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Abstract

:

Water resources in arid and semi-arid inland regions are highly vulnerable, facing threats from global climate change and human activities. Ensuring water resource sustainability requires scientifically evaluating the vulnerability of water resources and its driving factors. Taking the Shule River Basin, an inland river in northwest China, as an example, this study established an assessment system considering 16 influencing factors based on three aspects, including natural vulnerability, anthropogenic vulnerability, and carrying capacity vulnerability. The mature-element fuzzy model based on comprehensive weight and the Delphi method were used to evaluate the water resource vulnerability of the basin from 2005 to 2021. The results were as follows: (1) The water resource vulnerability in the Shule River Basin was between severe and moderate from 2005 to 2021, with a trend towards severe vulnerability. (2) The barrier analysis at the index level shows that factors of natural vulnerability had a low impact on water resource vulnerability in the basin from 2005 to 2019 but exerted a greater impact in 2020–2021, an impact that was far higher than that caused by factors of man-made vulnerability and water resource vulnerability. The impact of factors of anthropogenic vulnerability on water resource vulnerability was relatively low in the entire study period, except in 2016, 2017, 2020, and 2021. In 2005–2010, the factors of bearing capacity vulnerability had a great impact on water resource vulnerability, but in 2011–2021, the impact was alleviated and was gradually reduced. (3) Among the 16 factors affecting water resource vulnerability, the obstacle degree was higher than 6.5% for the following factors: the ratio of irrigation water use on farmland, the annual precipitation, total water resources, the annual quantity of wastewater effluent, the urbanization rate, the surface water control rate, and the degree of groundwater resource amount, exploration, and utilization obstacle values.
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1. Introduction


Water is a basic natural resource and a strategic economic resource, and it plays a key role in maintaining global ecosystems and supporting socioeconomic sustainable development [1]. In recent years, global climate change and strong human activities surging water use have exerted a major impact on the quantity, quality, and distribution of water resources, thus inducing many water problems such as water shortages, water pollution, and water ecological degradation. Discussing the increase in water use, Cacal and Taboada state, “it’s more important than ever to find solutions to settle disputes and trade-offs” [2].The vulnerability of water resources is an important metric for measuring water security. Hence, an accurate assessment of water resource vulnerability is essential to ensure the development of a human–nature coupled system and to achieve efficient uses of water resources. In particular, this concept and its guidance is most important in inland river basins of arid and semi-arid regions where water security problems are more conspicuous in China [3,4].



In the early 1960s, two French researchers, Albinet and Marget, evaluated water resource vulnerability from the perspective of groundwater [5]. Subsequently, some studies on water resource vulnerability were expanded to multiple regional scales, and the research focus gradually shifted to the vulnerability of regional water systems. In the process of deepening and expanding relevant research, there had been some differences in the understanding, interpretation, and evaluation methods of the concept of water resource vulnerability. For instance, Vörösmarty et al. (2000) pointed out that water resource vulnerability is caused by the structure, quantity, and quality of water resources under the influences of climate change, such as frequent flood and drought events, and human activities, which pose challenges in water management and supply and demand [6]. Anandhi et al. (2017) considered that vulnerability is a characteristic of water resource systems, which indicates that water systems are difficult to restore to the original state after being threatened by human activities and natural disasters [7]. Xia et al. (2018) held the point that water resource vulnerability is defined as the degree of the water systems damaged by climate change, which is an indication of the sensitivity and stress resistance of water resources impacted by factors such as climate change [8]. Perveen and James (2011) offered their own definition for the the concept of water resource vulnerability, which was defined as the regional vulnerability limited by water availability [9]. The evaluation methods of water resource vulnerability mainly consist of qualitative and quantitative evaluation. Based on changes in objective data by climate type, socioeconomic factors, and ecological environments, qualitative evaluations have focused on subjectively analyzing main factors affecting water resource vulnerability and providing suggestions for solutions [9,10,11]. Quantitative evaluations include three categories: functions, indicators, and model-based approaches. The function category approaches water resource vulnerability via the water vulnerability degree function, which is established by the experiential knowledge of the relationship between the vulnerability, sensitivity, and pressure resistance of water [12,13,14]. The indicator approach establishes a water resource vulnerability evaluation system based on indicators and comprehensive indexes, such as the fuzzy set-pair method and the entropy weight method [15,16,17]. Lastly, the model-based approach utilizes input vectors in a specific mathematical assessment model of water resource vulnerability and uses output vectors from machine learning to evaluate water resource vulnerability [18,19,20].



Arid areas are the most sensitive and vulnerable areas in the world to climate change, accounting for 41% of global land area where climate conditions are characterized by low precipitation and high evapotranspiration capacity [21]. One-third of China is located in arid environments, mainly in Xinjiang, Gansu, Ningxia, Qinghai, and Inner Mongolia. However, average surface water resources and groundwater resources in these areas account for only 3.3% and 5.5% of the country’s total resources, and the runoff within inland river basins relies heavily on precipitation and snowmelt recharge [22,23]. These factors seriously threaten water resource systems. In the past century, global climate change has led to changes in ice, snow, and other hydrological elements within the hydrological cycle, resulting in the retreat of glaciers, increases in runoff, and extreme hydrological variation. Simultaneously, human activities have further exacerbated the uncertainty and vulnerability of water resource systems in the inland river basins of arid zones [24,25,26]. In inland river basins, predictably, water security, ecological security, and social development will face serious challenges.



