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Abstract

:

The water resources carrying capacity (WRCC) shows remarkable fuzziness and randomness, which causes the uncertainty and instability of the WRCC assessment (WRCCA). In order to solve these problems, we proposed a novel hybrid approach for WRCCA, in which the fuzzy comprehensive evaluation (FCE) and analytical hierarchy process (AHP) methods were integrated with the cloud model (CM). Firstly, an evaluation indicator system of WRCC was constructed. Secondly, the AHP and FCE methods were subsequently improved with the CM. The CM was used to scale the relative importance and aggregate the judgment matrices, where the weights of the clouds were obtained. These integrations of AHP and CM greatly reduced the randomness in the weight calculation; the CM was used to describe the comment sets, calculate the membership degree matrices and determine the assignment clouds, the evaluation sets and the WRCCA index clouds were obtained. These integrations of FCE and CM effectively blurred the boundary fuzziness and gave more intuitive results. Finally, the hybrid FCE-AHP-CM approach was applied to a case study. It was concluded that the novel approach has particular advantages in dealing with the fuzziness and randomness comprehensively, and therefore could assess the WRCC and enhance the robustness and intuition of WRCCA results.






Keywords:


water resources carrying capacity; evaluation indicator system; fuzzy comprehensive evaluation (FCE); analytical hierarchy process (AHP); cloud model (CM); hybrid approach; fuzziness and randomness












1. Introduction


Water resources play crucial roles in human civilization, social and economic development, ecological environment, and so on. Conversely, the water resources carrying capacity (WRCC) in a region is the decisive factor to its sustainable development. So, water resources carrying capacity assessment (WRCCA) is always a very important research topic in the fields of hydrology, water resources management and socio-economic sustainable development [1].



WRCC is the specific application of the carrying capacity concept in the field of water resources. In 1921, Park et al. initially introduced the concept of carrying capacity into human ecology [2], and in 1985, the definition of resources carrying capacity was proposed by the United Nations Educational, Scientific and Cultural Organization [3]. Since the concept of sustainable development was put forward, the researches on WRCC continued to appear. The URS company in the United States defined the WRCC as the maximum level of development that a region’s water resources can carry without destroying natural and artificial resources [4]. In China, the Xinjiang Water Resources Soft Science Research Group firstly proposed the concept of WRCC in 1989 [5]. The understanding of WRCC can be summarized in three perspectives such as the maximum development, supporting, and carrying capacity of water resources [6,7,8,9,10].



The WRCCA can be roughly divided into two categories. One is the largest economic and social development scale that water resources can carry, and the other is the maximum carrying capacity of water resources to the existing economic and social development scale. The carrying scale is usually evaluated by system dynamics, conventional trend, and multi-objective analysis methods [11,12], while the carrying capacity is usually evaluated by principal component analysis (PCA), projection pursuit evaluation, analytical hierarchy process (AHP), fuzzy comprehensive evaluation (FCE), neural network, and machine learning methods [13,14,15]. The establishment of an evaluation indicator system is the first step for WRCCA. There are usually two methods used to construct the evaluation indicator system. One is to divide the water resources system into different levels of subsystems which consist of different indicator elements, and these indicators are interconnected or independent from each other by tapping their meanings based on the expert advice [16]. The other is to select indicators according to the fixed-mode of Driving Force-Pressure-State-Impact-Response-Management (DPSIRM) [15,17,18,19,20].



It has been found that the influencing factors of WRCC are various and the process of WRCCA is complex. As a result, it is difficult to use a single model to evaluate the WRCC, and the combination of different models has become popular. Yang et al. combined the AHP with a system dynamics model to construct a multi-standard WRCCA indicators system and a socio-economic water resource dynamics model [21]. Chi et al. assessed the WRCC through AHP and FCE methods [22]. Dai et al. evaluated the WRCC by a water ecological footprint model combined with a system dynamics model [23]. Wu et al. proposed a comprehensive modeling framework by combining Soil and Water Assessment Tool (SWAT) model, water supply and demand model, PCA and FCE methods [24]. Ma et al. evaluated the regional WRCC based on set pair analysis and entropy weight methods [25].



According to the above analyses, it can be seen that a lot of researches on WRCCA have been conducted and great achievements have been made. However, there are still some limitations that need to be improved. Firstly, the evaluation indicator system construction of WRCC was seldom considered from the perspectives of water resource constraint conditions and optimization goals. The previous researches mainly focused on the exploitable scale or the ability of water resources so as to support the ecological environment and economic development, and therefore they only considered the influencing factors of water resources, economy, society, and environment. Secondly, WRCCA is a problem with multi-level and multi-indicator uncertainties like fuzziness and randomness, and such uncertainties have rarely been quantitatively described. Most studies employed experts’ subjective opinions to obtain the WRCCA results which are usually qualitative conclusions or single values. Thirdly, because of the complexity, fuzziness, and randomness of WRCCA, the evaluation models and methods have evolved from a single to combined approach. However, the advantages of different models and methods are rarely integrated together so as to achieve mutual improvements. Therefore, their simple combinations cannot yet well describe the fuzziness and randomness in the process of WRCCA.



In this paper, based on the fact that the entire water resources system is sensitive to the changes of hydrological conditions, especially in arid and semiarid regions, we constructed four subsystems for WRCCA, such as hydrology, water resources utilization, water ecological environment, and economy and society, in which the former two are constraints and the latter two are optimization objectives. On this basis, evaluation indicators were screened to improve the rationality and comprehensiveness of impact factors determination for WRCCA. Then, according to the principles of FCE and AHP methods as well as their combinations, we integrated them with the cloud model (CM) so as to consider both the fuzziness and randomness in WRCCA. Finally, the proposed AHP-FCE-CM hybrid approach for WRCCA was applied and validated in a case study—Datong City of Shanxi Province in North China.




2. Methodology


2.1. The Establishment Method of an Indicator-Based System for WRCCA


2.1.1. Selection of the Evaluation Indicator


In this paper, the WRCCA rules with hydrology and water resources utilization were used as constraints, and a virtuous cycle of water ecological environment and sustainable economic and social development as optimization goals were determined for arid and semiarid areas like North China. Therefore, the indicator system for WRCCA was firstly divided into 4 subsystems, such as hydrology, water resources utilization, water ecological environment, and economy and society. Then for each subsystem, the text matching method was used to select the evaluation indicators, the Spearman rank correlation analysis method was used to analyze the correlations between the indicators, and the gray correlation method was used to screen the indicators.



The text matching method selects indicators by querying the authoritative academic databases, such as Springer, Elsevier, and China National Knowledge Internet. The term of ‘water resources carrying capacity’ was firstly used as a key word for searching. After obtaining relevant matching documents, the key words of ‘evaluation indicator’ is entered again for screening. By counting the appearance number of each evaluation indicator, the ones with higher frequency are selected as the initial indicators.



The Spearman rank correlation analysis method was used to calculate the correlation coefficient between evaluation indicators, which helped to eliminate the redundant and highly relevant indicators, as well as the impacts of repeated information between indicators, and thereby simplified the evaluation indicator system. The calculation process is summarized as follows.



Assume that indicators X and Y have n sample values, Ri is the rank of Xi in (X1, X2, …, Xn), Qi is the rank of Yi in (Y1, Y2, …, Yn), then the rank correlation coefficient    r  X Y     between indicators X and Y is defined as:


   r  X Y   =     ∑  i = 1  n   [ (  R i  −  1 n    ∑  i = 1  n    R i    ) (  Q i  −  1 n    ∑  i = 1  n    Q i    ) ]         ∑  i = 1  n     (  R i  −  1 n    ∑  i = 1  n    R i    )  2          ∑  i = 1  n     (  Q i  −  1 n    ∑  i = 1  n    Q i    )  2         



(1)







Equation (1) can be further simplified as:


   r  X Y   = 1 −  6  n (  n 2  − 1 )     ∑  i = 1  n     (  R i  −  Q i  )  2     



(2)







Finally, the indicators with an absolute value of correlation coefficient greater than 0.9 are defined as repeated indicators, and only one of them is retained.



The gray correlation method was used to calculate and sort the average values of correlation coefficients between each indicator and other indicators, and thereby select the indicators that have relatively large impacts on the evaluation results. The steps shown as follows:




	(1)

	
Determine the reference sequence









The serial values of one of the evaluation indicators are taken as the reference sequence, which are recorded as:


   X 0  =   (  x 0  ( 1 ) ,  x 0  ( 2 ) , … ,  x 0  ( n ) )  T   



(3)




where n is the number of evaluation areas.



	(2)

	
Determine the comparison sequence







The indicator sequences other than reference sequences are used as comparison sequences, which are recorded as:


  (  X 1  ,  X 2  , … ,  X m  ) =  [       x 1  ( 1 )      x 2  ( 1 )    ⋯     x m  ( 1 )        x 1  ( 2 )      x 2  ( 2 )    ⋯     x m  ( 2 )      ⋮   ⋮   ⋮   ⋮       x 1  ( n )      x 2  ( n )    ⋯     x m  ( n )      ]   



(4)




where m is the number of evaluation indicators other than the reference indicator;    X i  =   (  x i  ( 1 ) ,  x i  ( 2 ) , … ,  x i  ( n ) )  T  ( i = 1 , 2 , … , m )  .



