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The quantitative evaluation of urban water health (UWH) is a crucial decision-making process in water management. Healthy water not only encompasses excellent water quality and a diverse ecology but also has other characteristics, such as the amount of water resources, supply-use-drainage problems, flooding, water cycle, and so on. This study proposes a theoretical framework and an indicator system for UWH that integrates ecosystem health and water cycle health. Subsequently, considering the time scale and regional characteristics, an objective evaluation model that combined the real coding accelerated genetic algorithm (RAGA) method and the projection pursuit (PP) method was applied to calculate indicator weights and thresholds for the urban water health index (UWHI). UWHI standard thresholds were calculated as (0.04, 0.87], (0.87, 1.80], (1.80, 2.73], (2.73, 3.50], and (3.50, 4.01] corresponding to the categories of Sick, Unhealthy, Subhealthy, Healthy, and Excellent, respectively. Using Chongqing as a case study, the results showed that the UWHI increased from 1.796 to 2.668 in 2011–2020, and the health level improved from Unhealthy to Subhealthy, approaching Healthy. For each subsystem, the results indicated that the health status of the water cycle was superior to that of the water ecosystem. Finally, a detailed analysis of the changes in the indicators identified important factors affecting water health. The results of this study revealed that the main weaknesses in Chongqing were severe soil erosion, large domestic water use, high water consumption rates, and unsatisfactory water functional areas and indicated key priorities on the path to future water management.
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1. Introduction

The negative effects of climate change and large-scale urbanization on the water cycle and natural water bodies can cause frequent flood disasters, water pollution, ecological degradation, and limited water resources, all of which pose a real challenge to water management (Yu et al., 2018; Chapagain et al., 2022). Therefore, it is critical to understand the status of the water cycle and water resources to maintain a healthy and sustainable water system (Xia et al., 2017; Yang et al., 2021).

The concept of water health is not currently clearly defined, varying the objects and fields. The term ecosystem health (EH) was first proposed by Rapport (1998). A healthy ecosystem was defined as stable and sustainable, maintaining its organization and autonomy over time and being resilient to stress. Many health assessments of rivers (Singh and Saxena, 2018; Cox et al., 2019; Wang et al., 2019; Sadat et al., 2020), wetlands (Agboola et al., 2016; Sun et al., 2016; Liu et al., 2020; Wu and Chen, 2020; Sahana et al., 2022), and lakes (Zhang et al., 2021; Hu et al., 2022) have been published. Water ecosystem health (WEH) initially emphasizes the integrity of an ecosystem and focuses primarily on physical and chemical factors, such as hydrology, water quality, and habitat, and secondarily on aquatic animals, such as phytoplankton, zooplankton, periphyton, invertebrates, and fish (Canobbio et al., 2008; Wang et al., 2019; Tampo et al., 2020). Subsequently, from a viewpoint of the coordination of the human–water relationship, social services also become a pertinent factor vis-a-vis WEH, such as flood control, water supply, and landscape (Deng et al., 2015; Pan et al., 2021). Some countries establish adaptive assessment systems for the health of rivers/lakes, such as the United States' Biological Integrity Index (IBI) and Rapid Biological Assessment Draft (RBP), Australia's River Assessment Scheme (RAS) and Index of Stream Condition (ISC), Sweden's Riparian, Channel and Environmental Inventory (RCE), and China's Technical Guidelines for River and Lake Health Assessment (GRLHA) (Wu et al., 2022). Health assessment is an ideal goal and a means of managing a particular river/lake due to its comprehensiveness and multi-scalability (Costanza, 2012). However, the concept of ecosystem health has limitations. On the one hand, the entities evaluated are specific to water bodies or watersheds, which are not applicable to a comprehensive evaluation of urban water systems. On the other hand, the evaluation results not only reflect the status of an aquatic ecosystem but also ignore the factors considered and the water motion processes that led to that status.