Studies on water resources in the inland basins of arid zones have extensively been conducted and have produced plenty of research results, in which the conflict between water resource supply and demand [27], the evaluation of water resource bearing capacity [28], the allocation of water resources [29], variations in water price [30], and analyses of water resource utilization [31] have attracted much attention. However, previously established evaluation systems still require some quantitative results for water resource vulnerability assessments. Therefore, taking the practical characteristics and statistical information of inland river basins into consideration, this study established a quantifiable evaluation system of water resource vulnerability. Based on the matter-element model and the Delphi method, in combination with the cloud model and the obstacle degree model for factorial diagnosis, the water resource vulnerability of the Shule River Basin (SLRB) from 2005 to 2021 was evaluated. The results are intended to provide a decision-making basis for the benign transformation of water resource vulnerability in the SLRB, the efficient exploitation and management of water resources, and the sustainable and healthy development of the basin in order to achieve the sustainable and effective use of water resources for social development. Moreover, this study can provide methods and ideas for water resource vulnerability evaluation studies in similar basins.




2. Materials and Methods


2.1. Data Sources


Detailed data of each factor under the natural vulnerability, anthropogenic vulnerability, and bearing capacity vulnerability were obtained from “Gansu Province Water Resources Bulletin”, “Gansu Province Statistical Yearbook”, “Gansu Province Water Development Statistical Bulletin”, and the consultation of relevant scholars and experts who study the SLRB. Data of Figure 1 were obtained from National Cryosphere Desert Data Center (http://www.ncdc.ac.cn accessed on 30 May 2023) [32].




2.2. Methods


2.2.1. Calculation Method of Index Weight


(1) Analytic Hierarchy Process (AHP) method is a kind of systematic, flexible, concise, and subjective statistical tool. In the same hierarchy, each index is pairwise compared and assigned a value according to the degree of importance. Subsequently, a judgment matrix is established based on the assigned values, and then the max-characteristic value of the judgement matrix and the corresponding characteristic vector are calculated. After passing the consistency test, the subjective weights of each factor are calculated.



The weights calculated by the AHP method are denoted as wa.



There are many studies on weight calculation using the AHP method, which will not be repeated in this paper (for details, see Wijitkosum and Saowanee, 2015) [33].



(2) The entropy method can profoundly reflect the utility value of the entropy of each factor’s information and can effectively solve the problem of overlapping information between multiple index variables. The utility value of each impact factor information can be used to calculate the objective weight wb of each impact factor [34]. The calculation steps are as follows:



(a) Build the data matrix: A = (xij)mn, where xij is the value of the jth indicator of the ith sample.



(b) Conduct the normalization processing of indicators:


  Positive   indicator                        x  i j  ′  =  (   x  i , max   −  x  i j    )  /  (   x  i , max   −  x  i , min    )   



(1)






  Negative   indicator                        x  i j  ′  =  (   x  i j   −  x  i , min    )  /  (   x  i , max   −  x  i , min    )   



(2)




where xij′ is the normalized index value.



In order to avoid the invalidity caused by part of the data being equal to zero after processing, the result is finally translated by 0.001 overall.



(c) Calculate the information entropy Ej of the jth index:


   E j  = −  1  ln n     ∑   j = 1  n   x  i j  ′  ln  x  i j  ′   



(3)







(d) Calculate the weight wb of the jth index:


   w b  =   1 −  E j    n −   ∑   j = 1  n   E j     



(4)







(3) The comprehensive weighting method based on game theory is an empowerment method that seeks consistency or compromise between a variety of weight sets and the most satisfactory weights so that the bias between the two is minimized [35] and the advantages and characteristics of each type of weight can be retained to the greatest extent. This not only retains the mathematical significance of objective data but also reflects the subjective will of the evaluator and realizes the organic unity of subjective and objective weights. The calculation steps are as follows:



(a) Now, suppose that any linear combination of L weight vectors is


  W =   ∑   K = 1  L   α K   W K T  , K = 1 ⋅ ⋅ ⋅ L  



(5)




where W is based on a weight in the set of L weights; αK is the empowerment coefficient;    W K T    is a vector of L weights.



(b) Solve for the empowerment coefficient:


  min ‖   ∑   K = 1  L   α K   W K T  −  W i  ‖ , i = 1 ⋅ ⋅ ⋅ L , K = 1 ⋅ ⋅ ⋅ L  



(6)




where Wi is the L weights obtained by the L weight calculation method.



(c) Equation (3) is used to normalize αK to obtain the comprehensive weighting coefficient αS. Substitute αS into Equation (4) to obtain the comprehensive empowerment result. Comprehensive weight is denoted as WS.


