator must be determined. In this study, the weight of the
principal component of each indicator was represented by Q1–Q6. The weighted prin-
cipal component value of each indicator was calculated by multiplying the coefficient
corresponding to each principal component in the principal component expression by its
corresponding variance contribution rate, and then dividing by the sum of the variance
contributions of the six principal components. Finally, the weights of the six principal
components for each index were summed to obtain the total principal component weight
(QTotal):

QTotal = Q1 + Q2 + Q3 + Q4 + Q5 + Q6 (1)

Then, the total principal component weight was standardized to obtain the final
weight QTotal

∗ of each indicator value.

QTotal i
∗ =

QTotal i

∑18
i=1 QTotal i

(2)

where QTotal i is the principal component weight of the index; QTotal i
∗ is the final weight of

each indicator value.
The principal component weighted values of the indicators are shown in Table 4. The

weight of each indicator was calculated by Equations (1) and (2).
Therefore, by multiplying the total weight of each index by the corresponding data

after Z-score standardization, the overall value of the urban water ecological health index
of each of the 15 water cities was calculated as:

FTotal = 0.000182 × A1 + 0.121 × A2 + 0.142 × A3 + 0.110 × A4
−0.0872 × B1 − 0.000480 × B2 − 0.0942 × B3
+0.0994 × B4 + 0.0201 × C1 + 0.118 × C2 + 0.144 × C3
+0.133 × C4 + 0.144 × D1 − 0.00721 × D2 + 0.0337 × D3
+0.0819 × D4 − 0.0335 × D5 + 0.0724 × D6

(3)
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Table 4. Principal component weighted values of the indicators within the urban water ecological
health index.

Indicator
Principal Component Weightings

QTotal QTotal*
Q1 Q2 Q3 Q4 Q5 Q6

A1 −0.084 0.0153 0.0163 0.0289 0.0211 0.00236 9.49 × 10−5 0.000182
A2 0.0151 −0.00364 −0.0212 0.061 −0.00848 0.0203 0.063 0.121
A3 −0.0151 0.0546 0.00833 0.036 0.0153 −0.0253 0.0739 0.142
A4 −0.0157 −0.00959 −0.0006 0.0112 0.0117 0.0603 0.057 0.11
B1 −0.0365 −0.0356 −0.00967 0.0141 0.00907 0.0132 −0.0453 −0.0872
B2 −0.0147 −0.0069 −0.00193 0.0416 0.0116 −0.0299 −0.000249 −0.00048
B3 0.0431 −0.0205 −0.0836 0.0177 −0.00878 0.00314 −0.0489 −0.0942
B4 −0.00283 0.0638 0.00803 0.00132 −0.018 −0.000688 0.0516 0.0994
C1 −0.0195 −0.0241 0.0605 −0.0223 0.0125 0.00334 0.0104 0.0201
C2 0.0651 −0.00882 −0.0133 0.0112 −0.00049 0.00767 0.0613 0.118
C3 0.0557 0.00901 −0.00268 0.0192 −0.0136 0.00728 0.0749 0.144
C4 0.0248 0.01361 0.0294 0.0131 −0.00207 −0.00944 0.0695 0.133
D1 0.0557 0.00901 −0.00268 0.0192 −0.0136 0.00728 0.0749 0.144
D2 0.0519 −0.027 −0.00342 −0.0264 0.02 −0.0187 −0.00374 −0.00721
D3 0.0409 −0.0398 −0.025 0.000886 0.0382 0.00236 0.0175 0.0337
D4 −0.0475 −0.0113 0.0211 0.000295 0.0703 0.00964 0.0425 0.0819
D5 0.0154 −0.0527 −0.0145 0.0271 0.0145 −0.00728 −0.0174 −0.0335
D6 −0.0173 0.046 −0.0138 0.00915 0.0068 0.00678 0.0376 0.0724

Note: QTotal
∗ is the value of Q total after standardization using Z-scores, so that the sum of the weights of the 18

indicators is equal to 1.