	(3)

	
Normalization of data sequence







The extreme value change method is used to perform normalization of the reference sequence and comparison sequence data, and the calculation formula is:


   x k ′  =    x k  − m i n  x k    m a x  x k  − m i n  x k     



(5)




where    x k ′    is the data after being rescaled; k is the evaluation indicator (k = 0, 1, …, m);   min  x k    and   max  x k    are the minimum and maximum values of the evaluation indicator k in all evaluation areas, respectively.



	(4)

	
Calculate the absolute difference







The absolute difference between the reference sequence and the comparison sequence is calculated. That is,    Δ k  ( i ) =  |   x 0 ′  ( i ) −  x k ′  ( i )  |  ( k = 1 , 2 , … , m )  . Thus, the absolute difference matrix is:


   |       Δ 1  ( 1 )      Δ 2  ( 1 )    ⋯     Δ m  ( 1 )        Δ 1  ( 2 )      Δ 2  ( 2 )    ⋯     Δ m  ( 2 )      ⋮   ⋮   ⋮   ⋮       Δ 1  ( n )      Δ 2  ( n )    ⋯     Δ m  ( n )      |   



(6)







	(5)

	
Calculate the gray correlation coefficient







Equation (7) was adopted to calculate the gray correlation coefficient between each comparison sequence and the reference sequence.





   α k  ( i ) =     min  k    min  i   Δ k  ( i ) + β   max  k    max  i   Δ k  ( i )    Δ k  ( i ) + β   max  k    max  i   Δ k  ( i )    



(7)




where    α k  ( i )   is the gray correlation coefficient;    Δ k  ( i )   is the absolute difference between the indicator k sequence and the reference indicator sequence;     min  k    min  i   Δ k  ( i )   and     max  k    max  i   Δ k  ( i )   are the minimum and maximum values of the absolute difference, respectively.  β  (0 <  β  < 1) is the resolution ratio. The smaller the  β  is, the larger difference of correlation coefficient is and the stronger resolution is. Generally,  β  = 0.5.



	(6)

	
Calculate the gray correlation degree







The gray correlation coefficients between the comparison sequence and reference sequence are calculated and averaged for all evaluation areas to obtain the grey correlation degree, which is described as:


   g k  =  1 n    ∑  i = 1  n    α k  ( i )    



(8)







In the same way, the reference sequence is changed in turn, and the correlation degrees between all indicators are calculated to obtain the correlation matrix. Each row of the correlation matrix is averaged, and the average value is the correlation degree value of the evaluation indicator to be filtered.



	(7)

	
Sort the gray correlation degrees







The larger the correlation degree value in the calculation results, the closer the relationship between the comparison sequence and the reference sequence is. An indicator with a larger correlation degree value is selected as the evaluation indicator.




2.1.2. Determination of the Evaluation Indicator Criteria


According to the above qualitative, correlation and quantitative analysis, the evaluation indicators were screened. Based on their actual data structures, the data series of the study area were evenly divided, and the evaluation standards for different indicators were divided into different levels. Assume the data series of an indicator  I  is    {   I 1  ,  I 2  , … ,  I n   }    and this indicator is divided into m levels, then:




	(1)

	
The length ( L  of the data sequence interval is calculated as:


  L = max I − min I  



(9)




where   max I   and   min I   are the maximum and minimum of indicator  I  in the data series, respectively.




	(2)

	
The average interval ( i ) of the data series is calculated as:


  i = L / m = ( max I − min I ) / m  



(10)








	(3)

	
Calculate the upper and lower limits of each level to obtain its interval; the  m -th level    I m      I m    can be expressed as:


   I m  = [ min I + ( m − 1 ) i , min I + m i ]  



(11)







By using this method, the level standards of each evaluation indicator can be obtained.











2.2. The Theory of FCE-AHP-CM Hybrid Approach for WRCCA


2.2.1. The Fuzzy Comprehensive Evaluation (FCE) Method for WRCCA


WRCC is affected by many factors, and it is certain that there is fuzziness in the process of WRCCA. In order to comprehensively reflect the current status of WRCC in an area, in this paper, we adopted a fuzzy comprehensive evaluation (FCE) method to solve the fuzziness problems in WRCCA. The FCE method was first proposed by American automatic control expert L.A. Zadeh in the mid-1960s [26]. This method converts qualitative evaluation to quantitative evaluation based on the concept of membership in fuzzy mathematics to comprehensively evaluate fuzzy issues. The FCE method has been widely used in WRCCA. Its principles and calculation process are summarized as follows (Figure 1).



	(1)

	
The determination of evaluation index set







The evaluation index set includes different subsystems determined according to the evaluation target, that is, the first-level evaluation subsystem set is      U = { U   1     , U   2  , …    , U   i  }  , where i is the number of subsystems, and each subsystem contains different indicators, that is, the second-level evaluation indicator set is    U i  = {  u  i 1   ,  u  i 2   , … ,  u  i n   }  , where n is the number of indicators in the subsystem.



	(2)

	
The determination of evaluation level set







The aim of the evaluation level set is to divide the values of each evaluation indicator into different levels according to the actual evaluation target. Then the evaluation level set can be expressed as   V = {  V 1  ,  V 2  , … ,  V n  }  , where n is the number of levels.



	(3)

	
The weights calculation of subsystem and evaluation indicator







Since different evaluation indicators have different influences on the subsystem and different subsystems have different influences on the evaluation target, it is necessary to scientifically and rationally calculate the weights of each subsystem and evaluation indicator.



	(4)

	
The calculation of membership degree







The membership degree refers to the vector of each indicator to the membership values of different levels in the evaluation level set. For an instance, if the membership value of the i-th indicator to the j-th level is rij, the membership degree corresponding to the indicator i is    R i  = (  r  i 1   ,  r  i 2   , … ,  r  i n   )  , and the membership degree matrix of all indicators is expressed as:


  R =  [       R 1         R 2       ⋮       R m       ]  =  [       r  11        r  12      ⋯     r  1 n          r  21        r  22      ⋯     r  2 n        ⋮   ⋮   ⋱   ⋮       r  m 1        r  m 2      ⋯     r  m n        ]   



(12)







	(5)

	
The calculation of comprehensive evaluation set







A dot multiplication operation is performed on the weights (W) and membership degree (R) of each indicator to obtain a comprehensive evaluation set B:


  B = W ⋅ R = (  w 1  ,  w 2  , … ,  w m  )  [       r  11        r  12      ⋯     r  1 n          r  21        r  22      ⋯     r  2 n        ⋮   ⋮   ⋱   ⋮       r  m 1        r  m 2      ⋯     r  m n        ]  = (  b 1  ,  b 2  , … ,  b n  )  



(13)







Finally, according to the principle of maximum membership, the results of WRCCA can be determined.




2.2.2. The Integration of FCE and AHP Methods for WRCCA


The FCE method needs to calculate the weights of subsystems and indicators in the process of WRCCA. The Analytical Hierarchy Process (AHP), firstly developed by the operations researcher T. L. Saaty in the mid-1970s, is a relatively mature method to deal with the issues of weights calculation [27,28,29]. The AHP method has certain advantages for solving multifactor, multilayer, and multilevel problems and therefore has been widely used in various fields since it has been proposed [30,31,32]. Based on expert’s experiences in the evaluation process, the AHP method can fully consider the objective reality, and at the same time, can simplify complex problems, structure multistandard problems, quantify qualitative problems, and use limited information to solve complex decisions problems [27]. The principle and calculation process of AHP method are summarized as follows (Figure 1).



	(1)

	
The determination of relative importance between subsystems and evaluation indicators







The importance of each influencing factor was measured using the traditional Saaty scale, as shown in Table 1.



	(2)

	
The construction of judgement matrix







The judgement matrix is generally constructed based on the method of expert scoring. The expert scoring method refers to that experts give the relative importance of each influence factor according to their own experiences, and obtain a judgement matrix U = (uij)m×n, where i = 1, 2, …, m; j = 1, 2, …, n.



	(3)

	
The consistency test of judgement matrix







The ratio of CR is often used to identify the consistency of the judgement matrix [33]. When CR < 0.1, the judgement matrix is considered to meet the conditions. The CR is calculated as:


  C R =   C I   R I    



(14)







CI is an indicator to measure the deviation of the judgement matrix, which is calculated as:


  C I =    λ  m a x   − m   m − 1    



(15)




where    λ  m a x     is the maximum eigenvalue of the judgement matrix.



RI is the average value of the consistency random indicator, and its value is determined by the order of the judgement matrix, as shown in Table 2.



