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Abstract

:

This paper establishes a water resources vulnerability framework based on sensitivity, natural resilience and artificial adaptation, through the analyses of the four states of the water system and its accompanying transformation processes. Furthermore, it proposes an analysis method for water resources vulnerability based on connection entropy, which extends the concept of contact entropy. An example is given of the water resources vulnerability in Anhui Province of China, which analysis illustrates that, overall, vulnerability levels fluctuated and showed apparent improvement trends from 2001 to 2015. Some suggestions are also provided for the improvement of the level of water resources vulnerability in Anhui Province, considering the viewpoint of the vulnerability index.
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1. Introduction


The concept of vulnerability has its roots in geography and natural hazards research. Moreover, the original concept is the degree to which a system is likely to experience harm because of exposure to a hazard [1,2]. Vulnerability is now considered a central concept in a variety of other research contexts including anthropology, sociology, economics, aerography, ecology, management and sustainability science [3]. There are two key research perspectives in water resources vulnerability: a major role key research perspective is vulnerability of single purpose water systems, such as surface water vulnerability, groundwater vulnerability, and vulnerability of the drinking water supplies, etc. Padowski and Gorelick [4] presented a global analysis of urban water supply vulnerability in 70 surface water-supplied cities in a baseline (2010) condition and a future scenario (2040), which considered increased demand from urban population growth and projected agricultural demand under normal climate conditions, but did not account for climate change. Allouchea et al. [5] assessed groundwater vulnerability to contamination from anthropogenic activities and sea water intrusion based on a more robust “global risk index”, and the DRASTIC and GALDIT parametric methods were then linked to a novel land use index. Khakhar et al. [6] derived the intrinsic vulnerability of groundwater against contamination using the GIS platform, and applied DRASTIC model for Ahmedabad district in Gujarat (India), that also contributes to validating the existence of higher concentrations of contaminants/indicators with respect to groundwater vulnerability status in the study area. Rushforth and Ruddell [7] spatially mapped and analyzed the Water Footprint of Flagstaff (AZ, USA), using a county-level database of the U.S. hydro-economy, NWED, which can empower city managers to operationalize a city’s water footprint information to reduce vulnerability and increase resilience. Martinez et al. [8] assessed the potential effects of climate change and the vulnerability of water sources to support informed decision-making in Mexico City. Padowski and Jawitz [9] presented a quantitative national assessment of urban water availability and vulnerability for 225 U.S. cities with population greater than 100,000. Additionally, urban vulnerability measures developed here were validated using a media text analysis. Sullivan [10] brought forth the water vulnerability index whereby supply-driven vulnerability and demand-driven vulnerability, through the combination of these various dimensions in a mathematical manner.



Another major role key research perspective concerns vulnerability and the factors influencing water systems. Socio-economy and ecology have also been considered, that is the coupled human-environmental system. A major role of the vulnerability concept is the degree to which a system is either susceptible to, or unable to tackle the adverse effects of climate change. This includes climate variability as well as those extremes listed by the Intergovernmental Panel for Climate Change (IPCC) [11]. Furthermore, vulnerability to climate change has been stated as a function of the character, magnitude and rate of climate variation to which a system is exposed, its responsiveness and its adaptive capacity. Safi et al. [12] developed a climate change vulnerability index as a function of physical vulnerability, sensitivity, and adaptive capacity, and discussed its relationships with climate change mitigation policy support. Liersch et al. [13] established a vulnerability framework through the assessment of vulnerability (V) as a function of exposure (E), sensitivity (S) and adaptive capacity (AC), where the impacts on V by E and S can be summarized as external impacts (EI). The assessment result indicates the difference between the current situation and a chosen scenario of change. Yang et al. [14] presented a multifunctional hierarchy indicator system based on sensitivity and adaptability, and established an evaluation model, the Analytic Hierarchy Process Combining Set Pair Analysis (AHPSPA) model. This AHPSPA model was used to assess the water resource vulnerability of Beijing (China). Gain et al. [15] established a generalized methodological framework for vulnerability assessment to support a participatory decision making mechanism in the field of water resources management, with a particular focus on climate change adaptation. This was in addition to facilitating the work of those active in the field of water management in developing countries by moving towards operational solutions. Ionescu et al. [16] presented the contours of a formal framework of vulnerability to climate change developed on the basis of a grammatical probe that stemmed from the everyday meaning of vulnerability to technical consumption in the context of climate change. Al-Saidia et al. [17] developed the Country Vulnerability Index of Water Resources, which is a composite of socioeconomic and natural components. This approach integrates a country-level standpoint while taking into consideration the associated energy and food issues that are capable of reducing water resources vulnerability. Shabbir and Ahmad [18] analyzed the vulnerability status of the water resources system in Rawalpindi and Islamabad (Pakistan) with the help of an analytic hierarchy process, keeping in mind the intricate, integrated, comprehensive, and hierarchical nature of the vulnerability evaluation of water resources. Füssel [3] presented a conceptual framework and a terminology of vulnerability that makes it possible to develop a concise characterization of any vulnerability concept and the key differences between different concepts. Thus, he thereby bridged the gap between various traditions of vulnerability research.



This paper brings forth a synthesis of the two research views discussed above. First, we will identify the factors of the water system by looking at the human socioeconomic system and the coupled human-environmental system. Second, we will analyze the four transformation processes of the water system in a changing environment: sensitive state, damaged state, recovery state, and equilibrium state. The key impact of natural factors has been defined as natural resilience that deals with the change from a damaged state to a recovery state. The major effect of artificial factors is defined as artificial adaptation that aims for the change from a recovery state to an equilibrium state. Research on water resources vulnerability by synthesis sensitivity (S), natural resilience (R) and artificial adaptation (A) will also be performed.