   α S  =    α Κ      ∑  Κ = 1  L    α Κ      , Κ = 1 ⋅ ⋅ ⋅ L  



(7)






    W  S  =   ∑  K = 1  L    α S    W   K  T    , K = 1 ⋅ ⋅ ⋅ L  



(8)








2.2.2. Matter-Element Model


The fuzzy matter-element model can study the transformation law and solution of incompatibility problems. The main idea is to describe anything with the three elements of “things, characteristics, and quantity value”, and the basic element of the ordered triplet composed of these elements is called the matter element, which is suitable for multi-index evaluation problems. The specific calculation steps are as follows:



(1) Composite fuzzy matter-element matrix



If there are n different periods in the study area and m evaluation indicators in each period, the composite fuzzy matter-element model Zmn is constructed as follows:


    Z    m n    =  (          T 1       T 2     ⋯     T n         C 1       X  11        X  12      ⋯     X  1 n          C 2       X  21        X  22      ⋯     X  2 n        ⋮   ⋮   ⋮   ⋱   ⋮       C m       X  m 1        X  m 2      ⋯     X  m n        )   



(9)




where Tj (j = 1, 2, …, n) is the jth evaluation period, Ci (i = 1, 2, …, m) is the evaluation feature, and Xij is the fuzzy quantity value of the ith evaluation feature of the period.



(2) Standard fuzzy matter-element matrix



The extremum method is used to standardize the impact factors of different attributes to construct a standardized fuzzy matter element    Z  m n  ′   .    X  i j  ′    is the standardized impact factor; its calculation process is shown as Formulas (1) and (2).



(3) Difference-squared composite fuzzy matter element



With Δij = (Zon –    Z  m n  ′   )2 (i = 1, …, m; j = 1,…, n), we establish the difference-squared composite fuzzy matter element ZΔ composed of Δij. Where Zon is the maximum or minimum value in the standard fuzzy matter-element matrix.



(4) Euclid approach degree



The Euclid approach degree Nj is used as the water resource vulnerability assessment result, and the calculation formula is


   N j  = 1 −     ∑  i = 1  m     W  S   Δ  i j        



(10)




where Ws is comprehensive weight.




2.2.3. Delphi Method Evaluation


The Delphi method is a feedback anonymous correspondence method [36]. First, experts will provide opinions on the issues to be evaluated, and these opinions are collected, organized, summarized, and counted into the results. Then, the results are fed back anonymously to each expert, and they are asked for their opinions. Finally, the above process is repeated until a relatively stable opinion is obtained as the final evaluation result. The use of anonymous methods can effectively eliminate the mutual interference between experts by repeated consultation and anonymous communication, which can fully exert the wisdom of experts, and obtain an evaluation result that can reflect the will of the group (Figure 2). The 50 experts were consulted for ensuring the authoritativeness and the reliability of the evaluation system, and the coordination degree of their opinions was measured by the coefficient of variation method. The coefficient of variation is calculated as follows:


   C v  =   S D   M e a n    



(11)




where SD is the sample standard deviation and Mean is the sample mean.




2.2.4. Cloud Model


The cloud model integrates the ambiguity of qualitative concepts and the randomness of membership functions to achieve a more objective evaluation [37]. It uses expectation Ex, entropy En, and hyper entropy He to deal with the uncertainty problem between qualitative concepts and quantitative descriptions. Among them, Ex is the cloud characteristic value with the highest probability of occurrence; En is the data threshold boundary, which is the margin of uncertainty, reflecting the fuzzy cloud model evaluation. He is an experiential constant, and higher values represent greater randomness in the system.



The quantization of a qualitative concept can be generated by a forward cloud generator, and the calculation steps are as follows:



(1) The random number Eni = NORM (En, He2) follows a probability distribution where En is the mean and He2 is the square difference.



(2) The random number xi = NORM (Ex, Eni2) follows a probability distribution where Ex is the mean and En2 is the variance.



(3) Calculate the ui:


   u i  =  e  −     (  x i  −  E    x   2  )  2    2  E         n   i     2       



(12)







(4) An element xi with certainty degree ui becomes a cloud drop in U.



(5) Repeat steps (1) to (4) until N drops of cloud are generated.



The principle of cloud forward generator is shown in Figure 2.



By calculating the digital features (Ex, En, and He) of the matter-element model evaluation value and the Delphi method evaluation value and inputting them into the forward cloud generator, a certain number of cloud droplets are generated and, finally, a visual cloud of the appraisal value is formed. The cloud reflects the distribution of water vulnerability assessment values in different grades. It can transform the absoluteness of the evaluation values of various methods into probabilistic problems, which is more scientific and reasonably in line with reality, taking into account the ambiguity of the concept of water vulnerability and the absoluteness of the evaluation value. In this paper, a set of numeric digital features includes 1000 cloud droplets.




2.2.5. Obstacle Degree Model


The obstacle degree model is used for identifying the obstacle factors of water security. This model can effectively identify the main factors affecting water resource vulnerability. The calculation steps are as follows:



(1) Fi is the contribution of the index i:


   F i  =  W I   W S   



(13)







WI is the weight of the index layer to which the impact factor belongs. WS is the comprehensive weight of the influencing factors.



(2) Deviation degree Ii:


   I i  = I −  X  i j  ′   



(14)







I is the optimal deviation index.