	(4)

	
The calculation of weights







According to the judgement matrix constructed above, the weights of different layers were calculated. In this study, the root method is applied to calculate the weights, the calculation process is as follows:



(1) Multiply each element in the judgement matrix U by row to get vector    P i   , which is expressed as:


   P i  =   ∏  j = 1  n    u  i j     ( i = 1 , 2 , … , m )  



(16)







(2) Calculate the  m -th square-root of the vector    P i    to get the vector    M i   , which is expressed as:


   M i  =    P i   m  ( i = 1 , 2 , … , m )  



(17)







(3) Normalize the vector    M i    to obtain the weight vector, which is expressed as:


     M i   ¯  =    M i      ∑  i = 1  m    M i       



(18)







In order to establish and analyze the logical relationships of the impact factors, and solve the problems of complex structure, many index categories and standards, as well as the conversion from qualitative to quantitative issues in WRCCA. In this paper, we integrated the AHP method with the FCE method for the weights calculation, and tried to propose a FCE-AHP hybrid model (Figure 1).




2.2.3. The Integration of AHP and FCE Methods with the Cloud Model for WRCCA


The above FCE-AHP hybrid model can better solve the fuzziness problem in WRCCA. However, AHP is based on the expert’s experiences for the weight calculation for FCE. Although the objective reality is fully considered, since different experts could have different views, the judgement matrix construction therefore could have a certain subjective randomness. In addition, the membership degrees in the FCE method were calculated according to the given different levels of evaluation criteria, and the level is usually a range. So, the boundary value could belong to either the left interval or the right interval, which could have a certain boundary fuzziness.



The Cloud Model (CM), proposed by Li et al. in 1995, comprehensively considers the randomness and fuzziness of uncertain linguistic values, and realizes the conversion between the qualitative description and quantification of uncertain linguistic values [34]. It has been widely used in various areas, including prediction, algorithm improvement, knowledge representation, and comprehensive evaluation [35,36,37]. The principles of CM are summarized as follows (Figure 1).



	(1)

	
The definition of a cloud







Assume U is a domain composed of exact values, C is a qualitative concept mapped on U, and x is a random realization of qualitative concept C, then the certainty of any element x in the domain U to C is a random number in the range of [0,1], and has a certain stability tendency, which is expressed as:


  μ ( x ) : U → [ 0 , 1 ] , ∀ x ∈ U , x → μ ( x )  



(19)




where the distribution of x on U is called cloud model.



The cloud in the CM is composed of multiple cloud droplets, and each of them is represented by expected value (Ex), entropy (En), and hyper entropy (He). Ex, En, and He are defined as the 3 eigenvalues of the cloud model. Among them, Ex is the point in the domain U that can best characterize the qualitative concept C; En is the range of values that can be accepted by qualitative concept C in domain U. The value of En reflects the fuzziness of qualitative concepts. He is the entropy of entropy, which represents the dispersion degree of cloud droplets x and is a measure of the uncertainty of En.



	(2)

	
Normal cloud model







For any element x in the domain U, if   x ~ N ( E x , E  n  ′ 2   )  ,   E  n ′  ~ N ( E n , H  e 2  )   and the certainty degree of x to C satisfies Formula (18):


  μ ( x ) =  e  —     ( x − E x )  2    2   ( E  n ′  )  2       



(20)




then the distribution of x on U is called the normal cloud model.



	(3)

	
The algebraic operation of the cloud







Assuming that the 2 cloud models C1 and C2 are in the same domain U, and their mathematical characteristics are expressed as    C 1  = ( E  x 1  , E  n 1  , H  e 1  )   and    C 2  = ( E  x 2  , E  n 2  , H  e 2  )  , respectively, the basic algebraic calculation laws of the cloud are shown as follows:


  C =  C 1  +  C 2  : E x = E  x 1  + E  x 2    E n =   E  n 1 2  + E  n 2 2      H e =   H  e 1 2  + H  e 2 2     



(21)






  C =  C 1  −  C 2  : E x = E  x 1  − E  x 2    E n =   E  n 1 2  + E  n 2 2      H e =   H  e 1 2  + H  e 2 2     



(22)






  C =  C 1  ×  C 2  : E x = E  x 1  × E  x 2    E n =  |  E  x 1  E  x 2   |  ×     (   E  n 1    E  x 1    )  2  +   (   E  n 2    E  x 2    )  2      H e =  |  E  x 1  E  x 2   |  ×     (   H  e 1    E  x 1    )  2  +   (   H  e 2    E  x 2    )  2     



(23)






  C =  C 1  ÷  C 2  : E x = E  x 1  ÷ E  x 2    E n =  |    E  x 1    E  x 2     |  ×     (   E  n 1    E  x 1    )  2  +   (   E  n 2    E  x 2    )  2      H e =  |    E  x 1    E  x 2     |  ×     (   H  e 1    E  x 1    )  2  +   (   H  e 2    E  x 2    )  2     



(24)







At the same time, the algebraic operation of the cloud satisfies the commutative law and the associative law:


   C 1  +  C 2  =  C 2  +  C 1  ,  C 1  ×  C 2  =  C 2  ×  C 1   



(25)






  (  C 1  +  C 2  ) +  C 3  =  C 1  + (  C 2  +  C 3  ) , (  C 1  ×  C 2  ) ×  C 3  =  C 1  × (  C 2  ×  C 3  )  



(26)







In order to comprehensively deal with the fuzziness and randomness in the above FCE-AHP hybrid model for WRCCA, in this paper, we further integrated the cloud model into it, and proposed an FCE-AHP-CM hybrid approach. On the one hand, the cloud model was integrated with the AHP method: use the 3 digital features (Ex, En, He) of the cloud model to describe the relative importance’s; use the floating cloud model to aggregate judgment matrices given by different experts to reduce the subjectivity; and finally obtain the weights clouds of subsystems and indicators. On the other hand, the cloud model was integrated with the FCE method: use the 3 eigenvalues (Ex, En, He) of the cloud model to represent different levels of comment sets and blur the level boundaries; calculate the membership degree through the forward cloud generator; and finally obtain the evaluation index clouds of subsystems and indicators (Figure 1). The integration methods are discussed in detail in the next subsection.





2.3. The Integration Method of FCE-AHP-CM Hybrid Approach for WRCCA


2.3.1. The Integration Method of AHP with the Cloud Model for WRCCA


	(1)

	
The relative importance’s of indicators scaled with the eigenvalues of the cloud model







In the traditional Saaty scale, the relative importance’s of subsystems and indicators are expressed with the numbers of 1, 2, …, 9 (Table 1). However, in many cases, the ambiguity of language cannot be expressed by using an exact number. In order to solve this problem, the 3 eigenvalues (Ex, En, He) of the cloud model were used to describe the fuzziness and randomness, where Ex referred to the value of Saaty scale, representing the importance; En was determined based on ‘3 En’ criterion, indicating the fuzziness of importance’s; and He was derived from experiences, signifying the uncertainty of the entropy value (Table 1).



	(2)

	
The aggregation of judgement matrices described by the floating cloud model







After the experts have separately scaled the importance’s of each pair of subsystems and indicators, since different experts could have different opinions, a floating cloud model is used to integrate the judgement matrices given by different experts, which well describes the randomness produced by different experts’ subjective judgements during the construction of the judgement matrix. Suppose there are k adjacent clouds given by k experts:   C 1  = ( E  x 1  , E  n 1  , H  e 1  )  ,    C 2  = ( E  x 2  , E  n 2  , H  e 2  )  , …,    C k  = ( E  x k  , E  n k  , H  e k  )  , then the aggregated clouds are   C = ( E x , E n , H e )  , where Ex, En, and He are calculated as:


  E x =  a 1  E  x 1  +  a 2  E  x 2  + … +  a k  E  x k   



(27)






  E n =    a 1  E  x 1  E  n 1  +  a 2  E  x 2  E  n 2  + … +  a k  E  x k  E  n k     a 1  E  x 1  +  a 2  E  x 2  + … +  a k  E  x k     



(28)






  H e =   H  e 1 2  + H  e 2 2  + … + H  e k 2     



(29)




where a1, a2, …, ak are variable weights of every experts within [0,1], and their sum is 1. If the authority of each expert is considered the same, then a1 = a2 = … = ak = 1/k.



	(3)

	
The weights of subsystems and indicators expressed with cloud models







The weights of subsystems and indicators can be expressed with cloud models, and the weights clouds are therefore obtained. The specific equations used to calculate their eigenvalues are as follows:


  E  x i 0  =   E  x i      ∑  i = 1  k   E  x i      =     (   ∏  j = 1  k   E  x  i j     )    1 k        ∑  i = 1  k     (   ∏  j = 1  k   E  x  i j     )    1 k         



(30)






  E  n i 0  =   E  n i      ∑  i = 1  k   E  n i      =     (   ∏  j = 1  k   E  x  i j         ∑  j = 1  k     (   E  n  i j     E  x  i j     )  2      )    1 k        ∑  i = 1  k     (   ∏  j = 1  k   E  x  i j         ∑  j = 1  k     (   E  n  i j     E  x  i j     )  2      )    1 k         



(31)






  H  e i 0  =   H  e i      ∑  i = 1  k   H  e i      =     (   ∏  j = 1  k   E  x  i j         ∑  j = 1  k     (   H  e  i j     E  x  i j     )  2      )    1 k        ∑  i = 1  k     (   ∏  j = 1  k   E  x  i j         ∑  j = 1  k     (   H  e  i j     E  x  i j     )  2      )    1 k         



(32)








2.3.2. The Integration Method of FCE with the Cloud Model for WRCCA


	(1)

	
The different levels of comment sets described with the eigenvalues of cloud models







In this paper, the 3 eigenvalues of cloud models were used to describe the different levels of comment sets of indicators. The evaluation level of each range is represented by a cloud, which can more intuitively express the transition of adjacent evaluation levels, and better describe the boundary ambiguity of evaluation levels.