2. Mechanism of Water Resources Vulnerability in a Changing Environment


With the backdrop of natural hazards science, vulnerability research places significant emphasis on the resilience, response, and resilience of the human socioeconomic system in response to disasters. Accordingly, the concept of vulnerability is required to include exposure, sensitivity, adaptation, and resilience when the system is disturbed, destroyed, or affected. This paper presents the concept of water resources vulnerability, which is the nature and state of a water resources system, wherein, the normal structure and function are compromised by a changing environment. Vulnerability also includes, the sensitivity and adaptation to the disturbance and destruction under a changing environment, the ability to bear and cope with such change, and the level of resilience to damage [12,13,14,19].



In this transformation mechanism, the water system can experience four states: the sensitive state, the damaged state, the recovery state, and the equilibrium state. The water system undergoes change because of the interference and destruction of the changing environment, in addition to the impacts stemming from environmental change factors. In this way, the water system can be said to be in a sensitive state. The degree of change in the sensitive state is the resulting water resources sensitivity [20], expressed by sensitive factors. A water system can be said to be in a damaged state as the result of environmental interference and destruction. In this scenario, the water system is able to self-regulate and repair through the system factors, for instance water resources endowment, and natural ecological environment. This ability to self-regulate and repair is termed natural resilience, which is adaptation in response to experienced environment and its effects, without planning explicitly or consciously focused on addressing changing environment [20].



Natural resilience is the capacity of the water system, but note that it still possesses relative weakness. The system is capable of self-repair when the degree of damage is weak, but while still in the damaged state it cannot meet the social and economic development and ecological environment requirements if the damage exceeds the natural recovery capacity. It is for this reason we are required to reduce water demand with socioeconomic development and the ecological environment through the adjustment of human behavior and the socioeconomic development mode. This is done, with the improvement of, for example, the ecological environment to adapt to the damaged state, which is defined as artificial or social adaptation. Artificial adaptation is an ability of water systems, humans, social economy and ecology to adjust to potential damage, to take advantage of opportunities, or to respond to consequences [21]. The degree of damage to the water system is steadily alleviated by the combined action of natural recovery and artificial adaptation, in addition to being a system of relative equilibrium. This equilibrium state is dynamic, with the system in a changing atmosphere. The best state for the recovery of the damaged water system is prior to the occurrence of environment changes. In general, it is quite difficult to attain the optimal state, so it may be easier to form a new water system in a changing environment. In accordance with the analysis of the mechanism of water resources, vulnerability in changing environment is presented in Figure 1.



2.1. Sensitivity


Water systems are influenced by environmental interference and destruction. These impact factors primarily include water resources utilization, water environment pollution, drought, and floods. Water resources sensitivity is caused and expressed by a sensitive index that looks at water utilization rate (i.e., the ratio of water consumption to water resources availabilities), emission intensity of industrial wastewater (i.e., industrial wastewater discharge to GDP), per capita sewage discharge (i.e., domestic sewage discharge to total population), and the proportion of economic losses of water disasters to GDP (i.e., economic losses of drought and flood disaster to GDP, see Table 1).



The sensitivity function of the water resources S(x) is proposed to quantitate sensitivity and the sensitive index, which is expressed as follows:


   S ( x ) = S (  x 1  ,    x 2  ,    x 3  ,    x 4  )   



(1)




where S(x) denotes water resources sensitivity, x1 is the water utilization rate, and x2 is the emission intensity of industrial wastewater. Furthermore, x3 depicts the per capita sewage discharge, and x4 represents the proportion of economic losses of water disasters to GDP.




2.2. Natural Resilience


A water system enters a damaged state because of environmental interference and destruction. The damaged water system is able to self-regulate and repair with the help of water resources endowment, water environmental quality, eco-environmental quality and other factors that aim to encourage the adaption of or repair to the damaged water system. This ability to self-regulate and repair the damaged water system is caused and expressed by resilient index, which looks at the per unit area of available water resources (i.e., the ratio of water resources availabilities to national territorial area), surface water environment quality (i.e., water attainment ratio of monitoring section), and forest cover (i.e., forest coverage, see Table 2).



The natural resilience of the water resources function R(x) is proposed to quantify natural resilience and the resilient index, and is presented as follows:


   R ( x ) = R (  x 5  ,    x 6  ,    x 7  )   



(2)




where R(x) indicates water resources natural resilience, x5 is the per unit area of available water resources, and x6 represents surface water environment quality. The term x7 is the forest cover.




2.3. Artificial Adaptation


The natural resilience of water resources is constrained. The water system remains in a damaged state where the damage exceeds the natural recovery capacity. In this situation, we must take the initiative to adapt to the environmental changes by, for example, increasing water use efficiency, strengthening water environment protection, disaster prevention, and reduction for the purpose of adapting to the damaged state. This artificial adaptation is caused and expressed by the adaptive index, which includes per unit GDP of water consumption (i.e., the ratio of water consumption to GDP), compliance rate of industrial wastewater and treatment rate of urban sewage (i.e., discharge standard of industrial wastewater and urban sewage), and economic benefits of flood control and fight drought (i.e., economic benefits of disaster prevention and mitigation, see Table 3).



The proposed artificial adaptation function of water resources A(x) to quantify artificial adaptation and the adaptive index, and is presented as follows:


   A ( x ) = A (  x 8  ,    x 9  ,    x  10   ,    x  11   )   



(3)




where A(x) denotes water resources artificial adaptation, x8 is the per unit GDP of water consumption, x9 indicates the compliance rate of industrial wastewater, x10 represents treatment rate of urban sewage, and x11 depicts the economic benefits of flood control and fight drought.