Based on the classification in Table 2, the specific score for different parts of the
subsystem layer and domain level was calculated, where A1-D6 refers to the different
indicators within the urban water ecological health index:

FWater ecocystem health
= 0.000182 × A1 + 0.121 × A2 + 0.142 × A3 + 0.110 × A4
−0.0872 × B1 − 0.000480 × B2 − 0.0942 × B3
+0.0994 × B4

(4)

FHealth o f the humanities system
= 0.0201 × C1 + 0.118 × C2 + 0.144 × C3 + 0.133 × C4
+0.144 × D1 − 0.00721 × D2 + 0.0337 × D3 + 0.0819 × D4
−0.0335 × D5 + 0.0724 × D6

(5)

FWater resources = 0.000182 × A1 + 0.121 × A2 + 0.142 × A3 + 0.110 × A4 (6)

FEcological environment = −0.0872 × B1 − 0.000480 × B2 − 0.0942 × B3 + 0.0994 × B4 (7)

FEconomic and social development = 0.0201 × C1 + 0.118 × C2 + 0.144 × C3 + 0.133 × C4 (8)

FWater resources utilization
= 0.144 × D1 − 0.00721 × D2 + 0.0337 × D3 + 0.0819 × D4
−0.0335 × D5 + 0.0724 × D6

(9)

3.3. Documentary Analysis

Documentary analysis (DA) is a research method that collects, identifies, and sorts the
relevant documents for study, and systematically, objectively, and quantitatively analyzes
their content to obtain information, and then forms a scientific understanding of facts [59].
DA is mainly based on the theory and method of bibliometrics and content analysis.

In this study, the results of the PCA were used to identify three cities for documentary
analysis. Relevant documents about laws and policies on water ecological management
and construction were identified for these cities. The important keywords were extracted
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from each document according to different aspects of urban water ecosystem construction
(Table 5). Through the frequency of the keywords appearing in each document, the focus
of the city on different areas of urban water health can be identified.

Table 5. Keywords related to urban water ecological construction searched for in analysis of docu-
ments for the selected three cities.

First-Level
Index

Second-Level
Index Keyword Abbreviation

Water resources
management

Water supply
and utilization

Water supply (pipe, plants, dam, storage, catchment, pumping station) X1
Drinking water X2

Domestic use (wash, clean, laundry, toilets) X3
Agriculture (irrigation, farmland, fertilizer) X4
Industry (manufacturing, power, cooling) X5

Water consumption X6

Water recycling

Water conservation (save water) X7
Water reuse (recycle) X8
Treatment (disposal) X9

Reclaimed water X10
Sewage (wastewater) management X11

Water Resource
Endowment

Precipitation (rainfall) X12
Temperature X13

Source of water (river, pond, lake, sea, stream, groundwater) X14
Distribution (run-off, water volume, dry season, wet season) X15

Water safety
guarantee

Water source
safety

Compliance rate X16
Safety (secure) X17

Protection (prevention) X18
Water quality (pollution) X19

Microorganism (coliform, Escherichia coli, colonies) X20
Toxicology index (e.g., arsenic, cadmium, chromium, lead, mercury,

selenium, cyanide) X21

Chemical index (Ammonia nitrogen, Sulfide, Sodium, TN, TP, TSS) X22

Flood Resilience
and Drainage

Flood X23
Drainage X24
Control X25

Stormwater X26
Assessment (evaluation, estimation) X27

Water regulation
guarantee

Design (plan) X28
Governance X29

Law (regulation, ACT or directive) X30
Supervision, monitoring X31

Water
ecological

health

Water ecological
status

Water ecosystem (ecological) X32
Soil erosion X33

Biodiversity (aquatic fauna and flora, habitat) X34
Forest, wetland X35

Ecological embankment X36

Water ecological
restoration

Restoration (Recover) X37
Construct (grow) X38

Management X39
Resilience X40
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Table 5. Cont.