Assume the upper and lower boundaries of the evaluation level j of indicator i are    x  i , j  u    and    x  i , j  l   , then the expected value of the membership degree of the indicator i for the evaluation level j is [38]:


  E  x  i , j   =    x  i , j  u  +  x  i , j  l   2   



(33)







According to the division of different evaluation levels, the boundary value of each level is a transition of adjacent levels, and it belongs to the two adjacent levels at the same time; that is, the boundary value has the same membership degree to the adjacent two levels, which is expressed as Equation (34) [39]:


  e x p [ −     (  x  i , j     u  − E  x  i , j   )  2    2   ( E  n  i , j   )  2    ] = 0.5  



(34)







From Equations (33) and (34), we could get the entropy value of the membership degree of the indicator i for the evaluation level j as:


  E  n  i , j   =    x  i , j  u  −  x  i , j  l    2.355    



(35)







The corresponding hyper entropy   H  e  i , j     is usually calculated from past experiences or experiments.



	(2)

	
The membership degree matrix calculated by the forward cloud generator







The membership function of the FCE method is usually a certain curve. The membership degree is a one-to-one mapping relationship between qualitative and quantitative data. However, in the actual process of WRCCA, the membership degrees of indicators for different evaluation levels could be random. Therefore, only one curve used to determine the membership degrees may cause a certain deviation from the evaluation results. In this paper, the membership degrees between the indicators of each subsystem and the evaluation levels were established through the forward cloud generator, and therefore the improved membership degree matrix clouds were obtained.



	(3)

	
The comprehensive evaluation sets calculated by cloud operations







After a dot multiplication operation is performed between the weight clouds and membership degree matrix of subsystems and evaluation indicators in each subsystem, the corresponding comprehensive evaluation sets can be obtained.




2.3.3. The Results of WRCCA Described with Evaluation Index Clouds


	(1)

	
Division of the WRCC levels







Based on the classifications widely used in current WRCCA, in this paper, the results of WRCCA were divided into 5 levels within the scope of [0,5]. They were D1 (severely overloaded), D2 (overloaded), D3 (non-overloaded), D4 (good carrying), and D5 (excellent carrying).



	(2)

	
The assignment clouds of WRCC levels determined by golden section cloud generation







The golden section cloud generation method is used to calculate and determine the assignment clouds of different WRCC levels based on the aforementioned classifications. Within the domain of [0,5], the boundary values of 0 and 5 are taken as the cloud’s expected value of level D1 and D5, respectively. The intermediate value of 2.5 was taken as the cloud’s expected value of level D3. The cloud’s expected values of level D2 and D4 follow the golden section method. For the values of adjacent expectation, entropy and hyper entropy (Ex, En, He), the smaller value was 0.618 times the larger value. The determination of the entropy value follows the ‘3 En rule’ and the hyper entropy value was about 0.1 times the entropy value. According to these rules and methods, the eigenvalues of the assignment clouds of different WRCC levels were calculated (Table 3), and the corresponding assignment clouds are shown in Figure 2.



	(3)

	
The WRCCA index clouds calculated by cloud operations







Based on the comprehensive evaluation sets and the assignment clouds at different WRCC levels of each subsystem, the evaluation index cloud of each subsystem    ξ i    is calculated by using the weighted average principle and the cloud algebraic operation rules, which is expressed as Equation (36):


   ξ i  =     ∑  j = 1  n    b  i j    c j        ∑  j = 1  n    b  i j        



(36)




where    ξ i    (i = 1, 2, …, m) is the evaluation index cloud of each subsystem, i is the number of subsystems,    b  i j     (j = 1, 2, …, n) is the element in i-th row and j-th column of the comprehensive evaluation set for each subsystem, j is the number of evaluation levels and    c j    is the assignment cloud at a certain evaluation level for each subsystem. Finally, the evaluation index cloud of WRCC  ξ  is calculated based on the weight cloud and evaluation index cloud of each subsystem, that is,


  ξ =   ∑  i = 1  m    ξ i   w i     



(37)




where    ξ i    and    w i    are the evaluation index cloud and weight cloud of each subsystem, respectively.






3. Application


3.1. Study Area


As a case study, we apply and validate the proposed FCE-AHP-CM hybrid approach for WRCCA in Datong City, which is located at the north of Shanxi Province in China (Figure 3). It has a continental monsoon climate with the average temperature of 6–8 °C, average annual rainfall of 421.4 mm, and average evaporation of 1067.4 mm. Dating City is a typical arid and semiarid region in North China, whose rainfalls are very unevenly distributed in spaces with great changes within and between years. As shown in Figure 3, the main rivers include Sanggan River, Yuhe River, Shili River, Yuni River, Hun River, Nanyang River, Xiyang River, Huliu River, and Tang River, which belong to the Yongding River and Daqing River systems of the Haihe River Basin. There are six large and medium-sized reservoirs, nine hydrological stations, six water level stations, eight spring stations, 193 rainfall stations, 298 groundwater observation stations, and 30 water quality monitoring sections.



The water resources in Datong City are severely shorted and in a high level of development and utilization. In 2017, the average amount of water resources per capita in Datong City was only 277 m3 and the rate of surface water resource exploitation was 44.9%. The groundwater extraction coefficient was 0.95. The total amount of local water resources is 954.32 million m3, of which the amount of natural runoff is 479.02 million m3, the volume of groundwater resources is 732.49 million m3, and the repeat volume is 257.19 million m3. The total amount of water consumption is 615.11 million m3, which include 231.16 million m3 of surface water, 332.79 million m3 of groundwater consumption and 51.16 million m3 of reclaimed water (Figure 4). The water can be classified by water usage, which include 94.86 million m3 for residential use, 475.56 million m3 for industrial use, and 44.69 million m3 for ecological use (Figure 5).




3.2. Evaluation Indicator System Construction and Data Preparation for WRCCA in the Study Area


The text matching method was used for document matching and indicator query in the study area. After counting the occurrence frequency of each indicator in the query results, a total of 36 indicators with the frequency of the top 30% were selected. By collecting statistical data and water consumption data of various industries from the Datong Statistical Yearbook, the Datong Water Resources Bulletin, the Measured and Historical Compilation Data of Hydrology and Water Resources Survey Station of Shanxi Province, the Spearman rank correlation analysis method was used to calculate the correlation of indicators with Equation (2). Since the correlation coefficients between precipitation and precipitation in the flood season, annual runoff and annual runoff depth are 0.92 and 0.95, respectively, two indicators were removed. Using the gray correlation method to further select the indicators with Equations (3)–(8), we found that the correlations of seven indicators, such as downrange of groundwater depth, water consumption of ten-thousand CNY (USD 1426) industrial output value, vegetation coverage, industrial wastewater discharge, domestic sewage discharge, mine drainage, and industrial output value as a percentage of GDP, were relatively weak. After screening them, the evaluation indicator system for WRCCA in the study area, consisting of 27 indicators in four subsystems, was finally constructed (Table 4).



The maximum and minimum values of every indicator in Datong City over 30 years were evenly divided into five levels. If there were few other close values distributed near the individual maximum and minimum values, they were traded off. From Equations (9)–(11), each indicator level range was obtained, and after further adjustment in accordance with national or industry standards, the evaluation indicator level standards were finally determined (Table 5), and as examples, only the corresponding data of every indicators of the study area in 2017 are shown in Table 5.




3.3. Results of WRCCA in the Study Area


3.3.1. Calculation of the Weights Clouds for Subsystems and Indicators


In this case study, we selected three experts in the field of WRCCA from the Experts Database, and after consulting with them, the opinions of each expert on relative importance’s of subsystems and indicators were respectively obtained. Then using the floating cloud model, we aggregated the judgement matrices of subsystems and indicators given by different experts (Table 6, Table 7, Table 8, Table 9 and Table 10).



By using Equations (27)–(29) and the data of the study area in 2017, the weights clouds eigenvalues of each subsystem and indicator were calculated (Table 11). The results showed that the hydrology subsystem has the largest weights and the most significant effects on the WRCC, followed by the water resource utilization and the water ecological environment subsystems, and the economic and social subsystem has the smallest weights and negative effects on the WRCC. The top 10 indicators are: precipitation in flood season, surface water quality index, runoff depth, ecological environment water use rate, GDP per capita, population density, water resources per capita, groundwater extraction coefficient, development and utilization of surface water resources, and dilution ratio.