2.4. Water Resources Vulnerability in a Changing Environment


Water resources vulnerability in a changing environment (V) is the synthetic effect of three elements, namely, water resources sensitivity (S), natural resilience (R) and artificial adaptation (A), and is given as follows:


   V ( x ) = f [ S ( x ) ,   R ( x ) ,   S ( x ) ]   



(4)




where V indicates water resources vulnerability in a changing environment, S(x) denotes sensitivity, R(x) indicates natural resilience, and A(x) presents artificial adaptation.





3. Methodology


Entropy is an concept extensively used in natural and social sciences. It has been developed and perfected in these fields, despite being a simple description of a microcosmic thermodynamic concept with roots in physics research. The evolution of entropy is essentially an extension of “state”, which is “state function” in thermodynamics. Entropy is required to possess the attributes of the state function of all, for having used the “mathematic analogy” methods of inference in this type of expansion of the “state”. Thereafter, connection entropy is also proposed by the method of “mathematical analogies”.



3.1. Development Course


The concept of entropy was primarily introduced in thermodynamics by Clausius in 1854. He initially used the term “equivalence value” to define the concept. In respect of statistical mechanics, the entropy of a system is equal to the logarithm of the number   Ω   of accessible microstates corresponding to a macroscopical state of this system:


   S = k ln Ω   



(5)




where k denotes Boltzmann’s constant and   Ω   represents the number of microstates having consistency with the given equilibrium macro state.



The use of an intuitive logarithmic measure for information, primarily introduced by Hartley [22], puts forth the suggestion that the self-information of an event increases with the growth of its uncertainty, further implying that the probability of occurrence reduces. In this respect, “S” is termed as a measure of uncertainty.



Schrödinger [23] put forth a proposition regarding a local decrease of entropy for living systems when (1/D) represents the number of states that are prevented from random distribution:


   − S = k ln ( 1 / D )   



(6)




where D indicates the number of possible energy states in the system that can be randomly filled with energy. Furthermore, D suggests a measure of disorder, and its reciprocal 1/D can be regarded as a direct measure of order.



In 1948, Shannon [24] published his famous paper titled “A Mathematical Theory of Communication”, wherein he introduced the entropy of a discrete probability distribution (p1, p2, …, pn), providing an H function of the following form:


   H = − K   ∑  i = 1  n    p i  log  p i      



(7)




where K denotes a positive constant. Moreover, K, merely implying choice of a unit of measurement, plays a focal function in the information theory as measures of information, choice, and uncertainty [24].



In 1972, De Luca and Termini [25] promulgated the concept of entropy again for finite fuzzy sets, similar to Shannon entropy although quite different conceptually, where the range is a set of nonnegative real numbers.



In 1992, Zhao [26] proposed the concepts of identical entropy, discrepancy entropy, contrary entropy, and connection entropy based on the definition of traditional entropy, to measure identity, diversity, opposites, and associative of systems which contains n set pairs.




3.2. Connection Entropy


Set pair analysis (SPA) is a new system analysis approach advanced by the Chinese scholar Zhao [1]. SPA considers both certainty and uncertainty as a system for the purpose of conducting identical-discrepancy-contrary analysis as well as further quantitative mathematical process using a connection number. Because of its realistic approach to deal with uncertainty, SPA has been put to extensive applications in sociology, economics, engineering technology, and management, and has produced numerous research results [14,27,28,29,30].



In the case of particular questions, analyses have been conducted on the identity, discrepancy, and opposition of a set pair, the formula of the connection number of set pair “H” for given conditions that describe the relationship between certainty and uncertainty. The expression with respect to set pair “H” is presented as follows [1]:


   u = a + b I + c J   



(8)




where    a ,   b ,   c ∈ [ 0 ,   1 ]   , and a + b + c = 1. Furthermore, a denotes the identical degree of set pair H, b indicates the discrepancy degree, c is the contrary degree, and I is the coefficient of discrepancy and    I ∈ [ − 1 ,   1 ]   ; sometimes I may only refer to discrepancy. Finally, J is the coefficient of contrary, and has been ruled to be −1; sometimes it may only be considered as a mark of the opposites.



Here, n connection degrees are attained: u1 = a1 + b1I1 + c1J1, u2 = a2 + b2I2 + c2J2,…, and un = an + bnIn + cnJn through the analysis of n set pairs.



Identical entropy is defined as follows:     S s  =   ∑  i = 1  n    a i  ln  a i      , discrepancy entropy as follows:     S f  =   ∑  i = 1  n    b i  ln  b i    × I   , contrary entropy as follows:     S p  =   ∑  i = 1  n    c i  ln  c i    × J   , and connection entropy as follows [1]:


   S =  S s  +  S f  +  S p  =   ∑  i = 1  n    a i  ln  a i    +   ∑  i = 1  n    b i  ln  b i    × I +   ∑  i = 1  n    c i  ln  c i    × J   



(9)







Entropy is the “state function” of a system that is considered a measure of randomness or disorder. The variation of thermodynamic entropy was considered as a measure of variation of unavailable energy. Statistical entropy will characterize (in respect of a macro state prepared as per a provided probability law) our uncertainty about the set of all microscopic experiments that can be conceived. Information on Shannon entropy is a measure of uncertainty or information of random events. More specifically, it is a measure of the uncertainty of the test results prior to the randomization test or the amount of information in the event subsequent to the event. Fuzzy entropy is a fuzziness measure of the system.



In the same way, identical entropy is a disorder measure. Moreover, discrepancy entropy is an order measure, and contrary entropy is a chaotic measure of uncertain systems [23]. Discrepancy includes identical and contrary in the connection degree, and therefore, discrepancy entropy is complex entropy, which comprises identical entropy and contrary entropy. The difference can be segregated with the help of the malleability of connection degree. Thus, discrepancy entropy is divided into identical entropy, discrepancy entropy and contrary entropy.