First-Level
Index

Second-Level
Index Keyword Abbreviation

Water culture
system

Cultural heritage

Water culture X41
Local water culture carrier (park, garden museum, landscape) X42

Recreation and tourism (e.g., walking, camping, swimming, fishing,
boating, canoeing, birdwatching, running, sightseeing, driving,

photography)
X43

Public awareness

Public X44
Participation X45
Satisfaction X46

Publicity, education, training X47

After calculating the frequency of each keyword in a document, it was classified ac-
cording to the first- and second-level indicators, so as to count the total number of keywords
related to each index. Following this, this number was divided by the total number of
keywords related to urban water ecological construction appearing in the document to
calculate the proportion of each index in the urban water ecological construction. Finally,
the average value of all the documents was calculated to obtain the construction proportion
of the city in each indicator.

4. Results
4.1. Urban Water Ecological Health Scores of the 15 Study Cities
4.1.1. Overall Comparison

The total scores and rank for the urban water ecological health of the 15 study cities
calculated using Equation (3) are shown in Table 6.

Table 6. Total score and rank of urban water ecological health for the 15 study cities.

City (Country) Construction Mode Total Score Rank

Sydney, Australia WSUD 1.474 1
Cleveland, OH, USA BMPs, LID and GBI 1.172 2
Hamburg, Germany Eco-city 1.093 3

London, UK SUDS 0.542 4
Copenhagen, Denmark SUDS and WSUD 0.515 5
Toronto, ON, Canada GBI and LID 0.122 6

Minneapolis, MN, USA BMPs, LID and GBI −0.00910 7
Wuhan, China WECC −0.0831 8

Melbourne, Australia WSUD −0.116 9
St. Paul, MN, USA BMPs, LID and GBI −0.231 10
Chengdu, China WECC −0.416 11
Curitiba, Brazil Eco-city −0.473 12
Zhuzhou, China WECC −0.819 13

Xiangyang, China WECC −1.270 14
Suining, China WECC −1.499 15

From Table 6, the four cities with the best urban water ecological health are Sydney,
Cleveland, Hamburg, and London. It is interesting that the water ecosystem construction
of these cities belonged to different modes and started earlier than other cities (see Table 1).
Among them, Sydney ranked first, scoring 1.474, much higher than other cities, indicating
that it has the best urban water ecological health level. It can be seen that all WECC cities,
except Wuhan, have lower scores than other cities. This may be because the construction
started most recently and has had the shortest duration. Most cities with moderate rankings
use a mixture of urban construction models.
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From a national and regional perspective, although Sydney scored the highest, Mel-
bourne, which also built WSUD and is also in Australia, was ranked only ninth (−0.116),
indicating that a city’s specific water ecological foundation and economic development
level have a large influence on the urban water ecological health, even within the same
construction method (WSUD) (See Table 1). The same phenomenon is also seen in North
America, where the scores of second-placed Cleveland are quite different from Minneapolis
and Toronto. The overall level of urban water ecological health in Europe is relatively high,
and the differences are small, indicating that the integrated environmental regulations in
the European Union (e.g., the Drinking Water, Urban Wastewater Treatment, and Water
Framework Directives) have played a positive role in urban development. The overall
scores of China’s WECC cities are low and similar, apart from a higher score for Wuhan,
indicating that the level of urban economic development has a greater impact on the
overall score.

4.1.2. Comparison of Subsystems within the Urban Ecological Water Health Index

The WHH model is composed of two main subsystems (see Table 2): the water
ecosystem health system (directly related to the current situation of the water ecological
environment) and the humanities system (connected with economy and society). The scores
for the two subsystems in the 15 study cities were calculated using Equations (4) and (5)
and are shown in Table 7. Cleveland has the highest score (0.542), and Suining has the lowest
score (−0.783) for water ecosystem health system (Table 7), evidencing great differences
between cities. It is worth noting that each of the top 6 cities uses different construction
modes, indicating that each construction mode promotes the protection and restoration of
water ecosystems. Among them, it is interesting that, although WECC cities are not ideal
in terms of overall scores, they have a stronger performance in terms of water ecological
health, especially Wuhan, ranking third, which indirectly shows that WECC construction
has a positive effect in protecting the water ecosystems. According to Table 7, the biggest
difference in magnitude among all the indicators was in the humanities system, with
Sydney ranking the highest (0.999), and Xiangyang the lowest (−0.882). Indeed, all the
WECC cities and Curitiba (Brazil) are the lowest ranked, which all occur in lesser-developed
countries. In contrast, all cities in North America, Europe and Australia have higher overall
scores. This shows that the humanities system largely depends on the level of economic
and social development, which indirectly affects the efficiency and level of water use.

