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(EW) method for regional water resources security evaluation is proposed based on the security of visible water
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ter resources security evaluation system. Secondly, a combination method of hesitant fuzzy language judgment

and entropy weight is employed to obtain the weight of each indicator. Thirdly, AHPSort II is used to classify

the security levels of the evaluated regions, in which the security levels of regional water resources are divided

into five levels. Furthermore, a case study on the cities of Hubei Province, China is conducted to show the

applicability of the proposed method, the effectiveness, and reliability of the method are then verified by being

compared with a subjective method and an objective method as well as sensitivity analysis. Finally, according
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Abstract The security of water resources is of great importance to long-term sustainability. In order to better6

ensure the security of water resources, a significant link is to conduct water resources security evaluation, which7

should be considered from many perspectives as it involves natural reserves, social production, the efficiency of8

use, and environmental protection. In this paper, a fuzzy Analytic Hierarchy Process Sort (AHPSort) II-entropy9

weight (EW) method for regional water resources security evaluation is proposed based on the security of visible10

water and virtual water. Firstly, this paper takes into account the criterion of efficiency of water use in addition11

to two other criteria of quantity of water resources, pressure on water resources to establish a comprehensive12

water resources security evaluation system. Secondly, a combination method of hesitant fuzzy language judgment13

and entropy weight is employed to obtain the weight of each indicator. Thirdly, AHPSort II is used to classify14

the security levels of the evaluated regions, in which the security levels of regional water resources are divided15

into five levels. Furthermore, a case study on the cities of Hubei Province, China is conducted to show the16

applicability of the proposed method, the effectiveness, and reliability of the method are then verified by being17

compared with a subjective method and an objective method as well as sensitivity analysis. Finally, according18

to the comprehensive evaluation results, specific management suggestions for improving the water resources19

security in the case are put forward.20

Keywords Quantity of water resources · Pressure on water resources · Efficiency of water use · Water resources21

security evaluation · Fuzzy AHPSort II-EW method22

1 Introduction23

Water resources are not only the source of life but also important energy for social development. With the24

development of science, technology, and society, the security of water resources has been paid more and more25

attention, and the factors affecting the security of water resources have also become more and more. To be26

exact, with the rapid growth of the world’s population, more and more countries are facing the problem of27

water quality and security (Cao et al. 2021). The insecurity of water resources will also cause many problems,28

so ensuring the security of water resources is the key to solve the problem at this time (Vorosmarty et al. 2010).29

Historically, water quantity has always been a problem that water shortage areas want to solve, and water30

quality is a problem that needs to be solved in water-rich areas. In today’s society, the security of virtual water,31

that is, improving water efficiency, has become a major challenge facing the world. (Mans et al. 2016; Luo et32

al. 2020).33
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Vorosmarty et al. (2010) mentioned that 60 cities in the world will face serious water shortages by 2020.34

According to statistics, China’s average water resources rank the sixth in the world to 2.81 × 1012 m3, but35

China’s per capita water resources are only one-quarter of the world’s water resources. According to the United36

Nations World Water Development Report 2019, global water consumption increases by 1% every year. Given37

industrial and economic development, it is expected that by 2050 more than 2 billion people will live in countries38

with severe water shortages. About 4 billion people will suffer from severe water shortages for at least one month39

a year, and 22 countries will be at risk of severe water stress (The United Nations World Water Development40

Report 2019). According to China’s 2015 State of the Environment Report, approximately 35.5% of the state-41

controlled river sections distributed in 10 large river basins across China contained water graded class IV, V, or42

worse, and is deemed unsafe for human consumption. Only 9.1% of groundwater monitoring sites distributed43

in 202 cities had good water quality, while 61.3% were deemed poor or worse (Ministry of Environmental44

Protection of China 2015). As shown by the above data, it is not difficult to see that there is a shortage of45

water resources and the pressure of pollution and use of water resources. At the same time, the distribution46

of water resources in many areas of China is unbalanced. Even in the areas with abundant water resources,47

it is particularly complicated to make the reasonable distribution of water resources. Therefore, the spatial48

imbalance between water supply and demand often occurs in China (Xu et al. 2020). As a large agricultural49

country, China has a lot of water resources used in agricultural irrigation. China’s water resources are scarce and50

unevenly distributed, and the utilization efficiency of agricultural irrigation water is low. The effective utilization51

coefficient of farmland irrigation water in China is only 0.53, which is far lower than the average level of 0.8052