3.3. Improvement of Connection Entropy


It is quite important to improve the correlation entropy, as defined by Zhao [1], because the logarithmic function delivers no meaning, if a, b, c are likely to be 0 in the connection degree. The general expression of improvement of connection entropy is given as follows:


   S =   ∑  i = 1  n    a i  ln (  a i  + e )   +   ∑  i = 1  n    b i  ln (  b i  + e )   × I +   ∑  i = 1  n    c i  ln (  c i  + e )   × J   



(10)




where     S s  =   ∑  i = 1  n    a i  ln (  a i  + e )      indicates identical entropy,     S f  =   ∑  i = 1  n    b i  ln (  b i  + e )   × I    suggests discrepancy entropy, and     S p  =   ∑  i = 1  n    c i  ln (  c i  + e )   × J    denotes contrary entropy.





4. Analysis Method of Water Resources Vulnerability Based on Connection Entropy


4.1. Connection Number of “Identical-Discrepancy-Contrary” Hierarchy Method


As presented in Equation (8), the connection number is established on the basis of the distinction: identical, discrepancy, and contrary, called the identical-discrepancy-contrary connection number or three dimensional connection numbers. In practice, it is not enough to divide the described object into three components and therefore it is important to extend the basic expression of contact number (i.e., Equation (8)) to include more dimensions, which are termed as the malleability of the connection number, extending the connection number, and a multi-dimensional number yield [31]:


   u = (  a 1  +  a 2  + ⋯ +  a r  ) + (  b 1   I 1  +  b 2   I 2  + ⋯ +  b s   I s  ) + (  c 1   J 1  +  c 2   J 2  + ⋯ +  c t   J t  )   



(11)




where     a x  ,    b y  ,    c z     are connection components,     a x  ,    b y  ,    c z  ∈ [ 0 ,   1 ]   , and      ∑  x = 1  r    a x    +   ∑  y = 1  s    b y    +   ∑  z = 1  t    c z    = 1   ;     I 1  ,  I 2  , ⋯ ,  I s     is the discrepancy coefficients, and     I 1  ,  I 2  , ⋯ ,  I s  ∈ [ − 1 ,   1 ]   , which sometimes perform the functions of a discrepancy mark only. Furthermore,     J 1  ,  J 2  , ⋯ ,  J t     denote the coefficient of contrary degrees that have been ruled to be minus unity and sometimes only marks the contrary.



On the basis of Equation (11), the multi-connection number and the construction of the identical-discrepancy-contrary hierarchical structure of connection number can be expressed as follows:


   u =  a 1  +  a 2  +  b 1   I 1  +  b 2   I 2  +  b 3   I 3  +  c 1   J 1  +  c 2   J 2    



(12)




where a1, and a2 represent the identical degree and partial differential identical degree, respectively, and their coefficients can be assumed to be unity. Furthermore, b1I1, b2I2, and b3I3 indicate partial similar, middle, and partial opposite discrepancy degrees, correspondingly and their coefficients are     I 1  ∈ [ − 1 ,   0 ]   ,     I 2  ∈ [ − 0.5 ,   0.5 ]   , and     I 3  ∈ [ 0 ,   1 ]   . Lastly,     c 1   J 1     and     c 2   J 2     indicate partial differential contrary degree and contrary degree, respectively, and J1, J2 are their coefficients, which are regulated to be minus unity.



The water resources vulnerability is generally divided into five levels [14,19], and assuming that xij (i = 1, 2, …, n; j = 1, 2, …, m) denotes the index sample and skj (k = 0, 1, 2, …, 5) the threshold value of standard, the connection number of the “identical-discrepancy-contrary” hierarchy method is described as follows [31]:


    u  i j   =  {         x  i j   −  s  1 j     2 (  s  0 j   −  s  1 j   )   + 0.5 +    s  0 j   −  x  i j     2 (  s  0 j   −  s  1 j   )    I 1  + 0  I 2  + 0  I 3  + 0  J 1  + 0  J 2         x  i j   ∈ g r a d e   Ι       0 +    x  i j   −  s  2 j     2 (  s  1 j   −  s  2 j   )   + 0.5  I 1  +    s  1 j   −  x  i j     2 (  s  1 j   −  s  2 j   )    I 2  + 0  I 3  + 0  J 1  + 0  J 2         x  i j   ∈ g r a d e   Ι Ι       0 + 0 +    x  i j   −  s  3 j     2 (  s  2 j   −  s  3 j   )    I 1  + 0.5  I 2  +    s  2 j   −  x  i j     2 (  s  2 j   −  s  3 j   )    I 3  + 0  J 1  + 0  J 2         x  i j   ∈ g r a d e   Ι Ι Ι       0 + 0 + 0  I 1  +    x  i j   −  s  4 j     2 (  s  3 j   −  s  4 j   )    I 2  + 0.5  I 3  +    s  3 j   −  x  i j     2 (  s  3 j   −  s  4 j   )    J 1  + 0  J 2         x  i j   ∈ g r a d e   Ι V       0 + 0 + 0  I 1  + 0  I 2  +    x  i j   −  s  5 j     2 (  s  4 j   −  s  5 j   )    I 3  + 0.5  J 1  +    s  4 j   −  x  i j     2 (  s  4 j   −  s  5 j   )    J 2         x  i j   ∈ g r a d e   V         



(13)




where xij suggests the ith sample value in the jth index, skj (k = 0, 1, 2, …, 5) indicates the kth standard node value in the same index, and I1, I2, I3, J1, and J2 are the same as in Equation (12).