The water cycle underpins the formation of water resources and is the main driving force for the evolution of water environments and ecosystems (Zhang et al., 2017; Yang et al., 2021). The critical component of the water cycle has gradually transformed from a natural cycle to a dual natural–social cycle as a result of the significant impact of increased human activity (Brown and Mitchell, 2010; Wang and Jia, 2016). The social water cycle emphasizes the supply, use, drainage, treatment, and reuse of water (Zhang and Xiong, 2006; Zhang et al., 2017).

Zhang and Xiong (2006) realized that the water cycle was vital to water sustainability and then proposed the concept of a healthy water cycle (HWC). This concept is defined as a social water cycle that does not negatively affect the objective laws of a natural water cycle and emphasizes the rational development of water resources, efficient utilization, wastewater treatment, and regeneration during the process of water use. An implicit assumption is that a natural, undisturbed water cycle is the perfect state of an HWC. The natural and social water cycles interact with each other, and the social water cycle relies on the natural water cycle and has a negative impact on the water environment (Lu et al., 2016). Therefore, it is important to ensure that the social water cycle is not detrimental to the natural water cycle to finally realize environmentally sustainable development of a water system (Uche et al., 2015; Lu et al., 2016; Zhang et al., 2017). The scientific evaluation of the health status of the water cycle is conducive to formulating effective measures. For example, Zhang et al. (2017, 2020) and Jia et al. (2021) constructed HWC evaluation systems from the four aspects: water ecology, water quality, water quantity, and water use and analyzed the main factors affecting the health status. According to Wang et al. (2021), water cycle health status in the Beijing–Tianjin–Hebei region was gradually improving, but it was still mainly affected by water scarcity. The results of the water cycle health assessment can provide guidance for solving water resources and environmental problems.

Emphasizing the water cycle is an important and remarkable aspect of promoting urban water health (UWH). To achieve a harmonious relationship between people and water, water management must take a holistic approach that integrates natural and socio-economic water processes (Zhou, 2019). In pursuit of this goal, this study attempts to establish a comprehensive theoretical framework as a means to support water management and emphasizes the following aspects: (1) a definition of the concept of UWH that combines EH and HWC, and the establishment of an adaptive evaluation system, (2) the calculation of the weights of each indicator and the threshold range for each health level, and (3) the use of Chongqing as an example to evaluate UWH and identify the key factors that affect it.



2. Methodology


2.1. Study area and data

Chongqing is the only municipality in southwest China under the direct control of the central government (Figure 1). It covers an area of 82,400 km2 and has a population of 31.02 million with an urbanization rate of 65.5%. It is a mountain city; hills and mountains account for 76% of the city. The Yangtze River flows through Chongqing for 691 km and intersects with the Jialing River, the Wujiang River, and others. The mean annual temperature in the study area is 18°C, with the lowest in January and the highest in July and August (27–38°C). The amount of rainfall in Chongqing is 1,000–1,400 mm, and the average annual amount of rainfall is 1,183 mm, which is the most in the northeast and southeast and is the least in the west. The amount of rainfall from May to October accounts for more than 69% of the annual rainfall. Surface water resources are abundant in the study area. The annual average amount of surface water resources is ~56.78 billion cubic meters, and the annual average amount of transit water resources is ~383.7 billion cubic meters. However, water resources are abundant in the southeast and scarce in the northwest. At present, the proportion of exploitation of water resources is 10–15%.
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FIGURE 1
 The location of study area.


As an important strategic fulcrum of western development, the connecting point of the “One Belt and One Road” and the Yangtze River economic belt, Chongqing plays a supportive and driving role in the pattern of national and regional development and an exemplary role in promoting green development in the Yangtze River economic belt. Striving for a balance between economic development and water protection, it is of great significance to evaluate its UWH.

All of the original data employed in this study are available from the Statistical Yearbook of Chongqing, Chongqing Environmental Quality Bulletin, Chongqing Water Resources Bulletin, Soil and Water Conservation Bulletin, and State Statistics Bureau.



2.2. The definition of UWH

Ecosystem health and HWC are distinct entities and have close connections. The former emphasizes the integrity of organizations and functions, focusing on the status of water bodies. The latter underlines the dual natural–social characteristics, but the social cycle does not affect the natural cycle, which concerns water motion processes. Therefore, from a viewpoint of the entirety of water management, it is meaningful to organically integrate HWC and EH into a single entity.