in developed countries. Due to the increasing demand for water resources, the development of people’s life and53

society and the security of water resources have become more closely related. Therefore, when evaluating the54

security of water resources, we often need to evaluate from many aspects and need to take indicators in different55

fields. In particular, countries are paying more and more attention to the security of virtual water, which is56

to materialize water resources in people’s consumption and services (Xu et al. 2020). This paper pays special57

attention to the efficiency of water use in water resources security, especially in areas with abundant water58

resource, to cope with the contradiction between rapid economic growth and the challenge of water use (Fu et59

al. 2021).60

In the evaluation of water resources security, There are various methods of water resource security evaluation.61

For example, de Melo et al. (2021) established failure mode and impact analysis for water resources security62

analysis. Yin et al. (2020) established a water resources security evaluation model in the karst area according63

to fuzzy mathematics theory and made a dynamic evaluation on water resource security in the karst area on a64

certain time scale. Wang et al. (2020) used a projection pursuit model based on particle swarm optimization65

(PSO-PEE) to evaluate the water security of five Central Asian countries. Li et al. (2020) established a water66

resources security evaluation model to evaluate the water resources security situation in Guizhou Province.67

Ding et al. (2017) proposed a fuzzy comprehensive evaluation method based on the entropy weight method to68

evaluate the water environment security of the Heshan drinking water source area.69

At the same time, when evaluating the security of regional water resources, it is necessary to classify the70

water resources security levels of each region for analysis, which is more convenient for decision-makers to make71

decisions. In previous studies, most multi-criteria decision making methods (MCDM) have been developed for72

selection and ranking problems where it can obtain the best alternatives for decision problems or rank their73

results based on indicators (Aguaron et al. 2019; Kang et al. 2019; Sun et al. 2020). Zhang et al. (2019) adopted74

TODIM (Portuguese acronym for interactive multi-criteria decision making) method to evaluate water security.75

As a basic decision-making method, AHP is widely used in various fields. However, it has a defect that when76

a decision has a large number of alternatives, it requires a large amount of calculation (Miccoli and Ishizaka77

2017), however, the fuzzy AHPSort II-EW method can overcome this disadvantage very well (Miccoli and78

Ishizaka 2017; Xu et al. 2019). At the same time, comparison and sensitivity analysis are introduced into the79

fuzzy AHPSort II-EW method, which can improve the quality of decision results (Ishizaka and Lopez 2018).80
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It is a key step to get the weight of each indicator in AHPSort II, and the traditional method to calculate the81

weight is AHP (Sutadian et al. 2017). This paper uses the combination of the objective weight method and82

subjective weight method to obtain the weight of each indicator, in which the objective method is the entropy83

weight method and the subjective method is hesitant fuzzy language judgment. In particular, in the subjective84

method, an expert rating is required, so it is difficult to reach a consistent conclusion due to the different85

working experiences and educational background of each expert. Therefore, we could use the fuzzy hesitation86

language term set to represent the score of each expert (Li et al. 2018), and consider the maximum consensus87

and minimum disagreement of all experts to build a model to obtain the weight of each expert (Zhang et al.88

2019). To sum up, the results of the two weighting methods are combined and weighted and then combined89

with AHPSort II to form the fuzzy AHPSort II-EW method for regional water resources security evaluation.90

The general structure of this paper is shown as follows: Key problem statement is given in Sect. 2. Evaluation91

methodology is mainly introduced in Sect. 3, including the overall framework, the introduction of various92

indicators, the introduction of subjective and objective weighting methods, and finally the introduction of93

AHPSort II. Sect. 4 is the case study, which includes data collection, data processing, calculation, classification of94

each city in Hubei Province, and comparative analysis and sensitivity analysis of the results. Finally, suggestions95

are put forward based on the results. The content of Sect. 5 is the conclusion of this paper, including the96

evaluation of the deficiencies of this paper and the outlook for the future.97

2 Key problem statement98

This section describes each indicator and the source of each indicator in detail.99

2.1 Water resources security100

To put it bluntly, we can’t live without water. Therefore, it is particularly important to ensure the security101

of water resources. In the past, people in areas with abundant water resource may ignore the importance of102

water resource security. However, as people pay more and more attention to the security of virtual water, water103

resource security in water-rich areas has become the focus. This paper considers the security of water resources104

based on visible water and virtual water. Visible water is very simple, that is, water resources that people can105

touch and see, and virtual water refers to the amount of water resources needed in the production of products106

and services, that is, the virtual water condensed in products and services (Chen et al. 2021). In other words,107

virtual water is an effective measure of water demand from the perspective of water consumption, that is, the108

number of water consumed in the process of production or service (Zhang et al. 2021).109