4.2. Connection Entropy of the Vulnerability Index


The index of water resources vulnerability is considered as set A = {xij (i = 1, 2, …, n; j = 1, 2, …, m)}, and the thresholds of the vulnerability grade are considered as set Bk = {skj (k = 0, 1, 2, …, 5)}; thereafter, the two sets constitute a set pair Hk = (A, Bk).



The connection numbers of the vulnerability index with Equation (13), and thereafter, connection entropy of the vulnerability index, are described as follows:


      S  i j   =  a  1 i j   ln (  a  1 i j   + e ) +  a  2 i j   ln (  a  2 i j   + e ) +  b  1 i j   ln (  b  1 i j   + e ) ×  I 1  +  b  2 i j   ln (  b  2 i j   + e ) ×  I 2      +  b  3 i j   ln (  b  3 i j   + e ) ×  I 3  +  c  1 i j   ln (  c  1 i j   + e ) ×  J 1  +  c  2 i j   ln (  c  2 i j   + e ) ×  J 2      



(14)




where     S  s 1   =  a  1 i j   ln (  a  1 i j   + e )    indicates identical entropy,     S  s 2   =  a  2 i j   ln (  a  2 i j   + e )    denotes critical identical entropy, and     S  f 1   =  b  1 i j   ln (  b  1 i j   + e ) ×  I 1     indicates upper discrepancy entropy, Furthermore,     S  f 2   =  b  2 i j   ln (  b  2 i j   + e ) ×  I 2     implies medium discrepancy entropy,     S  f 3   =  b  3 i j   ln (  b  3 i j   + e ) ×  I 3     represents lower discrepancy entropy,     S  p 1   =  c  1 i j   ln (  c  1 i j   + e ) ×  J 1     is critical contrary entropy, and     S  p 2   =  c  2 i j   ln (  c  2 i j   + e ) ×  J 2     suggests contrary entropy.




4.3. Synthesis Connection Entropy of Water Resources Vulnerability


In general, in accordance with the significance of the vulnerability index, respective weights for the integrated vulnerability are provided. Consequently, taking advantage of the additively weighted synthesis method (average method), multiplicatively weighted synthesis method (geometric average method) or add-multiplicatively weighted synthesis method [32], the single index connection entropy is multiplied for the purpose of generating the integrated connection entropy Si. This brings forth the expression:


    S i  =   ∏  j = 1  m    w j  ×  S  i j       



(15)




where Π indicates the system synthesis method and wj represents the weight of the jth vulnerability index.




4.4. Decision Criterion of Water Resources Vulnerability


The degree to which water resources vulnerability is subjected to a changing environment can be broken down into five grades (or levels) with 11 indices: low (I), slight (II), moderate (III), high (IV) and extreme (V). The calculation of contact entropy using Equation (14), shows an approximate value of contact entropy S with a range of (−1.314, 1.314). The interval (−1.314, 1.314) is divided into five parts: [0.877, 1.314), [0.292, 0.877), [−0.292, 0.292), [−0.877, −0.292), (−1.314, −0.877), denoting low (I), slight (II), moderate (III), high (IV) and extreme (V) grades of water resources vulnerability, respectively.





5. Case Study


Anhui Province is currently considered as the development frontier in China as it absorbs the economic radiation and industrial transfer from the coastal developed areas. It is also a bridgehead between the development of Western China as well as the rise of Central China. As a consequence, the area possesses unique geographical benefits, functioning as a junction between the East and the West and connects Northern and Southern China. Various obstacles to steady development have emerged in the province, with the water environment becoming a principal factor. The per capita water resources in Anhui Province are 1125 m3, which is approximately half the national average and merely 1/8 the world average, so it goes without saying that there is a shortage of water resources throughout the province. Furthermore, regional differences between annual precipitation and the four seasons are large, giving rise to frequent droughts and flood disasters. Water pollution is another serious concern in the Yangtze River, Huaihe River, and Chaohu Lake in Anhui Province, as parts of them have lost their utility value. Thus, water conflicts have been exacerbated and the vulnerability of the regional water environment has been exposed. In accordance with the above, it is quite apparent that the increasing deterioration of regional water resources vulnerability cannot be overlooked. Therefore, it is necessary to perform an analysis of regional water resources vulnerability in Anhui Province. Here, we study used a connection entropy approach to analyze water resources vulnerability in Anhui Province from 2001 to 2015, aiming at the provision of a theoretical basis for the improvement of the water situation in the region.



5.1. Standard Interval of the Vulnerability Index in Anhui Province


In accordance with the Section 2, and the research findings of water resources vulnerability [14,30], the standard interval of the vulnerability index in Anhui Province is presented in Table 4.




5.2. Connection Entropy of Vulnerability Index in Anhui Province


The index of water resources vulnerability in Anhui Province from 2001 to 2015 is considered as set A = {xij (i = 1, 2, …, 15; j = 1, 2, …, 11)} in Table 5, where xij suggests the sample value in 2001 if i = 1, the thresholds of vulnerability grade are considered as set Bk = {skj (k = 0, 1, 2, …, 5)} in Table 4, and the two sets constitute a set pair Hk = (A, Bk).



Thereafter, the connection number and the connection entropy of vulnerability index in Anhui Province can be attained with the application of Equations (13) and (14), respectively. For example, the connection entropy of vulnerability index in 2015 listed in Table 6 is thus obtained.




5.3. Weight of the Vulnerability Index in Anhui Province


In accordance with the mechanism of water resources vulnerability in a changing environment, the weights of sensitivity, natural resilience and artificial adaptation are 0.4, 0.3, and 0.3, respectively. The weights of the sensitive index are valued at 0.3, 0.25, 0.25, 0.2, the natural resilient index are 0.5, 0.3, 0.2, and those of the artificial adaptive index are 0.3, 0.25, 0.25, 0.2. The weights wj of the vulnerability index attained for Anhui Province are shown in Table 6.