Table 7. Score and ranking of the water ecosystem health system within the WHH model for the 15
study cities.

City Construction Mode Score of Water
Ecosystem Health RANK Score of Health of the

Humanities System RANK

Cleveland, OH, USA BMPs, LID and GBI 0.542 1 0.630 3
Sydney, Australia WSUD 0.475 2 0.999 1

Wuhan, China WECC 0.366 3 −0.449 12
Hamburg, Germany Eco-city 0.362 4 0.731 2

Toronto, ON, Canada GBI and LID 0.204 5 −0.0818 9
London, UK SUDS 0.151 6 0.391 5

Copenhagen, Denmark SUDS and WSUD 0.0363 7 0.478 4
Minneapolis, MN, USA BMPs, LID and GBI −0.0880 8 0.0789 6

Chengdu, China WECC −0.132 9 −0.283 11
Zhuzhou, China WECC −0.147 10 −0.672 13

St. Paul, MN, USA BMPs, LID and GBI −0.169 11 −0.0626 8
Melbourne, Australia WSUD −0.179 12 0.0632 7

Curitiba, Brazil Eco-city −0.249 13 −0.223 10
Xiangyang, China WECC −0.388 14 −0.882 15

Suining, China WECC −0.783 15 −0.716 14
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4.1.3. Comparison at Domain Level

The scores calculated for each city using Equations (6)–(9) for the different domain
levels in the WHH model (see Table 2) are shown in Table 8.

Table 8. Scores and ranks for different domain levels within the WHH model for the 15 study cities.

Water
Resources

Score
Rank

Water
Ecological

Environment
Score

Rank

Economic
and Social

Development
Level Score

Rank

Water
Resources
Utilization

Score

Rank

Wuhan, China 0.313 2 0.0522 7 −0.347 11 −0.101 10
Chengdu, China −0.215 13 0.0822 6 −0.358 12 0.0747 6
Zhuzhou, China 0.0625 5 −0.210 13 −0.501 13 −0.170 12

Xiangyang, China −0.255 14 −0.133 12 −0.554 15 −0.328 14
Suining, China −0.374 15 −0.408 15 −0.541 14 −0.175 13

Cleveland, OH, USA 0.496 1 0.0464 8 0.291 4 0.338 2
Minneapolis, MN, USA −0.194 12 0.106 5 0.141 7 −0.0626 8

St. Paul, MN, USA −0.144 10 −0.0245 11 0.0234 10 −0.0860 9
Toronto, ON, Canada −0.00863 8 0.213 2 0.0291 9 −0.110 11

London, UK −0.0159 9 0.166 4 0.295 3 0.0955 5
Hamburg, Germany 0.147 4 0.214 1 0.462 2 0.267 4

Copenhagen, Denmark 0.0247 7 0.0116 9 0.166 6 0.312 3
Sydney, Australia 0.290 3 0.184 3 0.658 1 0.340 1

Melbourne, Australia −0.179 11 −0.000200 10 0.0618 8 0.00140 7
Curitiba, Brazil 0.0522 6 −0.301 14 0.172 5 −0.396 15

It can be seen from Figure 2 and Table 8 that Cleveland (0.496), Wuhan (0.313), and
Sydney (0.290) rank the top three in water resources scores, indicating that these three
cities have the best natural conditions and abundant water resources, while the lowest,
Suining, only scores −0.374. From this indicator, we can see that there are big differ-
ences between cities in terms of water resources endowment and the importance of water
resources management.

Regarding the water ecological environment, Hamburg has the highest score of 0.214,
and Suining has the lowest score of −0.408. Only Hamburg and Toronto score above 0.2,
whilst the remaining cities have scores in the range of −0.3 to 0.2. This suggests there may
be a correlation between water ecology health and vegetation cover. Hamburg, amongst
the earliest eco-cities, started the management of natural resources and water quality
comparatively early, in 2009, while Suining, as the second batch of WECC pilot cities in
2014, started later with poor water ecological and economic conditions.