Fig. 1 shows the relationship between visible water and virtual water (Sutadian et al. 2017). First of all, the110

most direct sources of visible water are atmospheric water, surface water, and groundwater. These three sources111

change periodically and transform into each other. Society uses precipitation and water diversion to form the112

relationship between circulating water supply and water use. In this process, water is also used to make different113

products, mainly industrial products, agricultural products, and energy products. Virtual water is also recycled114

to these products for recycling and trading.

Fig. 1 Relationship between visible water and virtual water.

115

In this paper, in order to more fully consider the security of water resources, we will consider from three116

aspects, namely: quantity of water resources (Q) (Wang et al. 2020), pressure on water resources (P) (Tu117

et al. 2021) and efficiency of water use (E) (Li et al. 2018; Song et al. 2017). Further explanations are as118

follows: Q means that the amount of water resources is at a level that can enable people’s normal life and119
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production activities; P means that water resources can withstand the pressure brought by population growth120

and environmental pollution; E means that water resources can be rationally used and distributed in various121

fields. Ensuring the efficiency of water use is also to ensure the security of virtual water resources. In today’s122

world, more and more areas with abundant water resource are facing the problem of low use efficiency of water123

resources, and areas with abundant water resource are increasingly becoming the focus of ensuring virtual water124

security. The introduction of water resource efficiency indicator can more intuitively see the water resource risk in125

areas with abundant water resource and better solve the problem of water resource security. The reason why this126

paper chooses these three indicators is because: If we only consider the quantity and pressure on water resources,127

then we will waste a lot of water resources because there is no reasonable allocation of water resources; if we128

only start from the quantity and efficiency of water use, then we will also cause water pollution and ecological129

environment; if we only consider the efficiency of water use and the pressure on water resources, it will lead to130

a serious shortage of water resources or reduce productivity, which will affect the future of mankind. Therefore,131

in order to ensure the security of water resources and our sustainable development, these three criterions should132

be considered at the same time. Based on this idea, the water resource evaluation system in this paper is shown133

in Fig. 2.134

Fig. 2 Regional water security evaluation system.

2.2 Evaluation indicators135

As mentioned above, this paper divides water resources security into three criterions, and these three criteri-136

ons are respectively expressed by some indicators, in the quantity of water resources including annual precipita-137

tion, surface water resources, groundwater resources, and water resources per capita, which are the key factors138

reflecting water security. The pressure on water resources include: density of population, wastewater emission,139

discharge into the river, which are the key factors to reflect the quality and security of water resources. The140

security indicators of water resources efficiency include water consumption per 10,000 yuan of GDP, water con-141

sumption per 10,000 yuan of industrial output value, water loss, and water consumption per mu for farmland142

irrigation, which are the key security factors of water resources efficiency. The table of water resources security143

indicator see in Table 1.144

Table 1 Water security evaluation indicators.

Criterion Indicator Index type Reference

Quantity of water resources

Annual precipitation C11 + Ding et al. (2017)

Surface water resources C12 + Mishra (2020)

Groundwater resources C13 + de Graaf et al. (2019)

Water resources per capita C14 + Ding et al. (2017); Zhao et al. (2021)

Pressure on water resources

Population density C21 − Acuna-Alonso (2021); Dou et al. (2021)

Wastewater discharge C22 − Gusain et al. (2020)

Discharge into river C23 − Abbott et al. (2019)

*Efficiency of water use

Water consumption per 10,000 yuan GDP C31 − Wang et al. (2020)

Water consumption per 10,000 yuan of industrial added value C32 − Ding et al. (2017)

Water loss C33 − (Tu et al. 2021)

Average water consumption per mu for farmland irrigation C34 − Liu et al. (2021); Zhao et al. (2021)

Note: “+” means benefit indicator, and “−” means cost indicator.