(3) The obstacle degree Pi for each evaluation indicator:


   P i  =    F i   I i      ∑   i = 1  m   F i   I i     



(15)










3. Case Study


3.1. Overview of the Study Area


The SLRB is located in Gansu, China and has an area of 130,115 km2. It is bordered by the Mazong Mountains to the north, the Qilian Mountains to the south, the Badan Jilin Desert to the east, and the Kumutage Desert to the west. The basin has a total number of 477.6 thousand people and a gross domestic product of CNY 45.229 billion. The SLRB has many tributaries; among them is the Dang River, the Yulin River, and the Shiyou River. The headwater of the Shule River is located in the Qilian Mountains, and the moisture sources mainly come from glacial meltwater and precipitation (Figure 3). As a typical inland river basin of the arid zones, the SLRB is one of the most sensitive areas to global climate change and human activities. The average annual precipitation in the basin only ranges from 47 mm to 63 mm, while the annual evaporation requirement is as high as 3000 mm. On this basis, surface water resources are severely deficient in the basin, and ecological and human water demands heavily depend on groundwater. In recent years, the expansion of human activities has caused a series of groundwater overdraft and water pollution problems, and the construction of water transfer and storage projects has changed water supply conditions. These causes play an important role in regional water resource vulnerability by affecting the hydrological cycle. Taking the SLRB as an example, this study proposes the concept of water resource vulnerability for inland river basins in arid zones.




3.2. Evaluation System of Water Resource Vulnerability in Inland River Basins of Arid Zones


Based on the field investigation and consultations with experts, as well as the water resource vulnerability evaluations conducted in previous literature, we established an evaluation system with 30 factors affecting water resource vulnerability in inland river basins. Taking into consideration climatic characteristics, physical geography, and human social development, the natural fragility, anthropogenic fragility, and bearing capacity fragility were identified as the indicator layers of the evaluation system. We initially tested the indicators in the SLRB by correlation analysis and expert consultation, and 14 indicators that reflected a high rate of content repetition were deleted. Then, the indicator system was tested again. The results showed that the evaluation results of 30 indicators were similar to those of the 16 impact factors (Table 1). The above indicated that the structure of the filtered evaluation system was more streamlined than before, and the selected indicators are representative and easily traceable.



The established evaluation system of water resource vulnerability for inland river basins in arid zones is shown in Table 2. Among them, the natural vulnerability is determined by the water resource availability, which is influenced by regional climate, geographical location, and geological conditions. Natural vulnerability includes annual precipitation, total water resources, the water yield modulus, and the amount of groundwater resources. Anthropogenic vulnerability is caused by unnatural forces (mainly human activities) that change the natural distribution and circulation of water resources, including factors such as the water supply modulus; the degree of surface water resource amount, exploration, and utilization; the degree of groundwater resource amount, exploration, and utilization; the surface water control rate; the available water per capita; and the ecological and environmental water use ratio. Bearing capacity vulnerability is defined as the vulnerability of a water resource system caused by its support of water needs within agriculture, industry, and urbanization in the processes of economic and social development. Its factors include the tillable land effective irrigation ratio; the domestic water ratio; the ratio of irrigation water on farmland; the annual quantity of wastewater effluent; the water use amount per capita GDP; and the urbanization rate. More positive indicator values have a more positive effect on water resource vulnerability, and negative indicator values have a more negative effect on water resource vulnerability.





4. Results and Discussion


4.1. Results


4.1.1. Evaluation of the Value of the Grading Standard


The evaluation grade represented the vulnerability degree of the water resources. According to the classification of other vulnerability problems, the SLRB is classified according to the golden cut method. See Table 3 for comments on the digital characteristics and fragile states of the cloud model corresponding to the water resource vulnerability evaluation level and Figure 4 for the cloud diagram of the standard level.




4.1.2. Results of Weight Calculation


The subjective weights wa and objective weights wb of the influencing factors were identified by the AHP method and entropy method, respectively. Meanwhile, the empowerment factors αs derived from game theory were 0.517 and 0.483, respectively. In Table 4, the ranking of the subjective and objective weights of each index factor is not consistent. Among all the influencing factors, the subjective weight of C2 (total water resources) is the largest, while the subjective weights of C6 (the degree of surface water resource amount, exploration, and utilization) and C15 (water consumption per capita GDP) are the smallest when using AHP. When the entropy weight method is used to determine the objective weight, the objective weight of C15 (water use amount per capita GDP) is the largest, and the objective weight of C1 (annual precipitation) is the smallest. For the organic integration of subjective and objective weights, the comprehensive weight based on game theory shows that the comprehensive weight of C2 (total water resources) is 0.115, accounting for the largest proportion, and the comprehensive weight of C6 (the degree of surface water resource amount, exploration, and utilization) is the smallest, at only 0.028.




4.1.3. Assessment of Water Resource Vulnerability


The status of water resource vulnerability is generally at the rank of moderate fragility and high fragility during 2005–2021 in the SLRB (Table 5). Combining the fuzzy processing of the cloud model with Figure 4, the evaluation results of the matter-element model also show that the water resource vulnerability status of the SLRB is between moderate vulnerability and severe vulnerability. The results of the Delphi method show that the coefficient of variation is lower than 15% and at the range of 10.4–14.6%, indicating that the consultation results are reliable. Meanwhile, the evaluation results of the Delphi method were highly consistent with those of the matter-element model, while the two clouds overlap under the evaluation results (Figure 5). The above results proved that the status of water resource vulnerability in the SLRB was between moderate fragility and high fragility during 2005–2021, tending to high fragility.




4.1.4. Diagnostic Analysis of Factors Impact Water Resource Vulnerability


The obstacle degree of each impacting factor in the indicator layer of the evaluation system for water resource vulnerability was derived from the index of the comprehensive-weight-system-based obstacle degree model (Table 6 and Table 7). Moreover, the interannual variations in obstacle degree in terms of each indicator are shown in Figure 6 and Figure 7, and the interannual variations in key factors are shown Figure 8.