The water cycle is the link between the socioeconomic system and the water ecosystem. In the process of socio-economic development, the exploitation of water resources and the discharge of pollutants are important factors affecting water pollution and ecological degradation. Additionally, due to rapid urbanization, a large number of natural underlying surfaces have been transformed into impervious surfaces, resulting in surface runoff pollution and greater runoff, which increases the probability of flooding and water pollution. The water cycle has a profound impact on the health of a water ecosystem. By controlling socioeconomic behavior and urban development, the impact of the water cycle on a water ecosystem can be mitigated. Conversely, the limited carrying capacity and environmental capacity of water resources could restrict population expansion and the industry scale. Damaged rivers/lakes might barely meet social demands, resulting in the loss of some ecosystem services. Therefore, the water cycle and the water ecosystem interact with each other and are equally important.

Water problems are complex and systemic. The symptoms of water problems manifest in the water itself, but the causes lie elsewhere. To understand and solve complex water problems, it is necessary to integrate the water cycle and the water ecosystem from a systematic perspective. In this study, based on the water cycle and WEH theories, a conceptual framework for UWH has been proposed (Figure 2). The water cycle process includes the natural water cycle composed of “evaporation-precipitation-runoff-infiltration-exchange” and the social water cycle composed of “intake-delivery-use-discharge” (Zhang et al., 2017; Yang et al., 2021). On the one hand, an HWC implies that the social water cycle is not detrimental to the natural water cycle. In other words, to satisfy social demands, a model featuring low consumption and low emission of pollutants should be adopted as much as possible. On the other hand, as a result of the water cycle, the health status of the water ecosystem is characterized by abundant water resources, good water quality, healthy water ecology, and excellent water security. In summary, the connotation of UWH has the following characteristics: (1) water bodies or water resources sufficient to meet the needs of socioeconomic development; (2) a minimal impact of the social water cycle on the water ecosystem, with low consumption of resources and low discharge of pollutants; (3) minimal interference from urban construction in the natural water cycle; (4) ensuring that the organization and functions of water bodies are integral and sustainable; and (5) the absence of health hazards, threats to life, or property loss due to water pollution or water disasters.


[image: Figure 2]
FIGURE 2
 A conceptual framework of urban water health (UWH; Zhang and Xiong, 2006; Yang et al., 2021).




2.3. Construction of an indicator system

The selection of indicators should be reflected comprehensively according to a conceptual framework and the connotation of UWH and involved all links of the natural and social water cycles, as well as the elements of water resources, the environment, ecology, and security. As mentioned above, a UWH index (UWHI) is proposed.

Precipitation is not only one of the primary components that affect water resources but also a principal process of the natural water cycle. A water production index (P1) has been defined to represent precipitation (Yin et al., 2020). Urban construction greatly disturbs the natural underlying surfaces, significantly affecting the runoff and infiltration processes of the natural water cycle. Green space is an effective factor in reducing and mitigating flood disasters and the urban microclimate. The green rate of the built-up area (P2) and the forest coverage rate (P3) have been defined (Zhang et al., 2017; Chapagain et al., 2022). The supply of standard drinking water is the basis of the social water cycle, which can be indicated by the water supply pervasion in urban (P4) and the water supply capacity (P5) (Zhang et al., 2017; Yin et al., 2020; Chapagain et al., 2022). Water use and drainage in production and life are important links in the social water cycle. The utilization efficiency of water resources has a profound impact on the health of a water ecosystem. Per capita comprehensive water use (P6), per capita domestic water use in urban (P7), unit gross domestic product (GDP) water use (P8), and water use of unit industrial added value (P9) all reflect the efficiency of water use (Zhang et al., 2017; Chapagain et al., 2022). The unit GDP wastewater discharge (P10) represents the level of wastewater discharge (Yin et al., 2020). The water consumption rate (P11) reflects the loss in the process of supply-use drainage. Sewage treatment is a key process that mitigates the impact of social water on the natural water and is represented by the sewage treatment rate (P12) (Zhang et al., 2017; Yin et al., 2020).