(1) With the increasing development and utilization of water resources, we represent the amount of natural145

water resources from three aspects: atmosphere, surface, and underground. And per capita water represent146

the water holding capacity of the society.147
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(2) At present, the pollution of water resources mainly comes from the wastewater in life and industry. Therefore,148

the pressure of water resources quality is expressed as wastewater discharge and discharge into the river,149

and the pressure of water resource use is expressed as population density. It is worth noting that population150

density can reflect the population and also reflect the demand for water from one side. In this paper,151

population density is included in the pressure on water quality and water resources because the greater the152

demand, the greater the pressure on water resources, and the larger the population will also lead to the153

aggravation of water pollution from another side. So the pressure on water quality and water resources are154

expressed by these four indicators.155

(3) Due to the low efficiency and uneven distribution of water resources in more and more water rich areas156

in the world, this paper considers the security of virtual water, which is closely related to the efficiency of157

water resources. The Water consumption per 10,000 yuan GDP and Water consumption per 10,000 yuan of158

industrial added value are common indicators to evaluate the efficiency of water resources. China as a large159

agricultural country, a large number of virtual water commodities are represented by food products. China’s160

grain output is increasing year by year, largely because of the increasing irrigated area. The efficiency of161

irrigation water delivery in China is only 52%, far lower than 70%-80% in developed countries (Kang et al.162

2017). According to the (China Water Resources Bulletin 2019), irrigation water consumption accounted for163

61.4 percent of the total water consumption of the national economy in 2019. The problems of traditional164

agricultural water resources, such as low irrigation water use coefficient, and large regional differences in165

water production efficiency, have not been fully solved. Therefore, it is necessary to take irrigation water166

consumption per mu as an indicator to evaluate water resources security. In today’s society, a large part of167

the water is not renewable in daily production activities, and reducing such loss is also a manifestation of168

improving water use efficiency. Therefore, water loss is also an indicator to evaluate water use efficiency.169

2.3 Introduction of evaluation indicators170

Water resources security itself is a broad concept, which is related to its impact in various fields. In order to171

better express water resources security, this paper divides water resources security into three criterions, namely,172

quantity of water resources, pressure on water resources, and the efficiency of water use.173

2.3.1 Quantity of water resources174

Annual precipitation refers to the sum of precipitation in 12 months of a year, which can express the quantity175

of water resources in an area and is denoted as C11.176

Surface water resources refer to the dynamic water quantity of rivers, lakes, and other surface water bodies,177

that is, the runoff of natural rivers, which can be expressed as C12. It is also an important indicator of the178

richness of water resources.179

Groundwater resources (which can be expressed as C13) refers to the dynamic amount of groundwater180

recharged by precipitation and infiltration of surface water (river, lake, and reservoir).181

The amount of water resources per capita (expressed as C14) indicates the abundance degree of social water182

resources. The total water resource is WTT , and C14 can be expressed as:183

C14 =
WTT

PR
(1)

2.3.2 Pressure on water resources184

In this paper, an indicator is used to express the pressure on water resources use in a region. The indicator185

is population density (which can be expressed as C21), let S denote the area of the region, the total population186
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of the region is PR, and C21 can be expressed as:187

C21 =
PR

S
(2)

In this paper, two indicators are used to express the pressure of water resources quality. One of them is188

the wastewater discharge (C22), which refers to the amount of water discharged by industrial (WI), tertiary189

industry (WT ) and urban residents (WP ), excluding the discharge of thermal power once-through cooling water190

and mine drainage.191

C22 = WI +WT +WP (3)

Discharge into river is a relatively direct way to pollute water resources because people’s daily living water192

is largely dependent on the use of the river, so the discharge into river is also an important indicator of water193

pollution (expressed by C23).194

2.3.3 Efficiency of water resources195

Water resources and economic development is very close, the efficiency of water use is an indispensable part196

of water resources security, especially under the background that people pay more and more attention to virtual197

water security, water consumption of 10,000 yuan of GDP (C31) and Water consumption per 10,000 yuan of198

industrial added value (C32) can indirectly express the impact of water resources on the economy and whether199

the distribution of water resources is reasonable. Total water consumption is expressed as WC , 10,000 yuan200

GDP as G, total industrial water consumption as WIC , and the industrial output value of 10,000 yuan GDP as201

OI , so C31 and C32 can be expressed as:202

C31 =
WC

G
(4)

203

C32 =
WIC

OI

(5)

Water loss (C33) is different from simple water consumption. Ordinary water consumption refers to the204

total amount of water used, while water consumption refers to the amount of water consumed by transpiration,205

evaporation, soil absorption, product taking away, residents and livestock drinking in the process of water206

conveyance and water consumption, that is, it can’t return to any link in the water cycle. So this is an indicator207

of water use efficiency. Industrial water consumption is expressed as IW , agricultural water consumption is208

expressed as AW , and domestic water consumption is expressed as SW , C33 can be expressed as:209