The change in the barrier degree value of the indicator layer showed that the degree barriers of natural vulnerability changed significantly during 2005–2021, that they can be mainly divided into two phases, and that they generally show an increasing trend (Table 6; Figure 6 and Figure 7). From 2005 to 2019, the impact of natural fragility on water vulnerability was at a low level and had a barrier degree value of only 7.7% in 2016. However, it was much more significant than the anthropogenic fragility and bearing capacity fragility during 2020–2021. This was mainly caused by the fact that the total water resources, per capita water resources, and surface water resources were more abundant in 2016 than in the other years during the study period, which made the constraint of natural fragility on the SLRB’s water vulnerability significantly decrease and resulted in the barrier value of 7.7%. The sudden changes in the degree barriers of natural fragility after 2019 were mainly caused by the deterioration of water endowment conditions. The annual precipitation was less in 2020–2021 than in previous years and only 63% of the multi-year average precipitation. Meanwhile, the amount of groundwater in 2020–2021 occupied 67% of the multi-year average value and showed a continuous downward trend. This is accompanied by the shrinking scale of the water production modulus, accounting for 47% of the multi-year average water production modulus. Meanwhile, a series of human control measures conducted for human activities had given initial results, which is represented by the degree of barriers decreased when the state of anthropogenic fragility and bearing capacity fragility improved, and the capacity to constrain the benign development of water resources vulnerability has decreased. The above reasons eventually led to the barrier degree of natural fragility in 2020–2021 to far exceed that in the 2005–2019 period.



The impact of anthropogenic fragility on water resource vulnerability remained at a low state for 13 out of 17 years; although this changed for 4 years (2016, 2017, 2020, and 2021) it generally maintained a relatively stable and slow increase (Figure 7). The impact in 2016–2017 was much higher than the multi-year average, mainly due to the decline in the water supply modulus; the degree of surface water resource amount, exploration, and utilization; the degree of groundwater resource amount, exploration, and utilization; the surface water control rate; and the available water per capita, which decreased by 18%, 21%, 30%, 31%, and 17%, respectively, compared with the multi-year average values. As the anthropogenic fragility in 2020–2021 is much lower than that in the multi-year average, a possible reason was the development and utilization of surface water, as well as the increase in investment in ecological water use, which led to the reductions in the barrier degree and constraint effect of anthropogenic fragility. This was specifically embodied in the increase in the utilization rate, the control rate, and the ecological water use ratio in terms of surface water, and the growth rate for these reached 108%, 71%, and 285%, respectively.



Bearing capacity fragility kept a high obstacle degree in 2005–2010, which was mainly caused by a 27% increase in annual wastewater discharge compared with the multi-year average level and a 75% increase in the water use amount per capita GDP higher compared with the multi-year average value. During 2005–2010, the domestic water ratio was 54% higher than the multi-year average level, and the population was 3.2% lower than the multi-year average value, indicating that the water conservation awareness of residents was deficient, the construction of municipal water pipe network infrastructure was imperfect, and the water resource management should have been further enhanced. The combination of these issues resulted in a significant impact of bearing capacity fragility on water resource vulnerability. Since 2011, the SLRB has fully implemented the “Dunhuang Comprehensive Plan for Rational Use of Water Resources and Ecological Protection (2011–2020)”. By taking measures such as establishing water rights system; strengthening water resource management, conservation, and renovation; promoting the construction of related governance projects, water allocation, efficient water conservation, and moderate water transfer; and other comprehensive measures, the obstacle degree of bearing capacity fragility decreased and maintained a stably low state from 2011 to 2021. In general, the vulnerability of carrying capacity shows a large downward trend (Figure 7).



From 2005 to 2021, 7 of 16 factors had a high obstacle degree value of >6.5%, which had a significant impact on water resource vulnerability. The contributions of these impacting factors on water vulnerability are as follows, ranked by obstacle degree value: the ratio of irrigation water use on farmland, annual precipitation, total water resources, annual quantity of wastewater effluent, urbanization rate, surface water control rate, and the degree of groundwater resource amount, exploration, and utilization (Figure 8). The Gansu Provincial Government implemented strict water resource management system assessment methods and the “Gansu Province SLRB Water Rights Pilot Program” in 2013 and 2014, respectively. On this basis, the obstacle degree of the irrigation water proportion on farmland reached its peak value in 2013, decreased slowly after 2013, and, lastly, decreased significantly after 2020 (Figure 8). The impact of agricultural irrigation water on basin water resource vulnerability decreased year by year and had a weak trend from 2020 onward. This is because the construction of precision irrigation, the application of high-efficiency water-saving irrigation, and the development of modern agriculture had led to a significant increase in water use efficiency. Meanwhile, the urbanization rate became one of the key factors affecting water resource vulnerability in the basin from 2009 to 2021, and the effect of surface water control rates on water resource vulnerability decreased after 2018 with the construction of water conservancy projects and the artificial macro-regulation. The effect of annual precipitation, total water resources, the annual quantity of wastewater effluent, and the degree of groundwater resource amount, exploration, and utilization on water resource vulnerability presented an unstable fluctuation throughout the study period, among which the annual precipitation and total water resources are influenced indirectly by climate change, while the annual quantity of wastewater effluent and the degree of groundwater resource amount, exploration, and utilization are directly related to groundwater overuse and water pollution.