3.3.2. Calculation of the Membership Matrices and Comprehensive Evaluation Sets of Subsystems


By using Equation (12), the membership matrices of evaluation indicators of each subsystem of the study area in 2017 were calculated as follows.


   R  Hydrology   =  [      0.091     0.678     0.336     0.001     0.001       0.129     0.866     0.191     0.000     0.001       0.162     0.961     0.118     0.000     0.000       0.027     0.145     0.924     0.027     0.010       0.001     0.000     0.150     0.925     0.145       0.000     0.000     0.064     1.000     0.208      ]   










   R   Water     resources     utilization    =  [      0.014     0.052     0.992     0.082     0.020       0.099     0.733     0.290     0.001     0.002       0.154     0.936     0.133     0.001     0.001       0.000     0.000     0.000     0.018     0.947       0.002     0.000     0.069     0.999     0.190       0.141     0.926     0.146     0.000     0.001       0.000     0.000     0.000     0.000     0.964       0.000     0.000     0.003     0.365     0.566       0.143     0.905     0.163     0.000     0.002       0.000     0.000     0.000     0.027     0.920       0.000     0.000     0.001     0.295     0.612      ]   










   R   Water     ecological     environment    =  [      0.000     0.000     0.000     0.000     0.655       0.000     0.000     0.000     0.006     0.989       0.000     0.000     0.000     0.003     1.000       0.004     0.007     0.726     0.304     0.038       0.001     0.001     0.213     0.826     0.122      ]   










   R   Economy     and     society    =  [      0.016     0.075     0.996     0.063     0.012       0.046     0.357     0.659     0.005     0.004       0.000     0.000     0.000     0.012     0.960       0.000     0.000     0.000     0.062     0.826       0.123     0.840     0.211     0.000     0.001      ]   











Then, by using Equation (13), the comprehensive evaluation set of all the subsystems of the study area in 2017 was calculated after the dot multiplication operation between the evaluation indicators weights clouds and membership matrices of each subsystem:


  B =  [      ( 0.091 , 0.051 , 0.051 )     ( 0.611 , 0.349 , 0.348 )     ( 0.277 , 0.146 , 0.146 )     ( 0.165 , 0.125 , 0.124 )     ( 0.030 , 0.021 , 0.021 )       ( 0.059 , 0.033 , 0.034 )     ( 0.374 , 0.209 , 0.215 )     ( 0.203 , 0.132 , 0.135 )     ( 0.080 , 0.046 , 0.047 )     ( 0.380 , 0.203 , 0.197 )       ( 0.001 , 0.001 , 0.001 )     ( 0.002 , 0.001 , 0.001 )     ( 0.194 , 0.135 , 0.140 )     ( 0.345 , 0.286 , 0.292 )     ( 0.432 , 0.248 , 0.240 )       ( 0.039 , 0.024 , 0.025 )     ( 0.268 , 0.173 , 0.175 )     ( 0.524 , 0.359 , 0.356 )     ( 0.027 , 0.020 , 0.019 )     ( 0.225 , 0.167 , 0.165 )      ]   



(38)








3.3.3. Calculation of the Evaluation Index Clouds for WRCCA in the Study Area


The WRCC evaluation index clouds of each subsystem of the study area in 2017 were calculated by using Equation (36) based on the comprehensive evaluation set and different levels of the assignment clouds. En and He were normalized by analyzing the entropy ‘En’ and hyper entropy ‘He’, as well as through comparing them with the eigenvalues of the assignment clouds. Finally, by using Equation (37), the WRCC evaluation index clouds were calculated. Their results are shown in Table 12.




3.3.4. Determination of the Evaluation Levels for WRCCA in the Study Area


According to their eigenvalues in Table 12, the corresponding evaluation index clouds of WRCC and each subsystem of Datong City in 2017 are shown in Figure 6 and Figure 7, respectively. From Figure 6, it can be seen intuitively that the WRCC evaluation index cloud of Datong City in 2017 is located between the clouds of D3 and D4 levels, and is closer to the D3 level cloud. It can be inferred that the WRCC level of Datong in 2017 is D3, which is in a non-overloaded state. From comparison between the evaluation index cloud and the level assignment cloud, it can be seen that the distribution of the evaluation index cloud is relatively concentrated, and the values of both entropy ‘En’ and hyper entropy ‘He’ are reasonable. The expected value Ex takes a lead in determining the level of WRCC. It is credible to obtain the level of WRCC from Ex.



It is known, from Figure 7, that the WRCC evaluation index cloud of the hydrology subsystem of the study area in 2017 is located between the D2 and D3 level clouds, which is closer to the D2 level cloud, and tends to approach the D3 level cloud. This means that the WRCC level of hydrology subsystem is D2, which is in an overload state and has a tendency to develop towards a non-overloaded state. The WRCC evaluation index cloud of the water resources utilization subsystem is located between the D3 and D4 level clouds, which is closer to the D3 level cloud, and tends to approach the D4 level cloud. It means that the WRCC level of water resources utilization subsystem is D3, which is in a non-overloaded state and has a tendency to develop towards a good carrying state. The WRCC evaluation index cloud of the water ecological environment subsystem is located between the D4 and D5 level clouds, which is closer to the D4 level cloud. This means that the WRCC level of water ecological environment subsystem is D4, which is in a good carrying state. The WRCC evaluation index cloud of the economy and society subsystem is located between the D2 and D3 level clouds, which is closer to the D3 level cloud. This means that the WRCC level of economy and society subsystem is D3, which is in a non-overloaded state.





3.4. Validation and Analysis of WRCCA in the Study Area


3.4.1. WRCCA Results Validation in the Study Area


Similar to the above WRCCA calculations of the study area in 2017, the WRCC levels (the histogram in Figure 8) and evaluation indexes (the red line in Figure 8) of Datong City from 1988 to 2016 were also obtained. It is shown that the WRCC of Datong City gradually decreased from D4 level to D2 level and then restored to D3 level from 1988 to 2017. That is, the WRCC level experienced a transition from being good carrying to overloaded carrying, and finally restored to be non-overloaded carrying. The WRCC levels were D4 from 1988 to 1992, and then gradually weakened. In most cases, the levels were D3 from 1993 to 2005. There were two exceptions in 1995 with the level of D4 and in 2001 with the level of D2. The levels of WRCC were D2 from 2006 to 2011, which was an overloaded state. The WRCC levels were mostly D3 in 2012–2017 with an exception of D4 in 2013, which restored to a non-overloaded state.



According to the annual ‘Datong City Government Work Report’, ‘Datong City Water Resources Evaluation and Allocation Schemes’, ‘Datong City Water Resources Globalization Allocation Schemes’, and the actual development analysis of Datong City, the annual actual WRCC states from 1988 to 2017 have been collected (the blue line in Figure 8). It can be seen that the natural hydrological conditions of the study area were relatively good and the water resources utilization potential was large in the late 1980s and early 1990s. During this period, the economy and society were not well developed and the water demands were low. Thus, the WRCC was relatively strong, generally in a good carrying state, and showed a gradual weakening trend. From the mid-1990s to the end of the ‘10th Five-Year Plan’ period (2001–2005), the WRCC was basically in a non-overloaded state and showed a steady downward trend. During the ‘11th Five-Year Plan’ period (2006–2010), the water demands and the amount of waste water discharges increased rapidly with the accelerated urbanization process and the development of economy and society. As a result, the quality of the water environment deteriorated, the WRCC was in an overloaded state and showed a trend of decreasing first and then increasing. With the implementation of the ‘12th Five-Year Plan’ (2011–2015), a large number of water conservancy projects and water-saving projects started to be constructed. During this period, ‘three red lines’ were established, ‘the most stringent water resources management system’ was implemented, and the water-saving awareness of the whole society was raised. The WRCC therefore has been effectively improved, and returned to a non-overloaded state and showed a gradual upward trend. In 1993, 2001, and 2013, due to sudden changes in hydrological conditions such as precipitation, the WRCC has changed significantly. Excluding the above 3 special years, the WRCC of Datong City has experienced the changes from a good carrying state to a non-overloaded state, then to an overloaded status, and finally restored to a non-overloaded state.



From comparisons between the WRCCA results calculated with the FCE-AHP-CM hybrid approach and the corresponding actual WRCC states of the study area from 1988 to 2017 in Figure 8, it could be found that not only the differences of WRCC levels in most years are very small, but also their change tendencies in the past 30 years are very similar. In addition, by comparing the results of this study with previous studies, it was found that the conclusions obtained are similar. Regarding the WRCCA results in Datong City, this paper and those by Wang et al. [40] and Liu [41] have shown that the water resources carrying states in 2000 and 2010 calculated by different evaluation methods were consistent and the variation trend of the WRCC assessed by different evaluation models was similar. At the same time, the novel hybrid FCE-AHP-CM approach proposed in this paper has the special superiority in comprehensively dealing with the fuzziness and randomness, and therefore not only could accurately assess the WRCC, but also could significantly increase the robustness and intuition of WRCCA results. In the assessment of the WRCC, this paper and those by Xi et al., Wen et al., Zhang, Peng et al., Wu et al., Yu et al., and Zhang [42,43,44,45,46,47,48] found that the WRCC has been effectively improved and showed an increasing trend after the ‘11th Five-Year Plan’ in China. The hydrological conditions such as precipitation have a great influence on the WRCC. The aforementioned comparative discussion further verifies the accuracy, reliability, and stability of the novel FCE-AHP-CM hybrid approach for WRCCA proposed in this paper.