C33 = IW +AW + SW (6)

Agricultural products are the main virtual water products. In this paper, the average irrigation water con-210

sumption per mu C34 refers to the water consumption per mu of farmland under the condition of meeting the211

normal yield of crops in the region. The smaller the water consumption is, the higher the utilization rate of212

water is, and the better the water distribution effect is. The total irrigation water volume of farmland is AI,213

the total farmland area is AS, C34 can be expressed as:214

C34 = AI +AS (7)

3 Evaluation methodology215

This section mainly introduces the framework of the research method used in this paper.216
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3.1 Overall framework217

The overall framework of this paper is as follows. There are n evaluators, Eu is uth evaluator; there are218

k indicators, Ak (k = 1, 2, . . . , p) is kth indicator, the area to be evaluated is represented by R, and Ri (i =219

1, 2, . . . , r) is ith area. In this study, hesitant fuzzy language term set is used to describe experts’ judgment on220

the importance of indicators and the expert weight is calculated by a model that maximizes the consensus and221

minimizes the disagreement among experts. Then, by introducing the weighted average operator parameter, the222

indicator weight is calculated (which is the weight calculated by subjective method), and then the subjective223

weight is combined with the objective weight (entropy method) to get the weight of each indicator. Finally, the224

AHPSort II method is used to classify, and the final classification of each region is obtained. The overall block225

diagram of the evaluation method is shown in the Fig. 3.226

Fig. 3 The general framework of the evaluation methodology.

3.2 Weight determination227

Since different indicators have different degrees of influence on water resource security, it is particularly228

important to select the weight of each indicator. In this paper, a combination of hesitant fuzzy language judgment229

(subjective method) and entropy weight method (objective method) is adopted to calculate the weight of each230

indicator.231

3.2.1 Hesitant fuzzy language judgment description232

Need to invite experts before we calculate subjective weight of each indicator scores, because the expert233

scoring is through language, this will lead to some inaccurate information has certain fuzziness, such as some234

experts for a can accurately know the evaluation indicator, and some experts may have no idea about this metric235

will draw a rough evaluation, Even some experts may never know this indicator and may not make evaluation,236

so we use hesitant fuzzy language term set to represent the scores of each expert, and the language is represented237

by numbers, and this method is more effective and more appropriate to people’s real evaluation habits (Yan et238

al. 2016). Since each expert has different work experience and educational background, it is difficult for them239

to reach the same opinion (Li et al. 2015). Therefore, we need to minimize the differences among experts and240

reach the maximum consensus.241

This paper will use the language set of nine degrees to express the experts’ evaluation, which can be expressed242

in the following:243

m = {mα|α = −z, . . . ,−1, 0, 1, . . . , z}244

= {extremely poor, very poor, poor, slightly poor, fair, slightly good, good, very good, extremely good}245

Use the numbers from 0 to 1 to represent the 9 graduations{0.0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1.0}246

(Meng and Tang 2019; Luo et al. 2020). Let Fm(I), I = 1, 2, . . . , 5 is denoted as a fuzzy restriction label.247

For example, five experts have evaluated the “groundwater resource” and the results are as follows: F 5
m =248

{m−4,m−3,m−2,m−1,m0} = {0.0, 0.125, 0.25, 0.375, 0.5}, F 4
m = {m1,m2,m3,m4} = {0.625, 0.75, 0.875, 1.0}, F 3

m249

= {m−3,m−2,m−1} = {0.125, 0.25, 0.375}, F 1
m = {m1} = {0.625}, F 2

m = {m2,m3} = {0.75, 0.875}, as shown in250

Fig. 4.251

Fig. 4 Examples of hesitant fuzzy numbers.
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It is not difficult to see that each expert’s evaluation of the same indicator is not completely consistent.252

Therefore, in order to better process the data, we need to extend all language sets to the same length, that253

is, to increase the shorter language sets until all the language sets have the same length. The extension value254

is h̄ = µh+ + (1 − µ)h−, where µ (0 ≤ µ ≤ 1) is the degree of preference of experts, which can be divided255

into positive, negative, and neutral. Li et al. (2015) found that the weight of each language set extended by256

positive, negative and neutral attitude was almost the same, so this paper chose to extend each language set257

by neutral attitude, which indicates µ = 1/2, when experts are positive on elements, which indicates µ = 1,258

when negative µ = 0 , h+ and h− are the maximal and minimal values in Fm(I), respectively. The extension259

example of hesitant fuzzy language term set can be seen in Table 2. In addition, if some experts have never260

known about the indicator, the blank set will appear, and then the evaluation results of other experts will be261

used to supplement it to make it consistent with the length of the hesitant fuzzy language term set of other262

experts.263

Table 2 Extension example of hesitant fuzzy language term set.