4.2. Discussion


Water resource vulnerability is severe in dry inland river basins in northwest China under the integrated influences of human activities and climate change. Rational evaluation systems of water resource vulnerability in arid areas and research on water resource vulnerability and the identification of potential risk elements can help managers to establish risk prevention and adaptation mechanisms based on future planning, forecasting and warning capabilities, and risk management.



	(1)

	
As the impact of human activities and climate change on water resources intensifies in inland river basins in the arid area of northwest China, a single evaluation index is insufficient to reflect the complexity and vulnerability of water resources in river basins. If the evaluation indexes are too complex to be selected while establishing a multi-index evaluation system, it will lead to redundant and repetitive information. Few indexes will have a single response, and others will have incomplete information and indicators that are too specific. If selected indicators are specific, it is difficult to obtain and track the monitoring data to a certain extent, to have universality and representativeness, and to promote the practical application of the research results. In this study, via correlation analysis among indicators and expert consultation, the 16 impacting factors selected based on natural vulnerability, anthropogenic vulnerability, and carrying capacity vulnerability are representative, and the monitoring data are easily accessible and traceable, and, thereby, they have adaptability and practicality in the arid inland region of northwest China.




	(2)

	
In terms of valuation ideas and methods of water resource vulnerability, most similar studies used objective or subjective single attribute evaluation methods, the results of which are rather one-sided and also difficult to cover the subjective and objective causes of water resource vulnerability. In the combined subjective and objective evaluation studies, the simple mean score method is often used as the combined method, which, to a certain extent, ignores the actual contribution of subjective and objective causes of water resource vulnerability. The actual contribution of the subjective and objective causes of water resource vulnerability in dryland basins has been ignored to some extent. This study used game theory for reconciliation and assignment, and the evaluation results use a fuzzy cloud model, avoiding the drawback of the unique certainty of evaluation results in similar quantitative studies and reflecting the uncertainty and ambiguity fuzziness of water resource vulnerability; thus, they can reflect the actual situation of water resource vulnerability more accurately.




	(3)

	
Taking the evaluation results of the SLRB as an example, the results of this study are consistent with similar results and also correspond to the realities in the SLRB. The results of the barrier degree diagnosis showed that the most significant factor affecting the vulnerability of water resources is the vulnerability of carrying capacity in the SLRB, and the key influencing factors included the following: the irrigation water ratio of agricultural land, annual precipitation, total water resources, the annual discharge of wastewater, urbanization rate, surface water control rate, and the degree of groundwater development and utilization. This also shows that the water resources of arid inland river basin in China, especially of the SLRB, cannot maintain the sustainable development of oasis agriculture and ecological environment. At the same time, the intensification of human activities, displayed by the irrigation water use ratio, the annual discharge of wastewater, the urbanization rate, the surface water control rate, and the degree of groundwater exploitation and utilization, are the main factors affecting the vulnerability of water resources. Therefore, in order to reduce the vulnerability of water resources in arid inland river basins in northwestern China, it is better to adjust agricultural structure and effectively manage water resources in conjunction with the construction of surface water projects, further rationalizing the quantity and structure of water use in the river basins.









5. Conclusions


Taking the Shule River Basin as an example and based on expert consultation and result analysis, 16 influencing factors were selected to establish a water resources vulnerability assessment system for a northwestern arid inland river basin. The main conclusions were summarized as follows: (1) The water resources vulnerability of the Shule River Basin from 2005 to 2021 is highly likely to be severely vulnerable. (2) Among the three indicators of natural vulnerability, human vulnerability, and carrying capacity vulnerability, human vulnerability is the main cause of the vulnerability of water resources in the basin under relatively stable natural conditions. (3) Among the 16 influencing factors, the obstacle degree of the farmland irrigation water ratio, annual precipitation, total water resources, the annual discharge of wastewater, the urbanization rate, the surface water control rate, and the degree of the development and utilization of groundwater all exceeded 6.5%. These are the most important factors affecting the vulnerability of water resources in arid regions. Therefore, in arid inland river basins represented by irrigation agriculture in northwest China, water resource allocation and management should pay more attention to the impact of human activities on the sustainable utilization of water resources. At the same time, the water resource quantity in the basin is the main factor among the natural factors that affect the vulnerability of water resources in the basin. However, under the background of global climate warming, the quantitative response relationship between the water resources quantity and vulnerability in the arid inland river basin still needs to be further studied.
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Figure 1. Flow chart of the evaluation of the Delphi method. 
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Figure 2. Cloud forward generator. 
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Figure 3. The distribution of water systems, districts, and deserts in the Shule River Basin. 
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Figure 4. Standard evaluation cloud diagram. 
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Figure 5. Dual-evaluation cloud diagram. 
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Figure 6. Changes in indicator obstacle degree. 
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Figure 7. Interannual variation trend of obstacle degree in terms of each indicator. 
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Figure 8. Key Factor Obstacle Change Kite Chart. 
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Table 1. Comparison of the evaluation results of water vulnerability assessment index system in SLRB.
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30 Impact Factors