In the indicator of economic and social development level, the highest score was
Sydney (0.658), and Xiangyang (−0.554) was the lowest. There are greater differences
between cities in water ecological environment scores, and the three WECC cities in China
rank at the bottom. This probably reflects the remaining large gap between developing
and developed countries in the level of economic development, which indirectly affects
the level of water use efficiency and consumption, the amount of resource to spend on
regulation, cleaning up pollution, and restoring the water environment.

In terms of water resources utilization, Sydney again ranks first (0.340) and Curitiba
ranks the lowest (−0.396) for the first time. Scores for the other cities are similar. This
suggests that the water efficiency use as the core of water resources management has been
actioned in various cities. Curitiba is at the bottom of the index because of its low level of
sewage treatment and water recycling.
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4.2. Documentary Analysis Results

The urban water ecological health index scores were used to identify three cities for
documentary analysis, due to time constraints. Based on evaluating the construction level,
index data, and document availability, Wuhan, which has the highest score of the WECC,
and Sydney and Cleveland, the cities with the highest total and water ecosystem health
scores, were selected for documentary analysis. Relevant documents about laws and poli-
cies on water ecological management and construction were identified for these cities (See
Supplementary Materials S3). After consideration of the timeliness, comprehensiveness,
importance, and length of the documents, the three most relevant documents, including a
technical construction guidance document for each city, were selected for analysis (Table 9).
Based on the documentary evaluation system (Table 5), the keyword extraction results of
each city are shown in Supplementary Materials S4.

Using data in Supplementary Materials S4 and the methods explained in Section 3.3,
the values for the second- and first-level indicators were obtained and the specific propor-
tion of WECC construction for each indicator in each city was calculated, as well as the
mean value of the indicators (Tables S1–S6).

The three different documents examined for each city had different emphases, as
reflected in the range of values for each second- and first-level indicator (Tables S1–S6). For
Wuhan, document W1, which addresses comprehensive water resources planning, places
greater emphasis on water supply and utilization and water resource endowment, show-
ing that the document has great concern for the integrated management and utilization
of water resources. As a guidance document of WECC, W2 is more evenly distributed
among the second-level indicators, indicating that it is more comprehensive and instructive.
This document centers on water resource management, emphasizing the protection and
restoration of urban water ecological environment, and takes the development of water
culture as an important part of WECC construction. W3 is an important technical guidance
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document for the pilot construction of sponge cities (construction of low-impact develop-
ment rainwater control systems). In contrast to the other documents for Wuhan, W3 has
water security as its absolute focus, highlighting the importance of flood resistance and
drainage, water regulation guarantee, and water ecological status. It shows that sponge
city construction pays more attention to the comprehensive management and ecological
protection of urban stormwater status. From the mean values of the indicators, the overall
WECC construction model in Wuhan is characterized as a development model that has
water resources management as the core, while taking into account water environment and
water safety, emphasizing the auxiliary role of water culture.

Table 9. Selected documents.

City Document Title Abbreviation Date
Published Number of Pages

Wuhan Wuhan Water Resources Comprehensive Plan
(2010–2030) W1 1 October 2012 375

Wuhan
Wuhan Water Ecological Civilization City
Construction Pilot Implementation Plan

(2015~2017)
W2 31 January 2015 161

Wuhan Wuhan City Sponge City Planning and
Design Guidelines W3 21 August 2015 68

Cleveland Big creek watershed plan C1 December 2013 308

Cleveland CLEVELAND DIVISION OF WATER
DESIGN AND CONSTRUCTION MANUAL C2 6 February 2017 249