5.4. Synthesis of Connection Entropy of Water Resources Vulnerability in Anhui Province


By means of a weighted average operator [32] for the synthesis of the connection entropy of water resources vulnerability, the equation for the synthesis connection entropy of water resources vulnerability in Anhui Province is presented as follows:


    S i  =   ∑  j = 1   11     w j  ×  S  i j     =  a  1 i   +  a  2 i   +  b  1 i   ×  I 1  +  b  2 i   ×  I 2  +  b  3 i   ×  I 3  +  c  1 i   ×  J 1  +  c  2 i   ×  J 2    



(16)




where wj suggests the weight of vulnerability index j.



The connection entropy of the vulnerability index in Anhui Province is synthesized by Equation (16) and the results are presented in Table 7.



The value of the discrepancy entropy coefficients in Equation (16) can be measured with the application of the mean method [1]:     I 1  = 0.5   ,     I 2  = 0    and     I 3  = − 0.5   . Moreover, the value of the contrary entropy coefficients, both J1 and J2, become equal to −1. Thus, the value of the synthesis of connection entropy of water resources vulnerability in Anhui Province is measured using Equation (16) and the findings are shown in Table 7. The curve for the synthesis of connection entropy of water resources vulnerability in Anhui Province is presented in Figure 2.




5.5. Synthesis of the Level of Water Resources Vulnerability in Anhui Province


The synthesis of the level of water resources vulnerability in Anhui Province is attained with the help of a comparison of the value of the synthesis of connection entropy with the decision criterion in Section 4; the findings are presented in Table 7.




5.6. Analysis of Results


The synthesis of the level of water resources vulnerability in Anhui Province appeared to be moderate in 2001–2009, and 2011, and slight in 2010, and 2012–2015 (Table 7). As evident from Figure 2, the following can be observed: the vulnerability level fluctuated and exhibited an apparent improving trend from 2001 to 2015.



The analysis of vulnerability of typical years is as follows: (1) the synthesis of the level of water resources vulnerability in 2003 was highest during 2001–2005 period as it was a wet year. The average annual rainfall was 1460.9 mm, which was 24.4% higher than the multi-year average. Water resources availability was 108.301 billion m3, which was 51.3% higher than the multi-year average. Thus, the vulnerability index water utilization rate was low, and the per unit area available amount of water resources was high. Good economic benefits are expected because of effective flood control and drought relief measures. (2) The synthesis of the level of water resources vulnerability in 2004 was the lowest during the 2002–2006 period as it was a low flow period. The average annual rainfall was 998.0 mm, 14.9% less than the multi-year average, and water resources availability was 50.065 billion m3, being 30.1% less than the multi-year average. Thus, the value of the vulnerability index water utilization rate was high, and that of the per unit area available amount of water resources was low, together with the per unit GDP of water consumption being high. (3) The synthesis of the level of water resources vulnerability in 2010 was the highest during the 2008–2012 period as it was a partially wet period. The average annual rainfall was 1308.90 mm, being 11.6% more than the multi-year average, and water resources availability was 93.905 billion m3, being 31.1% more than the multi-year average. Thus, the vulnerability index water utilization rate appears to be low, and the per unit area available amount of water resources is high, in addition to the reasonable economic benefits of flood control and fight drought.





6. Conclusions and Suggestions


From the finding presented in this paper, the following conclusions may be put forth:




	(1)

	
This study considered the mechanism of water resources vulnerability in a changing environment, focusing on the analysis of four key states of a water system: sensitive state, damaged state, recovery state, and equilibrium state. The state of a water system generally changes from damaged to recovery via natural factors, followed by the transition from a state of recovery to one of equilibrium primarily because of artificial factors. The former is defined as natural resilience and the latter as artificial adaptation. This mechanism results offer much-needed insights into water resources vulnerability in a changing environment, but the mechanism of transformation process between four states is the focus of future research.




	(2)

	
This paper proposed an analysis method to system uncertainty on the basis of connection entropy, extending the Zhao’s [1] original concept. In addition, our analysis of water resources vulnerability in Anhui Province, China showed that the vulnerability level fluctuated, as well as exhibiting apparent improvement trends over a 15-year period. The synthesize grade of water resources vulnerability in Anhui Province appeared to be moderate in 2001–2009, and 2011, and a slight in 2010, and 2012–2015.




	(3)

	
The vulnerability level exhibited an apparent improving trend from 2001 to 2015, but still needs to be improved. There is a need to improve the perceptions of the vulnerability index, such as water utilization rate, per capita sewage discharge, surface water environment quality, per unit GDP of water consumption, and the economic benefits of flood control and fight drought.









Based on the results, we suggest the following improvements for water resources vulnerability in Anhui Province: on the one hand, there is an abated water resources sensitivity, whereby an increase in the reuse rate of industrial water can reduce water resources utilization. Moreover, sewage discharge can be reduced by the promotion of water saving policy and knowledge, encouraging water savings, and creating a greater awareness of (as well as building) a water-saving society. On the other hand, there is a need to improve natural resilience and artificial adaptation. Both can be achieved by developing sewage treatment to improve water environment quality, reduce high water consumption, eradicate backward industries, and promote new technology. Such actions will reduce the per unit GDP of water consumption and losses caused by floods and droughts, and improve the economic benefits of flood control and fight drought. Thus, for the purpose of ensuring sustainable development of economic, social and water resources in region, there is a need to improve the level of water resources vulnerability in the Anhui Province.
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Figure 1. Mechanism diagram of water resources vulnerability in changing environment. 
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Figure 2. Synthesize connection entropy trend line of water resources vulnerability in Anhui Province. 
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Table 1. Sensitive index of water resources.