Original hesitant fuzzy language term set Extension

F 5
m

= {0.0, 0.125, 0.25, 0.375, 0.5} {0.0, 0.125, 0.25, 0.375, 0.5}

F 4
m

= {0.625, 0.75, 0.875, 1.0} {0.625, 0.75, 0.8125, 0.875, 1.0}

F 3
m

= {0.125, 0.25, 0.375} {0.125, 0.25, 0.25, 0.25, 0.375}

F 1
m

= {0.625} {0.625, 0.625, 0.625, 0.625, 0.625}

F 2
m

= {0.75, 0.875} {0.75, 0.8125, 0.8125, 0.8125, 0.875}

3.2.2 Expert weight determination264

In decision-making problems in daily life, we can judge according to our own views on the problem. However,265

in the multi-objective decision problem, the function of this judgment is left to the experts to decide, and we266

have mentioned above that it is more appropriate to use the hesitant fuzzy language term set to represent the267

evaluation of the experts. In this paper, a model will be used to minimize the disagreement of each expert and268

maximize the consensus of each expert to find the best expert weight. The ambiguity of an indicator can be269

expressed by the hesitation of experts, while the differences between experts can be expressed by the Euclidean270

distance.271

First of all, as mentioned above, each expert uses hesitant fuzzy language to evaluate the importance of each272

indicator. The hesitant fuzzy language can be transformed into corresponding hesitant fuzzy numbers, and each273

hesitant fuzzy language term set can be extended to the same length L, which can be expressed as the following274

formula:275

yuk = {yluk|l = 1, 2, . . . , L; u = 1, 2, . . . , n; k = 1, 2, . . . , p} (8)

where L means the length of yuk.276

In order to get the maximum degree of consensus and the minimum degree of disagreement among experts,277

we need to find the best expert weight which can be noted as ωE
u (u = 1, 2, . . . , n), so the sum of all fuzzy278

hesitation should be the minimum, and the difference of all fuzzy evaluation with expert weight should be the279

minimum. According to the above analysis, an optimization model is established to minimize the judgment280
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deviation and hesitation between evaluation results. This model is shown below:281

min
p
∑

k=1

[d̄(y)× f̄(φy)]

=
p
∑

k=1

√

1
L

L
∑

l=1

n
∑

u=1

∑

x=1,n 6=x

(ωE
u y

l
uk − ωE

x y
l
xk)

2 ×

√

n
∑

u=1

∑

x=1,u 6=x

(ωE
u φyuk − ωE

x φyxk)
2

s.t.



























yuk = {yluk|l = 1, . . . , L, u = 1, . . . , n, k = 1, . . . p}

yxk = {ylxk|l = 1, . . . L, x = 1, . . . , n, k = 1, . . . , p, u 6= x}
n
∑

u=1
ωE
u = 1

ωE
x ≥ o, u = 1, . . . , n

(9)

where ωE
u represents the weight of Eu,

√

1
L

∑L
l=1

∑n
u=1

∑n
x=1,u 6=x(ω

E
u y

l
uk − ωE

x y
l
xk)

2 is the weighted sum of Eu-282

clidean distance between one expert and another expert for indicatorAk, f(φy) =
√

∑n
u=1

∑

x=1,u 6=x(φyuk − φyxk)2283

is the difference of hesitancy degree between the two experts for indicator Ak, φyuk is the hesitancy degree of284

hesitant fuzzy elements and yuk is the fuzzy hesitant element.285

Because of the hesitation degree and Euclidean distance of the average judgment score among experts in286

Eq. (9) are the smallest, so it can solve the best ωE
u (u = 1, 2, . . . , n).287

3.2.3 Indicators’ weights computation288

According to Sect. 3.2.2, each expert’s hesitant fuzzy language term set has been extended to the same289

length which has been extended to the same length and the expert weight can be obtained. Next, the weight of290

each indicator can be calculated according to the expert weight. Therefore, we need to introduce the parameters291

of the weighted average operator, which is shown as follows:292

γ̄k =

n
∑

u=1

ȳ1uk (10)