Water ecosystem health takes into account water quantity, water quality, water ecology, and water security. The term water resource mainly considers the endowment of resources and the status of development, so the per capita water resource (P13) and the utilization rate of water resources (P14) were defined (Zhang et al., 2017; Yin et al., 2020). The water environment mainly evaluates water quality and water function, which are usually reflected by the percentage of I–III surface water (P15) and the ratio of areas that meet the function of water (P16) (Yin et al., 2020). The ratio of drinking water to standards (P17) and the percentage of flood disaster area (P18) represent the security of water quality and quantity, respectively (Chapagain et al., 2022). The ecological indicators of water mainly consider ecological problems and management. Due to the lack of ecological data, the percentage of soil and water loss area (P19) and the percentage of ecological water use (P20) indirectly reflect water ecology (Yin et al., 2020).

To be clear, due to the large size of Chongqing, it is difficult to directly monitor indicators related to water ecology, groundwater, runoff, and infiltration, so indirect indicators must be employed. Secondly, Chongqing has abundant surface water resources, and the amount of groundwater use is very small, so groundwater is rarely involved. Finally, a hierarchical indicator system has been established, comprising one target, two subsystems, and 20 indicators. The calculation and attributes of these indicators are shown in Table 1.


TABLE 1 An indicator system for urban water health (UWH).
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2.4. Determination of thresholds for indicators

Next, it is necessary to determine health standards for the indicators. The health standard for the indicators has been categorized into five levels: Sick, Unhealthy, Subhealthy, Healthy, and Excellent. Typical methods used to determine assessment criteria include statistical analysis, field surveys, expert judgment, comparative analysis, public investigation, reference to national standards, planning goals, and relevant studies. The methods to arrive at the standard for this study were as follows: (1) Given the regional characteristics, standards for P1, P4, P5, P11, P18, P19, and P20 were set based on the statistical data of the study area. The minimum of the positive (negative) indicators is Sick (Excellent), the average is Subhealthy, the maximum is Excellent (Sick), and the others were calculated by interpolation. (2) Standards for P3, P12, and P17 were determined through statistical analysis and planning targets. (3) Some indicators were set based on national statistical data, including P8, P9, and P10. (4) Some indicators were set according to the relevant standards, such as P6 and P7. (5) The standards for P15 and P16 referred to national standards and planning targets. (6) The standard for P2 was based on planning standards and statistical data. (7) P13 and P14 referred to the relevant standards of the Food and Agriculture Organization (FAO of the United Nations) and the Commission on Sustainable Development (CSD of the United Nations). The specific values are presented in Table 2.


TABLE 2 Standard thresholds of each indicator.
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2.5. Real coding accelerated genetic algorithm projection pursuit evaluation model

The ecological environment, social habits, industrial structure, and types show remarkable regional characteristics. For example, the upper reaches of the Yangtze River are rich in water resources but face severe soil erosion and flood disasters. In contrast, the arid regions of northern China face water scarcity and groundwater extraction. The UWH assessment should be based on the characteristics of the region. Second, the UWH assessment should be performed from various spatial and temporal scales. This study attempts to explore changes in UWH status and related indicators from 2011 to 2020.

For the two reasons mentioned above, this study adopted an objective projection pursuit (PP) method for health assessment. PP is a linear mapping model that can project high-dimensional multivariate data into a low-dimensional space via a projection vector (Barcaru, 2019; Liu et al., 2019; Wei et al., 2019; Wang and Yang, 2020). The advantages of the PP method are that it not only filters out interference from irrelevant variables but also overcomes the problem of unreasonable empowerment for high-dimensional data (Wang and Yang, 2020). However, due to the complex non-linear structures of high-dimensional data, it is difficult to determine the optimal projection vector (Barcaru, 2019; Wei et al., 2019). Therefore, the real coding accelerated genetic algorithm (RAGA) method was used to optimize the PP model.