3.4.2. Mechanism Analyses of the WRCC Changes in the Study Area Based on the Evaluation Index


In order to analyze the possible mechanisms of the WRCC changes in the study area from 1988 to 2017, we could compare the comprehensive evaluation indexes of WRCC and the corresponding evaluation indexes of every subsystems (Figure 9). As known in the above subsection, the evaluation indexes of WRCC showed an overall downward trend, generally obvious between 1988 and 2001 except for sudden changes in individual years. The downward trend became flattened from 2002 to 2011 and began to gradually increase since 2012. The highest and lowest values of the comprehensive evaluation indexes were 3.548 in 1989 and 1.503 in 2007, respectively. Moreover, the peak values were found in 1995 and 2013, and the valley values were found in 1993 and 2001 (the red line in Figure 9).



The evaluation indexes of the hydrology subsystem showed a declining trend (the black line in Figure 9). The decline rate was large from 1988 to 2001, became smaller during 2002 to 2010, and then began to increase from 2011. The two highest values were 4.704 in 1995 and 4.301 in 2013, and the two lowest values were 0.701 in 1993 and 0.687 in 2001. These changes were highly consistent with the WRCC evaluation index changes, which indicated that the WRCC in the study area was greatly affected by the hydrological conditions.



Shown as the blue line in Figure 9, the evaluation indexes of the water resources utilization subsystem varied slightly from 1988 to 2017. A slow downward trend was observed from 1988 to 2010, followed by a sudden increase in 2011 and then steadily rose thereafter. The two highest values were 3.175 in 2012 and 3.098 in 2016, and the lowest value was 1.501 in 2009. The evaluation indexes changes of the water ecological environment subsystem could be divided into two stages (the green line in Figure 9). The indexes decreased rapidly from 1988 to 2007, and started to increase from 2008 with an obvious upward trend. The two highest index values were 4.301 in 1990 and 4.159 in 2016. The lowest index value was 0.501 in 2000. It could be seen that the tendency of WRCC evaluation indexes changes were basically consistent with the evaluation indexes changes tendency of the water resources utilization subsystem and water ecological environment subsystem, which indicated that the WRCC in the study area was affected by these two subsystems.



According to the orange line in Figure 9, the evaluation indexes of the economic and social subsystem generally showed a downward trend. It fluctuated from 1988 to 1997, slightly rose between 1998 and 1999, rapidly decreased in the next 2 years, fell gently in 2002, reached the lowest value in 2013, and then started to rebound slightly from 2014. The two highest index values were 3.987 in 1998 and 4.081 in 1999. The two lowest index values were 1.982 in 2012 and 1.936 in 2013. It could be found that the evaluation indexes changes of the WRCC and the economic and social subsystem showed opposite tendencies. The faster the development was, the lower the index would be.






4. Conclusions


It has been well known that the WRCC in a region is affected and decided by many factors. However, the viewpoints of different experts on their influences could not always be the same. There are strong uncertainties such as fuzziness and randomness in the process of WRCCA. In order to solve these problems, we proposed a novel hybrid approach by integrating the FCE and AHP methods with the cloud model. The main conclusions of this paper are as follows.



The evaluation indicator system is the key fundamental of WRCCA. Four evaluation subsystems, including hydrology, water resources utilization, water ecological environment, and economy and society, were constructed based on the evaluation rules with the former two subsystems as constraints, and the latter two subsystems as optimization goals. For the selection and screening of the indicators in each subsystem, the qualitative and quantitative methods such as text matching, Spearman rank correlation analysis and gray correlation are very effective, especially in the big data area.



The FCE method could solve the fuzziness problem in WRCCA, and the AHP method could be helpful to calculate the weights of multilayer indicators for the FCE method. In addition, the cloud model could be used to improve the FCE and AHP methods. For the integrations of AHP with CM, the relative importance’s of indicators could be scaled with the expectation, entropy and hyper entropy of the cloud model, the aggregation of judgement matrices could be described by the floating cloud model, and finally the weights clouds of subsystems and indicators in WRCCA could be obtained, which would greatly reduce the randomness in the weights calculations caused by different experts’ subjective opinions. For the integrations of FCE with CM, the different levels of comment sets could be expressed with the eigenvalues of cloud models, the membership degree matrix could be calculated by the forward cloud generator, the assignment clouds of WRCC levels could be determined by golden section cloud generation, and finally, the WRCCA index clouds could be obtained by cloud operations, which would effectively blur the fuzziness of the WRCC level boundaries and give more intuitive evaluation results. As a case study, the FCE-AHP-CM hybrid approach for WRCCA proposed in this paper was applied to Datong City of Shanxi Province in North China, it was shown that the WRCC in the study area could be accurately assessed with the hybrid approach, and especially, since the novel hybrid approach has the particular advantages to comprehensively deal with the fuzziness and randomness in WRCCA, the robustness and intuition of results could be significantly enhanced. By the way, by comparing the comprehensive evaluation index cloud of WRCC and the evaluation index cloud of each subsystem, the possible corelationships between the WRCC and impact factors could be analyzed and revealed.
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Figure 1. The theory and integration method of the proposed fuzzy comprehensive evaluation-analytical hierarchy process-cloud model (FCE-AHP-CM) hybrid approach for water resources carrying capacity assessment (WRCCA). 
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Figure 2. The assignment clouds of WRCC levels. 
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Figure 3. The geographical location and hydrometeorological conditions of the study area. 
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Figure 4. Proportion of the water resources of Datong in 2017 according to different types. 
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Figure 5. Proportion of the water resources of Datong in 2017 according to different usages. 
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Figure 6. The evaluation index cloud for WRCCA of the study area in 2017. 
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Figure 7. The WRCC evaluation index cloud of each subsystem of the study area in 2017. (a) Hydrology subsystem. (b) Water resources utilization subsystem. (c) Water ecological environment subsystem. (d) Economy and society subsystem. 
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Figure 8. The calculated WRCC levels, evaluation indexes and the actual WRCC states of the study area from 1988 to 2017. 
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Figure 9. The evaluation indexes of every subsystems and the comprehensive evaluation indexes of WRCC in the study area from 1988 to 2017. 
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Table 1. The relative importance scales of influencing factors.
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Relative Importance

	
Degree

	
Saaty Scale

	
Cloud Scale






	
i is more important than j

	
Extreme

	
9

	
(9,0.17,0.05)




	
Strong

	
7

	
(7,0.17,0.05)




	
Obvious

	
5

	
(5,0.17,0.05)




	
A little

	
3

	
(3,0.17,0.05)




	
i is as important as j

	
Equal

	
1

	
(1,0,0)




	
j is more important than i

	
A little

	
1/3

	
(1/3,0.17/9,0.05/9)




	
Obvious

	
1/5

	
(1/5,0.17/25,0.05/25)




	
Strong

	
1/7

	
(1/7,0.17/49,0.05/49)




	
Extreme

	
1/9

	
(1/9,0.17/81,0.05/81)




	
i is more important than j, and the importance is between the two integers

	
2, 4, 6, 8

	
(2,0.17,0.05)




	
j is more important than i, and the importance is between the two reciprocals of integers

	
1/2, 1/4, 1/6, 1/8

	
(1/2,0.17/4,0.05/4)
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Table 2. The average values of the consistency random indicators.
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	Order
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15



	RI
	0
	0
	0.52
	0.89
	1.12
	1.26
	1.36
	1.41
	1.46
	1.49
	1.52
	1.54
	1.56
	1.58
	1.59



	Order
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30



	RI
	1.5943
	1.6064
	1.6133
	1.6207
	1.6292
	1.6385
	1.6403
	1.6462
	1.6497
	1.6556
	1.6587
	1.6631
	1.667
	1.6693
	1.6724
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Table 3. The assignment cloud eigenvalues of water resources carrying capacity (WRCC) levels of each subsystem.
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	Subsystem
	D1
	D2
	D3
	D4
	D5





	Hydrology (+)
	(0,0.515,0.065)
	(1.545,0.318,0.04)
	(2.5,0.2,0.02)
	(3.455,0.318,0.04)
	(5,0.515,0.065)



	Water resources utilization (+)
	(0,0.515,0.065)
	(1.545,0.318,0.04)
	(2.5,0.2,0.02)
	(3.455,0.318,0.04)
	(5,0.515,0.065)



	Water ecological environment (+)
	(0,0.515,0.065)
	(1.545,0.318,0.04)
	(2.5,0.2,0.02)
	(3.455,0.318,0.04)
	(5,0.515,0.065)



	Economy and society (−)
	(5,0.515,0.065)
	(3.455,0.318,0.04)
	(2.5,0.2,0.02)
	(1.545,0.318,0.04)
	(0,0.515,0.065)
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Table 4. The evaluation indicator system for WRCCA in the study area.
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Target Layer