Table 1. Sensitive index of water resources.





	
Sensitive Factor

	
Sensitive Index






	
Water resources utilization

	
x1

	
Water utilization rate (%)




	
Water environment pollution

	
x2

	
Emission intensity of industrial wastewater (t/104ұ)




	
x3

	
Per capita sewage discharge (t/person)




	
Drought and floods

	
x4

	
Proportion of economic losses of water disasters to GDP (%)
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Table 2. Resilient index of water resources.






Table 2. Resilient index of water resources.





	
Resilient Factor

	
Resilient Index






	
Water resources endowment

	
x5

	
Per unit area available amount of water resources (104·m3/km2)




	
Water environmental quality

	
x6

	
Surface water environment quality (%)




	
Eco-environmental quality

	
x7

	
Forest cover (%)
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Table 3. Adaptive index of water resources.






Table 3. Adaptive index of water resources.





	
Adaptive Factor

	
Adaptive Index






	
Water use efficiency

	
x8

	
Per unit GDP of water consumption (m3/104ұ)




	
Water environment protection

	
x9

	
Compliance rate of industrial wastewater (%)




	
x10

	
Treatment rate of urban sewage (%)




	
Disaster prevention and reduction

	
x11

	
Economic benefits of flood control and fighting drought (108ұ)











[image: Table] 





Table 4. Standard interval of the vulnerability index in Anhui Province.
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Index

	
Standard Interval




	
Low (I)

	
Slight (II)

	
Moderate (III)

	
High (IV)

	
Extreme (V)






	
Sensitive

	
x1 (%)

	
0–10

	
10–25

	
25–40

	
40–60

	
60–100




	
x2 (t/104Ұ)

	
0–10

	
10–25

	
25–40

	
40–55

	
55–100




	
x3 (t/person)

	
0–5

	
5–10

	
10–40

	
40–60

	
60–100




	
x4 (%)

	
0–1.0

	
1.0–2.5

	
2.5–4.0

	
4.0–4.5

	
4.5–5.5




	
Natural resilience

	
x5 (104·m3/km2)

	
75–100

	
55–75

	
35–55

	
15–35

	
5–15




	
x6 (%)

	
90–100

	
80–90

	
70–80

	
50–70

	
0–50




	
x7 (%)

	
30–50

	
20–30

	
15–20

	
10–15

	
5–10




	
Artificial adaptation

	
x8 (m3/104Ұ)

	
5–24

	
24–140

	
140–610

	
610–1060

	
1060–1600




	
x9 (%)

	
97.5–100

	
92.5–97.5

	
85–92.5

	
80–85

	
15–80




	
x10 (%)

	
80–100

	
60–80

	
40–60

	
20–40

	
0–20




	
x11 (108Ұ)

	
400–600

	
200–400

	
100–200

	
60–100

	
0–60
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Table 5. Index data of the vulnerability index in Anhui Province in 2001–2015.
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	Year
	x1
	x2
	x3
	x4
	x5
	x6
	x7
	x8
	x9
	x10
	x11





	2001
	45.22
	17.79
	11.47
	3.13
	34.00
	41.00
	27.95
	603.56
	95.24
	7.84
	128.00



	2002
	25.36
	16.90
	12.27
	1.48
	59.13
	51.08
	27.95
	588.48
	95.74
	15.80
	91.80



	2003
	16.83
	14.88
	12.13
	5.72
	77.65
	48.69
	27.95
	458.79
	95.88
	20.14
	440.67



	2004
	41.89
	13.31
	13.04
	0.74
	35.90
	41.70
	30.30
	435.80
	96.91
	25.69
	70.00



	2005
	28.92
	10.89
	14.29
	3.49
	51.57
	44.30
	26.06
	386.10
	97.36
	31.28
	209.00



	2006
	41.67
	11.40
	14.61
	1.00
	41.62
	64.60
	26.06
	393.80
	97.12
	32.90
	145.30



	2007
	32.60
	9.99
	15.24
	1.98
	51.80
	64.70
	26.06
	305.90
	94.77
	37.64
	420.50



	2008
	38.09
	8.29
	15.08
	2.41
	50.13
	69.30
	26.06
	288.80
	96.17
	52.08
	100.00



	2009
	39.81
	7.30
	15.64
	1.44
	52.56
	72.10
	26.06
	290.04
	96.21
	72.81
	86.00



	2010
	31.15
	5.74
	16.66
	0.92
	67.33
	77.70
	27.53
	238.50
	97.67
	77.75
	260.00



	2011
	48.94
	4.62
	25.07
	0.61
	43.17
	65.50
	27.53
	195.00
	97.47
	79.04
	145.00



	2012
	41.16
	3.90
	27.09
	0.28
	50.26
	70.60
	27.53
	167.60
	98.38
	86.39
	154.80



	2013
	50.55
	3.73
	28.16
	0.80
	41.99
	72.40
	27.53
	155.50
	98.51
	88.44
	187.10



	2014
	34.95
	3.34
	29.20
	0.14
	55.81
	77.90
	28.65
	131.00
	98.69
	90.19
	103.11



	2015
	31.58
	3.25
	30.07
	0.34
	65.54
	81.80
	28.65
	131.20
	98.70
	91.80
	136.89