The RAGA-PP method can be used to calculate the weight of indicators and the health index. One of the characteristics of the PP method is that it is not necessary to set an evaluation standard. Why should we still do it? Compared to a comprehensive index, it is easier to set an ideal standard for indicators with the observed values. The same thresholds for all indicator levels are taken as the standard sample to calculate UWHI threshold, so there are six samples. The health indices of the standard samples could be used as the basis for the health classification. Even if the evaluation criteria are unreasonable, the index value of the actual sample will not be affected.


2.5.1. PP model

The sample set for PP was set as: {X(i, j)|i = 1, 2, ..., m; j = 1, 2, ..., n}, where m is the number of samples and n is the number of indicators. The steps to establish the PP model are as follows:

Step 1: The normalization of the original data.

Because the indicators have different units and effects, they cannot be directly compared. In this study, the extremum method was used for data standardization. The positive and negative indicators are calculated, respectively, as shown in Equations (1) and (2), where Xmin(j) are the initial minimum and maximum values (including grade value) of the jth indicator. X(i, j) is the jth indicator of the ith sample, and X′(i, j) is the normalized value of the jth indicator of the ith sample.

[image: image]
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Step 2: The projected characteristic value Z(i) is defined as:
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where Z(i) could be defined as a composite index of the ith sample, that is, UWHI. Z(i, j) is the component value of the projected characteristic value for the jth indicator of the ith sample, a(j) is the jth component of the optimal projection vector [image: image], and the weight W(j) of the jth indicator could be calculated from a(j). Therefore, it is crucial to find the optimal projection vector [image: image], which reflects the feature structure of the high-dimensional data and determines the projected characteristic value Z(i).

Step 3: Constructing the projection objective function G(a).

To calculate G(a), the concepts of between-class distance and inner-class density must be introduced. In the process of projection and optimization, the distribution of the projection values should meet the characteristics of partial density and overall dispersion. That means that the larger the between-class distance S(a), the more fragmented the sample is, and the larger the inner-class density D(a), the more significant the sample classification. Consequently, a projection objective function G(a) was constructed to optimize the projection vector [image: image]. When the projection objective function G(a) reaches the maximum value, the optimal projection vector [image: image] is obtained (Barcaru, 2019; Liu et al., 2019; Wei et al., 2019; Wang and Yang, 2020).

The between-class distance is calculated as:

[image: image]

The inner-class density is calculated as:
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The projection objective function G(a) is defined as:

[image: image]

where [image: image] is the projection vector, [image: image] is the average value of Z(i) (i = 1, 2, ..., m), and rik is the distance between the projected characteristic values Zi and Zk. The expression is given as follows: rik = ||Z(i)−Z(k)|| (i, k = 1, 2, ..., m), R is the window width parameter determined by the data characteristics. The expression of R is R = 0.1 × Sa. The sign function I(R–rik) is a unit step function, and its value decreases as rik increases. The expression of I (R–rik) is [image: image]



2.5.2. Optimization of the PP model using RAGA

Real coding accelerated genetic algorithm is an improved genetic algorithm. Compared with other optimization methods, such as simulated annealing algorithm, particle swarm algorithm, colony algorithm, or artificial fish swarm algorithm, RAGA can overcome the problems of complex binary coding, slow global optimization, and easy premature convergence. As a heuristic algorithm is based on real coding, the RAGA algorithm has been applied to many fields and can be used to solve complex non-linear optimization problems and reduce computational complexity (Wang and Yang, 2020).





3. Results and discussion


3.1. The optimal projected vector and the weights

The normalized values of the original data and the optimal projection vector [image: image] were calculated using the RAGA-PP model, and the weights of the indicators were obtained in Equation (5). The results are presented in Table 3. In the RAGA-PP model, the significance of each indicator can essentially be reflected as the component value of the optimal projection vector [image: image]. The larger the component value, the more important the indicator.


TABLE 3 Each component a(j) of the projection vector [image: image] and the weights of indicators.