	
System Layer

	
Indicator Layer

	
Calculation Formula

	
Significance






	
Evaluation of WRCC

	
Hydrology (+)

	
Precipitation in flood season (+)

	
Measured data

	
Reflect regional precipitation during the flood season




	
Runoff depth (+)

	
Annual runoff/Area

	
Reflects water depth evenly distributed over the area




	
Water resources per capita (+)

	
Total water resources/Total population

	
Reflecting the abundance, shortage, and potential of regional water resources




	
Water resources per unit area (+)

	
Total water resources/Area

	
Reflects water resources per unit area




	
Water production coefficient (+)

	
Total water resources/Precipitation

	
Reflects precipitation capacity in the research area




	
Drought Index (−)

	
Evaporation/Precipitation

	
Reflect the degree of regional drought




	
Water resources utilization (+)

	
Water consumption per capita (−)

	
Total water use/Total population

	
Reflect per capita water use




	
Water supply modulus (−)

	
Water supply/Area

	
Reflecting water use per unit area




	
Development and utilization of surface water resources (−)

	
Surface water supply/Surface water availability

	
Reflect the degree of exploitation and utilization of surface water resources




	
Average water consumption per hectare of farmland irrigation (−)

	
Farmland irrigation water consumption/Irrigated area

	
Reflecting water use efficiency of agricultural




	
Proportion of groundwater use (−)

	
Groundwater consumption/Total water consumption

	
Reflect the proportion of groundwater use




	
Groundwater exploitation efficient (−)

	
Actual groundwater exploitation/Exploitable groundwater

	
Reflect the status and potential of groundwater exploitation




	
Water consumption per ten-thousand CNY (USD 1426) of industrial added value (−)

	
Industrial water consumption/Industrial added value

	
Reflect industrial water utilization levels




	
Urban domestic water quota (−)

	
Urban water consumption/Urban population/days

	
Reflect the level of urban residents’ domestic water use




	
Rural domestic water quota (−)

	
Rural water consumption/Rural population/days

	
Reflect the level of rural residents’ domestic water use




	
Water consumption per ten-thousand CNY (USD 1426) of GDP (−)

	
Total water consumption/GDP

	
Reflect the overall economic water situation in the region




	
Proportion of water used in the tertiary industry (+)

	
Tertiary industry water consumption/Total water consumption

	
Reflect the proportion of water used in the tertiary industry




	
Water ecological environment (+)

	
Ecological environment water use rate (+)

	
Ecological and environmental water consumption/Total water resources

	
Reflect ecosystem needs for water




	
Wastewater discharge per ten-thousand CNY (USD 1426) output value (−)

	
Wastewater discharge/GDP

	
Reflecting the status of wastewater discharge




	
Wastewater utilization rate (+)

	
Wastewater utilization/Wastewater discharge

	
Reflecting wastewater utilization capacity




	
Dilution ratio (−)

	
Wastewater discharge/Surface runoff

	
Reflect the surface water pollution status and dilution ability




	
Surface water quality index (+)

	
Concentration percentage value of the indicators in the corresponding grade

	
Reflect the quality of surface water environment




	
Economy and society (−)

	
Population density (+)

	
Total population/Area

	
Reflect regional population scale




	
GDP per capita (+)

	
GDP/Total population

	
Reflect the overall economic level of the region




	
Urbanization rate (+)

	
Urban population/Total population

	
Reflect the scale of regional urban population




	
Tertiary industry ratio (+)

	
Added value of tertiary industry/GDP

	
Reflect the status of regional tertiary industry structure




	
Annual GDP growth rate (+)

	
(GDP of the current year-GDP of the previous year)/GDP of the previous year

	
Reflect the overall economic development capacity of the region
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Table 5. The level standards and data in 2017 of evaluation indicators for WRCCA of the study area.
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	Indicator
	Unit
	Value in 2017
	The Maximum Value
	The Minimum Value
	D1
	D2
	D3
	D4
	D5





	Precipitation in flood season
	mm
	307.3
	520
	180
	<248
	(248, 316)
	(316, 384)
	(384, 452)
	≥452



	Runoff depth
	mm
	34
	70
	15
	<26
	(26, 37)
	(37, 48)
	(48, 59)
	≥59



	Water resources per capita
	m3/person
	277.2
	480
	180
	<240
	(240, 300)
	(300, 360)
	(360, 420)
	≥420



	Water resources per unit area
	104 m3/km2
	6.8
	10
	4
	<5.2
	(5.2, 6.4)
	(6.4, 7.6)
	(7.6, 8.8)
	≥8.8



	Water production coefficient
	-
	0.2
	0.25
	0.1
	<0.13
	(0.13, 0.16)
	(0.16, 0.19)
	(0.19, 0.22)
	≥0.22



	Drought Index
	-
	2.4
	4.5
	1.5
	≥3.9
	(3.3, 3.9)
	(2.7, 3.3)
	(2.1, 2.7)
	<2.1



	Water consumption per capita
	m3/person
	178.7
	240
	120
	≥216
	(192, 216)
	(168, 192)
	(144, 168)
	<144



	Water supply modulus
	104 m3/km2
	4.4
	5.5
	2.5
	≥4.9
	(4.3, 4.9)
	(3.7, 4.3)
	(3.1, 3.7)
	<3.1



	Development and utilization of surface water resources
	%
	67
	90
	20
	≥76
	(62, 76)
	(48, 62)
	(34, 48)
	<34



	Average water consumption per hectare of farmland irrigation
	m3/hm2
	161.2
	350
	150
	≥310
	(270, 310)
	(230, 270)
	(190, 230)
	<190



	Proportion of groundwater use
	%
	54.1
	75
	45
	≥69
	(63, 69)
	(57, 63)
	(51, 57)
	<51



	Groundwater exploitation efficient
	-
	0.8
	1
	0.4
	≧0.88
	(0.76, 0.88)
	(0.64, 0.76)
	(0.52, 0.64)
	<0.52



	Water consumption per ten-thousand CNY (USD 1426) of industrial added value
	m3/104 CNY
	54.8
	380
	50
	≥314
	(248, 314)
	(182, 248)
	(116, 182)
	<116



	Urban domestic water quota
	L/person.day
	82.8
	140
	70
	≥126
	(112, 126)
	(98, 112)
	(84, 98)
	<84



	Rural domestic water quota
	L/person.day
	63.1
	80
	30
	≥70
	(60, 70)
	(50, 60)
	(40, 50)
	<40



	Water consumption per ten-thousand CNY (USD 1426) of GDP
	m3/104 CNY
	52.5
	220
	40
	≥184
	(148, 184)
	(112, 148)
	(76, 112)
	<76



	Proportion of water used in the tertiary industry
	%
	1.8
	2
	0.8
	<1.04
	(1.04, 1.28)
	(1.28, 1.52)
	(1.52, 1.76)
	≥1.76



	Ecological environment water use rate
	%
	4.7
	5
	0.5
	<1.4
	(1.4, 2.3)
	(2.3, 3.2)
	(3.2, 4.1)
	≥4.1



	Wastewater discharge per ten-thousand CNY (USD 1426) output value
	m3/104 CNY
	9.2
	170
	5
	≥137
	(104, 137)
	(71, 104)
	(38, 71)
	<38



	Wastewater utilization rate
	%
	49.8
	50
	5
	<14
	(14, 23)
	(23, 32)
	(32, 41)
	≥41



	Dilution ratio
	%
	15.8
	30
	5
	≥25
	(20, 25)
	(15, 20)
	(10, 15)
	<10



	Surface water quality index
	-
	59
	80
	20
	<32
	(32, 44)
	(44, 56)
	(56, 68)
	≥68



	Population density
	person/km2
	244.2
	300
	190
	<212
	(212, 234)
	(234, 256)
	(256, 278)
	≥278



	GDP per capita
	104 CNY/person
	2.4
	5
	0.5
	<1.4
	(1.4, 2.3)
	(2.3, 3.2)
	(3.2, 4.1)
	≥4.1



	Urbanization rate
	%
	62.9
	65
	20
	<29
	(29, 38)
	(38, 47)
	(47, 56)
	≥56



	Tertiary industry ratio
	%
	47
	50
	20
	<26
	(26, 32)
	(32, 38)
	(38, 44)
	≥44



	Annual GDP growth rate
	%
	4.8
	10
	2
	<3.6
	(3.6, 5.2)
	(5.2, 6.8)
	(6.8, 8.4)
	≥8.4
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Table 6. The aggregated judgement matrix of subsystems.
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	Subsystem
	Hydrology
	Water Resources Utilization
	Water Ecological Environment
	Economy and Society





	1
	(1,0,0)
	(1.167,0.103,0.052)
	(1.443,0.158,0.070)
	(1.500,0.156,0.072)



	2
	
	(1,0,0)
	(1.167,0.103,0.052)
	(1.333,0.085,0.050)



	3
	
	
	(1,0,0)
	(1.333,0.085,0.050)



	4
	
	
	