Cleveland NOACA: Water Quality Strategic Plan C3 December 2017 51

Sydney DEVELOPER HANDBOOK for WATER
SENSITIVE URBAN DESIGN S1 November 2013 116

Sydney Sydney Decentralised Water Master Plan
2012–2030 S2 March 2017 82

Sydney 2017 Metropolitan Water Plan for Sydney S3 March 2017 80

For Cleveland, C1 is a policy document that guides and influences the land and water
management of the whole basin. It describes the current situation of water resources
and water ecology in detail and emphasizes the relevant systems and methods of water
management. C3 is similar to C1 in that it prioritizes water quality and water safety, water
resources management, and water ecological protection. It emphasizes the importance of
government and regulations in water management, requires stakeholders to pay attention
to water quality, and encourages active water ecological restoration. C2, in contrast, is a
practical water construction planning document which contains detailed designs for water-
related projects. It introduces the local scheme of water supply and water supply in detail,
and also mentions a great number of relevant regulations to ensure water construction,
emphasizing the importance of water ecological restoration. In general, the construction
mode of Cleveland is primarily based on the safety of water source, water quality, and
water-related projects, followed by comprehensive water resources and water ecosystem
management. The role of the water culture system is only minimally addressed.

For Sydney, S1 is a guidance document for the construction of WSUD in Sydney.
It aims to combine urban planning and design with water supply, sewage, stormwater,
groundwater, and other facilities at different spatial scales from the city to the site, so as
to organically combine and optimize urban planning and urban water cycle management.
All second- level indicators, except for water ecological restoration, cultural heritage, and
general awareness, account for a similar proportion, which indicates that the document
is comprehensive and balanced in the construction of the urban water ecosystem. S2 is a
reference document for the 2016–2021 strategy and action plan which aims to solve the
problems of water quality and water consumption in Sydney. The water safety guarantee
and second-level indicator is therefore dominant (59.8%) in S2, while the water ecological
health first-level indicator accounted for only 5%. Many designs and plans appear in the
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document, providing direction for future water quality management and water consump-
tion reduction. S3 outlines comprehensive water resource planning for Sydney which
mainly emphasizes investing in water conservation, preparing for drought, delivering
water-smart cities, and improving river health. This is reflected in the high proportions of
the second-level indicators of water supply and utilization and water regulation guarantee
in the document. In general, Sydney has adopted a balanced plan for water security and
water management, while there are few systems related to water ecology.

The mean values of the second- and first-level indicators from the documentary
analysis for each city are compared in Tables 10 and 11, respectively. The mean proportions
of many second-level indicators are similar for all three cities, indicating the importance
attached to water supply and demand, urban stormwater management, and water ecology
in all cities. One exception is water recycling, which is more important for Sydney than
for the other two cities. The emphasis placed on water resource endowment also differs
between the three cities, with a mean value of 27.3% for Wuhan, far higher than for the
other two cities. The cities also differ in terms of the water source safety index. Cleveland
attaches the most importance to the role of water quality in urban water ecology. When it
comes to water regulation guarantee, Cleveland and Sydney pay more attention to planning
and the law, emphasizing the synergy of stakeholders, while, in Wuhan, the construction
of WECC is mainly led by the government. In terms of the cultural heritage index, the
importance of water culture for urban water ecological construction is greater for Wuhan
than for the other two cities.

Table 10. Comparison of second-level indicators.

Second-Level Indicators Wuhan Mean Cleveland Mean Sydney Mean

Water supply and utilization 14.3% 17.6% 18.5%
Water recycling 3.22% 2.51% 10.9%

Water resource endowment 27.3% 13.2% 7.05%
Water source safety 7.42% 12.9% 5.34%

Flood resilience and drainage 8.98% 5.58% 8.81%
Water regulation guarantee 13.2% 25.4% 30.6%

Water ecological status 10.7% 6.47% 7.26%
Water ecological restoration 7.31% 11.6% 6.64%

Cultural heritage 5.10% 1.10% 3.45%
Public awareness 2.23% 3.32% 1.28%

Table 11. Comparison of first-level indicators.