Sources: Statistics Bureau of Anhui Province, 2002–2016, and Water Resources Bulletin of Anhui Province, 2001–2015.
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Table 6. Connection entropy of vulnerability index in 2015.
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	Index
	Connection Entropy
	wj





	x1
	S15,1 = 0.0000 + 0.0000 + 0.3083I1 + 0.5844I2 + 0.2363I3 + 0.0000J1 + 0.0000J2
	0.120



	x2
	S15,2 = 0.3772 + 0.5844 + 0.1717I1 + 0.0000I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.100



	x3
	S15,3 = 0.0000 + 0.0000 + 0.1754I1 + 0.5844I2 + 0.3732I3 + 0.0000J1 + 0.0000J2
	0.100



	x4
	S15,4 = 0.3691 + 0.5844 + 0.1791I1 + 0.0000I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.080



	x5
	S15,5 = 0.0000 + 0.2879 + 0.5844I1 + 0.2562I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.150



	x6
	S15,6 = 0.0000 + 0.0929 + 0.5844I1 + 0.4676I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.090



	x7
	S15,7 = 0.0000 + 0.4964 + 0.5844I1 + 0.0692I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.060



	x8
	S15,8 = 0.0000 + 0.0385 + 0.5844I1 + 0.5346I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.090



	x9
	S15,9 = 0.2603 + 0.5844 + 0.2838I1 + 0.0000I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.075



	x10
	S15,10 = 0.3254 + 0.5844 + 0.2199I1 + 0.0000I2 + 0.0000I3 + 0.0000J1 + 0.0000J2
	0.075



	x11
	S15,11 = 0.0000 + 0.0000 + 0.1966I1 + 0.5844I2 + 0.3502I3 + 0.0000J1 + 0.0000J2
	0.060



	∑
	S15 = 0.1112 + 0.2776 + 0.3635I1 + 0.2964I2 + 0.0867I3 + 0.0000J1 + 0.0000J2
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Table 7. Synthesize connection entropy of water resources vulnerability in Anhui Province.
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	Year
	Synthesize Connection Entropy
	Value
	Grade





	2001
	S1 = 0.0000 + 0.0757 + 0.2358I1 + 0.3786I2 + 0.3047I3 + 0.1166J1 + 0.0336J2
	−0.109
	III



	2002
	S2 = 0.0000 + 0.1302 + 0.3956I1 + 0.3372I2 + 0.1765I3 + 0.0996J1 + 0.0082J2
	0.132
	III



	2003
	S3 = 0.0144 + 0.2517 + 0.3810I1 + 0.2092I2 + 0.1793I3 + 0.1082J1 + 0.0012J2
	0.258
	III



	2004
	S4 = 0.0113 + 0.1641 + 0.2431I1 + 0.2964I2 + 0.3117I3 + 0.1139J1 + 0.0077J2
	0.019
	III



	2005
	S5 = 0.0000 + 0.1185 + 0.3924I1 + 0.3888I2 + 0.1694I3 + 0.0702J1 + 0.0052J2
	0.154
	III



	2006
	S6 = 0.0002 + 0.1593 + 0.2956I1 + 0.3815I2 + 0.2750I3 + 0.0320J1 + 0.0000J2
	0.138
	III



	2007
	S7 = 0.0032 + 0.1468 + 0.3988I1 + 0.4082I2 + 0.1678I3 + 0.0170J1 + 0.0000J2
	0.249
	III



	2008
	S8 = 0.0088 + 0.1120 + 0.3518I1 + 0.4649I2 + 0.2066I3 + 0.0016J1 + 0.0000J2
	0.192
	III



	2009
	S9 = 0.0142 + 0.1683 + 0.3773I1 + 0.3927I2 + 0.1788I3 + 0.0112J1 + 0.0000J2
	0.271
	III



	2010
	S10 = 0.0287 + 0.2735 + 0.4791I1 + 0.3001I2 + 0.0585I3 + 0.0000J1 + 0.0000J2
	0.513
	II



	2011
	S11 = 0.0462 + 0.2157 + 0.2949I1 + 0.3195I2 + 0.2225I3 + 0.0395J1 + 0.0000J2
	0.259
	III



	2012
	S12 = 0.0928 + 0.2184 + 0.2810I1 + 0.3596I2 + 0.1864I3 + 0.0035J1 + 0.0000J2
	0.355
	II



	2013
	S13 = 0.0763 + 0.2184 + 0.2807I1 + 0.3248I2 + 0.2020I3 + 0.0346J1 + 0.0000J2
	0.299
	II



	2014
	S14 = 0.1166 + 0.2293 + 0.3222I1 + 0.3520I2 + 0.1236I3 + 0.0000J1 + 0.0000J2
	0.445
	II



	2015
	S15 = 0.1112 + 0.2776 + 0.3635I1 + 0.2964I2 + 0.0867I3 + 0.0000J1 + 0.0000J2
	0.527
	II











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
1.314

0.877

0.292

-0.292

connection entropy

-0.877

-1.314

B g o I P g0 G g P D g @ g > P

®
y =0.032 x 464.05

year






nav.xhtml


  entropy-19-00591


  
    		
      entropy-19-00591
    


  




  





media/file0.png





media/file2.png
sensitive I
1
state

state I

>

damaged ~

changing
_--| environment |[~~.

natural
resilience

~
~

|
|
~ |
: state
1

artificial
adaptation

! state

sensitivity index
water resources utilization

water environment pollution

drought and floods

resilience index

water resources endowment

natural ecological environment

adaptation index

water use efficiency
water environment protection

disaster prevention and reduction






media/file3.jpg
1314

0877

\ .
0292 P *r__;‘?.——re. .
1 1

0292 ‘

entropy

:
£
g

=0.032x164.092

0877

1314

A 8 o o (I o T oI P 90 o9 g g o9 o

year






media/file1.jpg
changing, .
environment

sensitive equilibrium

anifcial
adaptat

T

" damaged e—
i Tame naturl e
- esilence
I
Sensitivity index resionce ndex wdaptation index
[———— s s endowment [r——

droughtand loods disaster prevention and reducton.

environment pollution natural ecological environment waterenvironment protection