[image: Table 3]

The results show that the weight of the top five indicators is the proportion of surface water that achieves the water function (P16), the water consumption rate (P11), the water use of unit industrial added value (P9), the forest coverage rate (P3), and the percentage of I–III surface water (P15). The three indicators with the least impact are the sewage treatment rate (P12), the percentage of flood disaster area (P18), and the unit GDP water use (P8). As shown in Table 3, the weights of water cycle health and WEH are 0.583 and 0.417, respectively. The figures illustrate that, compared to the state of water ecosystem, the water cycle has a greater contribution to UWH.



3.2. Health level thresholds

Health level thresholds were obtained via the RAGA-PP model. Specifically, as the same level threshold for all indicators was taken as a standard sample, there were six standard samples, as shown in Table 2. A total of 16 samples were derived from the six standard samples and the 10 experimental samples in Chongqing. The RAGA-PP model was used to calculate the protected values Z(i) of the samples. Consequently, the projected values of the six standard samples became the thresholds for each level (Table 4). Thresholds for Sick, Unhealthy, Subhealthy, Healthy, and Excellent are 0.04–0.87, 0.87–1.80, 1.80–2.73, 2.73–3.50, and 3.50–4.01, respectively. Similarly, Thresholds for the subsystems are the sum of Z(i, j) relevant indicators for each level, as shown in Table 4.


TABLE 4 Thresholds for each level.
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3.3. UWH evaluation

The UWHI was calculated using the RAGA-PP model, and the calculated results are shown in Figure 3. The UWHI for Chongqing increased from 1.796 in 2011 to 2.668 in 2020, and the health level improved from Unhealthy in 2011–2013 to Subhealthy in 2014–2020, approaching Healthy. In terms of an overall trend, there was a gradual increase of 48.5% in the UWHI values in the last decade, indicating that the water system in Chongqing has been effectively improved. In the last decade, Chongqing has emphasized the coordinated management of various factors to comprehensively improve UWH. First, water plants and sewage treatment plants are built and upgraded to further improve the infrastructure. Second, the areas of green space and low-impact facilities are expanded to reduce the disturbance of urban development to the natural water cycle. Third, clean production is enforced to promote water conservation and emission reduction. Fourth, water ecological restoration is implemented.


[image: Figure 3]
FIGURE 3
 The urban water health index (UWHI) for Chongqing in 2011–2020.


The projected characteristic values for the subsystems are the sum of Z(i,j) relevant indicators. Changing trends of the water cycle and status in 2011–2020 are shown in Figure 4. WCH in Chongqing ranged from 1.082 to 1.460 in the last decade, from Subhealthy to near Healthy. Overall health status of the water cycle showed a slight fluctuation as it increased. WEH fluctuated in a range of 0.714–1.209, gradually improving from Unhealthy to Subhealthy in 2015. This result indicates that the health status of the water cycle is superior to that of the water ecosystem in Chongqing.


[image: Figure 4]
FIGURE 4
 Water cycle health (up) and water ecosystem health (WEH) (down) of Chongqing in 2011–2020.




3.4. Identification of important factors

To clearly identify the important factors, a statistical analysis of the indicators was conducted and the results are shown in Figure 5. In terms of the health level, the top five indicators are the ratio of drinking water up to the standard (P17), the water supply pervasion in urban (P4), the green rate of built-up areas (P2), sewage treatment rate (P12), and the water use of unit industrial added value (P9), with mean values of 0.96, 0.88, 0.80, 0.74, and 0.72, respectively. The results show that Chongqing has safe drinking water resources and adequate water supply and sewage treatment facilities. Nevertheless, the emphasis continues to be placed on the protection of water sources. Industrial water use is relatively efficient in Chongqing. Furthermore, the high green rate in the built-up area could effectively alleviate the disturbance to the natural water cycle and promote the health of the water ecology.


[image: Figure 5]
FIGURE 5
 The quartiles map and trend of indicators (red line represents the mean of the indicators, and colors indicate the type of an indicator changing over time).