First-Level Indicators Wuhan Mean Cleveland Mean Sydney Mean

Water resource management 44.90% 33.40% 36.50%
Water safety guarantee 29.60% 44.00% 44.80%
Water ecological health 18.00% 18.10% 13.90%
Water culture system 7.33% 4.42% 4.73%

The importance attached to the different first-level indicators in the analyzed docu-
ments is very similar for Cleveland and Sydney. Water safety guarantee accounts for the
highest proportion of keywords in both cities, while the water culture system constitutes the
least. The only difference is that Cleveland pays more attention to water ecological health,
while Sydney has a more systematic system of water resource management. The results for
Wuhan are quite different from these two cities. The documents analyzed for Wuhan have
a greater focus on water resource management and water culture systems, attaching more
importance to integrating water culture into the process of water resource management
to promote the restoration and protection of the water ecosystem. Guaranteeing water
security in WECC is emphasized less compared to the other two cities.
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5. Discussion

The creation of the Urban Water Ecosystem Construction Index, guided by the WHH
assessment model, and the PCA analysis of the values of the 18 indices, allowed quantita-
tive assessment of the degree of water ecological construction of 15 representative cities
worldwide. Most of the existing evaluation studies of the Water Ecological Civilization City
(WECC) construction mode are based on horizontal comparisons within China [27,29,31,55],
and there is no international systematic comparison, which is one of the important con-
tributions of this study. The results indicated that WECC cities rank below other cities
worldwide, mainly due to the level of economic development lagging behind other cities,
due to its late start. At the same time, WECC have also been hindered by problems,
such as imperfect legislation [60,61], backward construction practices in water ecological
engineering projects [23,62], and insufficient regional cooperation [23,63]. Nevertheless,
the water ecological health subsystem is emphasized more for these cities, indicating the
special role of WECC in the protection and restoration of the water ecological environment.
This finding is aligned with the research of Yang [64] and Tian [31], both highlighting the
positive improvement effect of WECC on the urban water ecosystem.

The documentary analysis in this study, using a keyword extraction index system,
supports the international comparison and evaluation of urban water ecosystem health
policies, with the aim of improving future policy development and sustainability of ur-
ban water ecosystems. By comparing the construction modes of the three cities in the
documentary results, the construction of WECC has the potential to be a systematic and
comprehensive mode. The basic concept of WECC involves coordinating population, re-
sources, and environment, considering the principle of unifying economic, social, and
ecological benefits [23]. Furthermore, in accordance with the construction requirements of
efficient production space, livable living space, and beautiful ecological space, it focuses
on spatial development layouts and urban economic development [65]. The overall goal
is to focus on the construction of six aspects of water resources management: allocation
and conservation, comprehensive water environment improvement, water ecosystem pro-
tection and restoration, flood control and water supply safety guarantee, water culture
exploration, and ecological landscape construction [25]. The aim is the eventual forma-
tion of a unique, fully functional, and coordinated city, in which there are harmonious
relationships between humans and nature [66]. The documentary analysis for Wuhan
showed that the goals of WECC goals are more comprehensive and diversified than those
in cities with other construction modes, serving all aspects of urban water-related affairs
such as water resources, water conservation, and water environment, water supervision
and water culture. Although WSUD in Sydney and the hybrid construction mode of Cleve-
land also take water resources, water ecology, and water environment into consideration,
the main focus is different. WSUD in Sydney focuses on the urban water cycle, regard-
ing it as an organic whole, trying to realize the integration of stormwater management,
drinking water supply and sewage management. The system considers that the urban
green infrastructure and building form should be consistent with the natural characteristics
of the site, and the natural rainfall and urban sewage should be regarded as available
resources [67]. The mixed construction method of Cleveland mainly focuses on urban
stormwater management, combined drainage system, rainwater treatment technology, and
infrastructure construction.

The main novelty of WECC, compared to other modes of urban water ecosystem
construction, is the greater emphasis on civilization and culture. However, other stud-
ies of WECC cities have reported low scores for water culture. For example, Wang [30]
evaluated transboundary river cities in China using four WECC criteria: water ecology,
water safety, water management, and water culture, and found that most cities scored low
in water culture. This may be because the study was carried out earlier, and the WECC
construction had not been fully completed. In fact, after the WECC pilot construction was
completed, the water culture and water ecological status of most cities improved. For ex-
ample, Wuhan has built 81 waterfront parks, 5 wetland nature reserves, 6 national wetland
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parks, and 4 museums to publicize the importance of water, which have greatly increased
the public awareness of the water environment and water ecology [68]. In the current
study, documentary analysis showed that in W2, a guiding document for the construction
of WECC in Wuhan, the water culture system accounted for 11.5% of the WECC keyword
second-level indicator categories (Table S2), the highest proportion of this indicator among
all documents examined for all three cities. In contrast, the documentary analysis results
for Sydney and Cleveland showed that water culture is only a very small component and
has not been prioritized. Nevertheless, it should be noted that the documentary analysis
assessed plans and visions and their underpinning analyses and approaches for the cities,
rather than implementation of urban water ecosystem construction. Follow-up studies will
therefore be important to track the development of the Urban Water Ecosystem Construc-
tion Index values over time to assess to what extent urban water ecosystem improvements
are delivered.