	(1,0,0)
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Table 7. The aggregated judgement matrix of indicators in hydrology subsystem.
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	Indicator
	Precipitation in Flood Season
	Runoff Depth
	Water Resources per Capita
	Water Resources per Unit Area
	Water Production Coefficient
	Drought Index





	1
	(1,0,0)
	(1.667,0.136,0.071)
	(2.333,0.170,0.087)
	(3.667,0.170,0.087)
	(3.000,0.170,0.087)
	(4.667,0.170,0.087)



	2
	
	(1,0,0)
	(1.667,0.136,0.071)
	(3.000,0.170,0.087)
	(2.333,0.170,0.087)
	(4.000,0.170,0.087)



	3
	
	
	(1,0,0)
	(2.333,0.170,0.087)
	(1.667,0.136,0.071)
	(3.333,0.170,0.087)



	4
	
	
	
	(1,0,0)
	(0.600,0.024,0.018)
	(2.000,0.170,0.087)



	5
	
	
	
	
	(1,0,0)
	(2.667,0.170,0.087)



	6
	
	
	
	
	
	(1,0,0)
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Table 8. The aggregated judgement matrix of indicators in water resources utilization subsystem.
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	Indicator
	Water Consumption per Capita
	Water Supply Modulus
	Development and Utilization of Surface Water Resources
	Average Water Consumption per Hectare of Farmland Irrigation
	Proportion of Groundwater Use
	Groundwater Exploitation Efficient
	Water Consumption per ten-thousand CNY of Industrial Added Value
	Urban Domestic Water Quota
	Rural Domestic Water Quota
	Water Consumption per ten-thousand CNY of GDP
	Proportion of water Used in the Tertiary Industry





	1
	(1,0,0)
	(2.167,0.160,0.072)
	(0.750,0.009,0.013)
	(1,0,0)
	(3.333,0.170,0.087)
	(0.750,0.009,0.013)
	(1.444,0.158,0.071)
	(3.667,0.170,0.087)
	(5.667,0.170,0.087)
	(1.444,0.158,0.071)
	(4.667,0.170,0.087)



	2
	
	(1,0,0)
	(0.400,0.291,0.050)
	(0.462,0.255,0.051)
	(2.333,0.170,0.087)
	(0.400,0.291,0.050)
	(0.500,0.043,0.022)
	(2.667,0.170,0.087)
	(4.667,0.170,0.087)
	(0.500,0.043,0.022)
	(3.667,0.170,0.087)



	3
	
	
	(1,0,0)
	(1.333,0.085,0.050)
	(3.667,0.170,0.087)
	(1,0,0)
	(1.778,0.161,0.071)
	(4.000,0.170,0.087)
	(6.000,0.170,0.087)
	(1.778,0.161,0.071)
	(5.000,0.170,0.087)



	4
	
	
	
	(1,0,0)
	(3.333,0.170,0.087)
	(0.750,0.009,0.013)
	(1.444,0.158,0.071)
	(3.667,0.170,0.087)
	(5.667,0.170,0.087)
	(1.444,0.158,0.071)
	(4.667,0.170,0.087)



	5
	
	
	
	
	(1,0,0)
	(0.273,0.031,0.013)
	(0.300,0.017,0.008)
	(1.333,0.085,0.050)
	(3.333,0.170,0.087)
	(0.300,0.017,0.008)
	(2.333,0.170,0.087)



	6
	
	
	
	
	
	(1,0,0)
	(1.778,0.161,0.071)
	(4.000,0.170,0.087)
	(6.000,0.170,0.087)
	(1.778,0.161,0.071)
	(5.000,0.170,0.087)



	7
	
	
	
	
	
	
	(1,0,0)
	(3.667,0.170,0.087)
	(5.667,0.170,0.087)
	(1,0,0)
	(4.667,0.170,0.087)



	8
	
	
	
	
	
	
	
	(1,0,0)
	(3.000,0.170,0.087)
	(0.273,0.017,0.008)
	(2.000,0.170,0.087)



	9
	
	
	
	
	
	
	
	
	(1,0,0)
	(0.176,0.006,0.003)
	(0.500,0.043,0.022)



	10
	
	
	
	
	
	
	
	
	
	(1,0,0)
	(4.667,0.170,0.087)



	11
	
	
	
	
	
	
	
	
	
	
	(1,0,0)
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Table 9. The aggregated judgement matrix of indicators in water ecological environment subsystem.
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	Indicator
	Ecological Environment Water Use Rate
	Wastewater Discharge per Ten-Thousand CNY Output Value
	Wastewater Utilization Rate
	Dilution Ratio
	Surface Water Quality Index





	1
	(1,0,0)
	(2.667,0.170,0.087)
	(3.000,0.170,0.087)
	(2.000,0.142,0.071)
	(0.667,0.191,0.053)



	2
	
	(1,0,0)
	(1.333,0.085,0.050)
	(0.600,0.024,0.018)
	(0.333,0.019,0.010)



	3
	
	
	(1,0,0)
	(0.500,0.043,0.022)
	(0.300,0.017,0.008)



	4
	
	
	
	(1,0,0)
	(0.429,0.038,0.019)



	5
	
	
	
	
	(1,0,0)
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Table 10. The aggregated judgement matrix of indicators in economy and society subsystem.
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	Indicator
	Population Density
	GDP per Capita
	Urbanization Rate
	Tertiary Industry Ratio
	Annual GDP Growth Rate





	1
	(1,0,0)
	(0.857,0.140,0.052)
	(2.000,0.170,0.087)
	(3.000,0.170,0.087)
	(2.000,0.142,0.071)



	2
	
	(1,0,0)
	(2.000,0.142,0.071)
	(3.000,0.170,0.087)
	(2.000,0.170,0.087)



	3
	
	
	(1,0,0)
	(2.000,0.142,0.071)
	(0.857,0.140,0.052)



	4
	
	
	
	(1,0,0)
	(0.500,0.043,0.022)



	5
	
	
	
	
	(1,0,0)
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Table 11. The weights clouds eigenvalues of each subsystem and indicator of the study area in 2017.






Table 11. The weights clouds eigenvalues of each subsystem and indicator of the study area in 2017.





	
Subsystem

	
Weight Cloud Eigenvalues

	
Indicator

	
Weight Cloud Eigenvalues






	
Hydrology

	
(0.310,0.285,0.305)

	
Precipitation in flood season

	
(0.336,0.339,0.336)




	
Runoff depth

	
(0.241,0.229,0.235)




	
Water resources per capita

	
(0.169,0.178,0.173)




	
Water resources per unit area

	
(0.083,0.081,0.082)




	
Water production coefficient

	
(0.118,0.124,0.122)




	
Drought Index

	
(0.053,0.050,0.051)




	
Water resources utilization

	
(0.264,0.250,0.262)

	
Water consumption per capita

	
(0.132,0.127,0.130)




	
Water supply modulus

	
(0.072,0.081,0.077)




	
Development and utilization of surface water resources

	
(0.160,0.152,0.157)




	
Average water consumption per hectare of farmland irrigation

	
(0.132,0.127,0.130)




	
Proportion of groundwater use

	
(0.043,0.042,0.043)




	
Groundwater exploitation efficient

	
(0.160,0.152,0.157)




	
Water consumption per ten-thousand CNY of industrial added value

	
(0.110,0.121,0.114)




	
Urban domestic water quota

	
(0.037,0.035,0.036)




	
Rural domestic water quota

	
(0.019,0.017,0.018)




	
Water consumption per ten-thousand CNY of GDP

	
(0.110,0.121,0.114)




	
Proportion of water used in the tertiary industry

	
(0.026,0.024,0.025)




	
Water ecological environment

	
(0.233,0.265,0.243)

	
Ecological environment water use rate

	
(0.280,0.311,0.292)




	
Wastewater discharge per ten-thousand CNY output value

	
(0.110,0.105,0.109)




	
Wastewater utilization rate

	
(0.091,0.086,0.088)




	
Dilution ratio

	
(0.163,0.157,0.163)




	
Surface water quality index

	
(0.356,0.341,0.349)




	
Economy and society

	
(0.193,0.200,0.190)

	
Population density

	
(0.289,0.299,0.293)




	
GDP per capita

	
(0.307,0.300,0.304)




	
Urbanization rate

	
(0.153,0.158,0.155)




	
Tertiary industry ratio

	
(0.089,0.085,0.086)




	
Annual GDP growth rate

	
(0.163,0.159,0.162)











[image: Table] 





Table 12. The eigenvalues of evaluation index clouds for WRCCA of the study area in 2017.






Table 12. The eigenvalues of evaluation index clouds for WRCCA of the study area in 2017.





	Name of the Evaluation Index Cloud
	Eigenvalues of the Cloud





	Hydrology subsystem
	(2.006,0.162,0.160)



	Water resources utilization subsystem
	(2.976,0.226,0.225)



	Water ecological environment subsystem
	(3.944,0.386,0.389)



	Economy and society subsystem
	(2.283,0.226,0.226)



	Water resources carrying capacity
	(2.767,0.250,0.245)
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