	
16 Impact Factors

	
The Difference in Matter-Element Model Evaluation Results

	
The Difference in Delphi Method Evaluation Results






	
Annual precipitation C1

	
Annual precipitation C1

	
0.055

	
0.019




	
Total water resources C2

	
Total water resources C2




	
Average water resource amount per capita C3

	
Water yield modulus C3




	
Surface water resource amount C4

	
Groundwater resource amount C4




	
Groundwater resource amount C5

	
Water supply modulus C5




	
Water resource amount per Mu C6

	
Degree of surface water resource amount, exploration, and utilization C6




	
Water supply modulus C7

	
Degree of groundwater resource amount, exploration, and utilization C7




	
Available water per capita C8

	
Surface water control rate C8




	
Degree of surface water resource amount, exploration, and utilization C9

	
Available water per capita C9




	
Degree of groundwater resource amount, exploration, and utilization C10

	
Ecological and environmental water use ratio C10




	
Water consumption rate C11

	
Tillable land effective irrigation ratio C11




	
Surface water control rate C12

	
Domestic water ratio C12




	
Population growth rate C13

	
Ratio of irrigation water use on farmland C13




	
Population density C14

	
Annual quantity of wastewater effluent C14




	
Urbanization rate C15

	
Water use amount per unit GDP C15




	
Day water consumption per capita C16

	
Urbanization rate C16




	
Domestic water ratio C17

	




	
Tillable land ratio C18

	




	
Tillable land effective irrigation ratio C19

	




	
Water saving irrigation ratio C20

	




	
Grain production per capita C21

	




	
Farmland irrigation water use amount per Mu C22

	




	
Ratio of irrigation water use on farmland C23

	




	
Per capita GDP C24

	




	
Water use amount per unit GDP C25

	




	
Water use amount per CNY ten thousand of industrial added value C26

	




	
Industrial water ratio C27

	




	
Annual quantity of wastewater effluent C28

	




	
Water yield modulus C29

	




	
Ecological and environmental water use ratio C30
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Table 2. Evaluation index system of water resource vulnerability in inland river basins in arid areas.
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Indicator Layer

	
Impact Factors

	
Property

	
Replacement Formula

	
Meaning






	
Natural fragility B1

	
Annual precipitation C1

	
-

	
Statistical data

	
Reflects the basic precipitation status of the river basin and has a direct impact on the runoff of surface rivers.




	
Total water resources C2

	
-

	
Statistical data

	
Reflects the amount endowment status of water resources in the basin.




	
Water yield modulus C3

	
-

	
Total water resources/drainage area

	
Reflects the water yield by the basin itself.




	
Groundwater resource amount C4

	
-

	
Statistical data

	
Reflects the richness of groundwater resources in the basin.




	
Anthropogenic fragility B2

	
Water supply modulus C5

	
-

	
Total water supply/drainage area

	
Reflects the ability of infrastructure such as water supply projects in the basin to support the social and economic development of the basin.




	
Degree of surface water resource amount, exploration, and utilization C6

	
-

	
Surface water supply amount/surface water resource amount

	
Reflects the extent to which surface water is exploited within the basin and the potential for exploitation.




	
Degree of groundwater resource amount, exploration, and utilization C7

	
-

	
Groundwater supply amount/groundwater resources amount

	
Reflects the potential for the development of groundwater resources in the basin.




	
Surface water control rate C8

	
-

	
Annual water storage quantity of surface water storage project/surface water resources in the river basin

	
Reflects the capacity of surface water storage in the river basin.




	
Available water per capita C9

	
-

	
Actual water supply/total population of the basin

	
Reflects the water supply capacity of the water supply system and the ability of water resources to support regional development.




	
Ecological and environmental water use ratio C10

	
-

	
Ecological and environmental water use amount/total water use amount in the river basin

	
Reflects the water input for the restoration, construction, and maintenance of the ecological environment in the river basin.




	
Bearing capacity fragility B3

	
Tillable land effective irrigation ratio C11

	
-

	
Effective irrigation area/total tillable land area of the river basin

	
Reflects the level of effective irrigation and the degree of food security in the river basin.




	
Domestic water ratio C12

	
+

	
Domestic water consumption/total water use amount in the river basin

	
Reflects the scale of water used by residents in the basin.




	
Ratio of irrigation water use on farmland C13

	
+

	
Irrigation water use amount on farmland/total water use amount in the river basin

	
Reflects the water use efficiency of agricultural irrigation within the watershed.




	
Annual quantity of wastewater effluent C14

	
+

	
Statistical data

	
Reflects the degree of influence of sewage discharge in the river basin on the water quality of various water bodies in the river basin.




	
Water use amount per capita GDP C15

	
+

	
Total water use amount in the river basin/total GDP of the basin

	
Reflects the comprehensive water use efficiency, water saving degree, and industrial structure of the river basin.




	
Urbanization rate C16

	
+

	
Permanent urban population/total population of the basin

	
Reflects the level of socioeconomic development of the basin and the potential requirements for water quality and quantity.
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Table 3. Value rating criteria for water vulnerability assessment.






Table 3. Value rating criteria for water vulnerability assessment.





	
Digital Features

	
Grade of Water Resource Vulnerability Evaluation

	
Fragile State




	
Ex 1

	
En 2

	
He 3






	
1

	
0.103

	
0.013

	
I

	
Quite low fragility




	
0.691

	
0.064

	
0.008

	
II

	
Low fragility




	
0.5

	
0.039

	
0.005

	
III

	
Moderate fragility




	
0.309

	
0.064

	
0.008

	
IV

	
High fragility




	
0

	
0.103

	
0.013

	
V

	
Seriously high fragility








1 Expected value; 2 entropy; 3 hyper entropy.
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Table 4. Consolidated weight calculation.