In WECC, the aim is that the water space not only provides city residents with rest,
entertainment, and viewing functions, but also attracts the gathering of people by virtue
of the superior water environment and water landscape, providing the city with cultural
and life functions [26]. Some specific adjustments based on Chinese characteristics can be
seen in WECC construction (such as the role of water culture being based on China’s long
history of water use), but its construction experience remains valuable for other countries.
For example, each city can improve its urban water ecosystem construction based on its
own actual water culture.

6. Conclusions

This research evaluated the health of the urban water ecosystems in representative
cities worldwide, with a range of construction modes. According to the evaluation results,
a complete assessment framework of urban water ecological construction was put forward.
The main conclusions are as follows:

(a) Having investigated the concept of the Water Ecological Civilization City (WECC),
combined with the construction mode in different countries, common and represen-
tative indicators were selected to construct a WHH assessment model which was
applied to 15 cities worldwide. Based on the two subsystems of water ecosystem
health and health of the humanities system, four domain levels, namely, water re-
sources, ecological environment, economic and social development level, and water
resources utilization, were used to reflect the water ecosystem health level of the city;

(b) On the basis of the evaluation system established, the urban water health situation
of 15 selected cities (5 WECC cities, 10 representative cities using other construction
modes) were analyzed quantitatively, assisted by principal component analysis. The
cities of Sydney, Cleveland, and Hamburg had the highest total scores, while WECC
ranked poorly in the total score. Analysis of the subsystems showed that the scores
of WECC were lower for the humanities system, but higher in the water ecosystem
health subsystem, and Wuhan was even ranked third by this indicator;

(c) Based on the results of PCA, considering the performance of various indicators and
document availability, Wuhan, Sydney, and Cleveland were selected for documentary
analysis. The center of gravity of three core documents for each city was calculated by
extracting the number of WECC-related keywords, so as to compare and analyze the
construction modes of different cities. Although Cleveland and Sydney use different
construction modes, they have similar characteristics in the first-level indicators.
Water safety guarantee accounts for the highest proportion in both cities, while the
water culture system constitutes the smallest. The only difference is that Cleveland
pays more attention to water ecological health, while Sydney has a more systematic
system of water resources management. The documentary analysis results for Wuhan
were quite different from the previous two cities. Wuhan has a higher focus on water
resources management and water culture system, and attaches more importance to
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integrating water culture into the process of water resources management to promote
the restoration and protection of the water ecosystem;

(d) Based on the analysis results of PCA and documentary analysis, this study analyzed
the advantages and disadvantages and applicability of WECC. Although WECC has
problems, such as imperfect legislation, backwards construction practices in water
ecological engineering projects, and insufficient regional cooperation, its emphasis on
the value of water culture is a unique feature that enhances the comprehensive nature
of the WECC mode.

Nevertheless, there are still limitations to this study. The evaluation index system of
the WHH assessment model can be further developed and tested. Urban water ecosys-
tem health assessment has the characteristics of sustainability and periodicity. With the
evolution of the relationship between human beings and water, the development of wa-
ter conservancy industry, the situation of water resources, and the key points of water
resources management, the evaluation index system also needs to be constantly adjusted
and recalculated to ensure the accuracy and effectiveness of urban water ecosystem health
assessment results. Because of the lack of available data, it was not possible in this study
to include an indicator for urban flooding in the WHH model, which limited the compre-
hensive nature of the index. Identifying a suitable indicator of urban flood risk that can be
easily calculated for cities worldwide is an important future need.
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