The bottom five indicators are the percentage of water and soil erosion (P19), the per capita domestic water use in urban (P7), the water consumption rate (P11), the proportion of surface water that achieves water function (P16), and the per capita comprehensive water use (P6), with mean values of 0.18, 0.27, 0.36, 0.37, and 0.37, respectively. Chongqing is located in an area where water and soil erosion are severe in the upper reaches of the Yangtze River. The construction of the Three Gorges Reservoir has brought more severe challenges to a fragile ecology, meaning that soil and water conservation are important long-term projects in the future. Second, the quantity of domestic water use is large and the aging of the infrastructure will lead to serious water consumption problems. Therefore, important priorities for water management are formulating water-saving strategies and upgrading infrastructure.

The changing trends of the indicators fall into four categories: improvement, deterioration, stability, and fluctuations. First, the improvement indicators, which increase yearly, include the forest coverage rate (P3), the water supply pervasion in urban (P4), the water supply capacity (P5), the per capita comprehensive water use (P6), the unit GDP water use (P8), the rate of water resource utilization (P14), and the percentage of ecological water use (P20). These indicators indicated that the construction of a sponge city proposed in 2015 had significantly improved the gray–green infrastructure. Second, only the water consumption rate (P11) worsens annually, indicating that less water is returning to the natural system, which is detrimental to water cycle health. The reason for this phenomenon may be due to a leakage caused by an aging pipe network. Third, the water use of unit industrial added value (P9) and the ratio of drinking water up to standard (P17) remains nearly stable. The average score of water use of unit industrial added value (P9) is 0.72, indicating that the industry still has potential to save water. Finally, most of the indicators are unstable, including the water production index (P1), the green rate of built-up areas (P2), the per capita domestic water use in urban (P7), the unit GDP waste water discharge (P10), the sewage treatment rate (P12), the per capita water resources (P13), the percentage of I–III surface water (P15), the proportion of surface water that achieved water function (P16), the percentage of the flood disaster area (P18), and the percentage of water and soil erosion (P19). Natural conditions and socioeconomic factors affect these indicators, so it is not surprising that an obvious trend is not apparent. Regarding surface water quality, ~15% are below class III (GB 3838-2002) and 10% do not meet the standards for water function. Despite a gradual improvement in water quality, some small-to-medium rivers with small carrying capacity still face pollution problems.




4. Conclusions

To address the ultimate goal of water management, a comprehensive UWH concept based on the integration of EH and HWC has been proposed. In this evaluation system, 20 indicators were selected from the aspects of the natural–social water cycle, water resources, water security, and water ecology. The RAGA-PP model was applied to calculate the weight of the indicators and the UWHI. The quantitative expression of UWH in Chongqing was realized. The results revealed that the UWHI of Chongqing increased from 1.796 in 2011 to 2.668 in 2020, and the health level improved from Unhealthy to Subhealthy and was approaching Healthy. The identification of important influencing factors denotes that the main weaknesses of Chongqing are severe soil erosion, large domestic water use, high water consumption rates, and unsatisfactory water functional areas.

Based on the evaluation results and analysis mentioned earlier, it can be seen that infrastructure upgradation, soil and water conservation, water quality improvement, and water saving are the important future priorities. From a systematic perspective, Chongqing should strengthen its overall water management of “resources, environment, ecology, security, and circulation.” In addition to conventional pollution control, water saving and resource management, the following should be strengthened: (1) A refined management system for the water ecosystem is established. According to the current situation of resource endowment and development, the water function zone should be optimized and adjusted. Additionally, a protection plan for the shoreline should be formulated to define the protection range and explore restoration technologies, which are suitable for a riparian zone in the mountainous area. (2) A water-based carbon sink system is explored. An estuarine wetland, a tail water wetland, and a water conserved forest are constructed at appropriate locations. (3) Water system connectivity is optimized and ecological flow is ensured. Considering the integrity of the water ecosystem, the connectivity of rivers/lakes should be optimized from multiple dimensions, such as horizontal, vertical, and different water bodies. (4) Ecological flow management measures should be established to promote the restoration of the water ecological environment.

In general, the definition and assessment of UWH are not only a unified management goal, but also serve to identify vulnerable spots for implementing effective measures. Furthermore, it is helpful to strike a balance between water development and protection.
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