Table 4. Consolidated weight calculation.





	Factors
	Weight: wa
	Order
	Weight: wb
	Order
	Weight: Ws
	Order





	C1
	0.111
	2
	0.024
	16
	0.066
	6



	C2
	0.158
	1
	0.076
	5
	0.115
	1



	C3
	0.065
	4
	0.064
	6
	0.065
	8



	C4
	0.065
	4
	0.083
	4
	0.074
	5



	C5
	0.033
	7
	0.051
	8
	0.042
	13



	C6
	0.026
	8
	0.031
	13
	0.028
	16



	C7
	0.083
	3
	0.049
	9
	0.065
	7



	C8
	0.065
	4
	0.047
	10
	0.056
	9



	C9
	0.041
	6
	0.057
	7
	0.049
	11



	C10
	0.052
	5
	0.032
	12
	0.042
	14



	C11
	0.041
	6
	0.029
	15
	0.035
	15



	C12
	0.033
	7
	0.150
	2
	0.093
	2



	C13
	0.083
	3
	0.030
	14
	0.056
	10



	C14
	0.065
	4
	0.085
	3
	0.075
	5



	C15
	0.026
	8
	0.153
	1
	0.091
	3



	C16
	0.052
	5
	0.040
	11
	0.046
	12
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Table 5. Water vulnerability status of the SLRB, 2005–2021.
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	Time
	Matter-Element Model Evaluation Results
	Fragility Level
	Fragility State
	Delphi Method Evaluation Results
	Variation Coefficient
	Fragility Level
	Fragility State





	2005
	0.485
	III
	Moderate fragility
	0.440
	11.2%
	III
	Moderate fragility



	2006
	0.474
	III
	Moderate fragility
	0.380
	11.9%
	IV
	High fragility



	2007
	0.419
	III
	Moderate fragility
	0.360
	13.7%
	IV
	High fragility



	2008
	0.553
	III
	Moderate fragility
	0.360
	13.7%
	IV
	High fragility



	2009
	0.452
	III
	Moderate fragility
	0.560
	14.4%
	III
	Moderate fragility



	2010
	0.309
	IV
	High fragility
	0.530
	10.9%
	III
	Moderate fragility



	2011
	0.363
	IV
	High fragility
	0.380
	13.0%
	IV
	High fragility



	2012
	0.373
	IV
	High fragility
	0.420
	12.7%
	II
	Moderate fragility



	2013
	0.366
	IV
	High fragility
	0.370
	12.5%
	IV
	High fragility



	2014
	0.439
	III
	Moderate fragility
	0.510
	11.4%
	III
	Moderate fragility



	2015
	0.425
	III
	Moderate fragility
	0.560
	12.0%
	III
	Moderate fragility



	2016
	0.301
	IV
	High fragility
	0.500
	14.6%
	III
	Moderate fragility



	2017
	0.322
	IV
	High fragility
	0.370
	12.5%
	IV
	High fragility



	2018
	0.425
	III
	Moderate fragility
	0.620
	13.0%
	II
	Low fragility



	2019
	0.447
	III
	Moderate fragility
	0.290
	10.4%
	IV
	High fragility



	2020
	0.357
	IV
	High fragility
	0.390
	11.9%
	IV
	High fragility



	2021
	0.363
	IV
	High fragility
	0.400
	13.4%
	IV
	High fragility
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Table 6. Obstacles to indicators of the SLRB water vulnerability assessment system, 2005–2021.
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Time

	
Indicators




	
Natural Fragility B1 (%)

	
Anthropogenic Fragility B2 (%)

	
Bearing Capacity Fragility B3 (%)






	
2005

	
19.6

	
18.4

	
62




	
2006

	
20.2

	
20.2

	
59.6




	
2007

	
14.8

	
26.4

	
58.8




	
2008

	
25.2

	
20.2

	
54.6




	
2009

	
28.0

	
32.4

	
39.6




	
2010

	
14.3

	
33

	
52.8




	
2011

	
31.5

	
34.1

	
34.4




	
2012

	
30.6

	
33.9

	
35.5




	
2013

	
29.1

	
36

	
34.9




	
2014

	
37.2

	
34.3

	
28.5




	
2015

	
23.5

	
41.1

	
35.4




	
2016

	
7.7

	
54.4

	
37.9




	
2017

	
14.5

	
51.3

	
34.2




	
2018

	
34.2

	
27.8

	
38




	
2019

	
31.1

	
29.2

	
39.7




	
2020

	
59.6

	
12.8

	
27.6




	
2021

	
59.9

	
14.1

	
25.9
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Table 7. Obstacle values of water vulnerability factors in SLRB.






Table 7. Obstacle values of water vulnerability factors in SLRB.





	Factors
	C1
	C2
	C3
	C4
	C5
	C6
	C7
	C8
	C9
	C10
	C11
	C12
	C13
	C14
	C15
	C16



	Obstacle
	9.0
	8.7
	5.1
	5.5
	3.8
	3.5
	6.7
	6.8
	4.1
	5.7
	5.7
	6.4
	9.5
	7.2
	5.5
	6.8
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