293

ζ̄k =

n
∑

u=1

1

L− 2
(ȳ2uk + ȳ3uk + . . .+ ȳL−1

uk ) (11)

294

δ̄k =
n
∑

u=1

ȳLuk (12)

The triangular fuzzy number (γ̄k, ζ̄k, δ̄k) can be obtained from Eqs. (10)∼(12), which are similar to the295

de-fuzzification of an intuitionistic fuzzy numbers. The importance of the kth indicator can be calculated by296

using the weighted average operator.297

ωF
k =

γ̄k + δ̄k × ( γ̄k

γ̄k+ζ̄k
)

p
∑

k=1

[γ̄k + δ̄k × ( γ̄k

γ̄k+ζ̄k
)]′

(13)

Through the above process, we can get the indicator weight obtained by the hesitant fuzzy language judg-298

ment.299

The above method is the hesitant fuzzy language judgment, which has strong subjectivity and is influenced300

by the background and knowledge of experts. The entropy weight method is an objective method to calculate301

the weight of indicators. Combining the entropy method with the hesitant fuzzy language judgment can better302

complement each other and improve the reliability of the results. So this paper combines the two methods to303

get the indicator weight. The following is the calculation process of the entropy weight method (Liu et al. 2021):304

Step 1. Assuming that the original data matrix X:305

X = (Xik)r×p (14)

Step 2. Then data matrix X is converted into the normalized matrix nor as follows:306
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(1) Normalized matrix of benefit indicators:307

αik =
xik −min(xik)

max(xik)−min(xik)
, i = 1, 2, . . . , r; k = 1, 2, . . . , p (15)

(2) Normalized matrix of cost indicators:308

αik =
max(xik)− xik

max(xik)−min(xik)
, i = 1, 2, . . . , r; k = 1, 2, . . . , p (16)

Step 3. Calculate the entropy value of the kth indicator:309

ǫk = −
1

ln r

r
∑

i=1

βik lnβik, k = 1, 2, . . . , p (17)

where, if βik = 0 then βik lnβik = 0 and310

βik =
xik

r
∑

i=1

xik

, i = 1, 2, . . . , r; k = 1, 2, . . . , p (18)

Step 4. Calculate the weight of the indicator as is as below:311

ωSH
k =

1− ǫk

p−
p
∑

k=1

ǫk

, k = 1, 2, . . . , p (19)

Based on the results of the above two weight methods, they are combined and weighted to obtain the final312

weight of the kth indicator, which is expressed by the following formula:313

ωA
k = (1− V )× ωF

k + V × ωSH
k , k = 1, 2, . . . , p (20)

where, V represents the proportion of the weight of entropy weight method in the total weight, and 1 − V314

represents the proportion of the hesitant fuzzy language judgment in the total weight. On the premise of315

generality, the value of V is set to 0.5.316

3.3 AHPSort II based aggregation method317

AHPSort II is a modification based on AHPSort, which uses AHP to calculate the weight. In this paper,318

the weight of each indicator is the combined weight. In this way, the combination of objective and subjective319

methods is more reliable than the simple use of a subjective method, so it’s a little bit different than it was320

originally, and some changes are mainly reflected in the weight calculation, the steps are as follows (Miccoli and321

Ishizaka 2017; Ishizaka and Lopez 2018):322

Step 1. Determine the objectives and problems to be studied, the indicator Ak, k = 1, 2, . . . , p, and the323

alternative Ri, i = 1, 2, . . . , r.324

Step 2. Define the classification Zw, w = 1, 2, . . . ,W , where W represents the number of categories, and such325

categories have a certain order of good and bad. For example, 1 corresponds to good, 2 corresponds to not bad,326

etc.327

Step 3. Determine the number of clusters in an indicator and denote it by Sj , j = 1, 2, . . . ,M .328

Step 4. Define the outline of each class. It can be implemented with a local limit profile lpjk, which is the329

minimum indicator required to represent each standard k belonging to Sj class. This feature is given by a typical330

example based on the elements of Sj class belonging to standard k noted as Sjk. We need a k(M −1) constraint331

profile to define each class.332

Step 5. Using the method of calculating the weight described above, the weight of the indicator is calculated,333

which is expressed as ωk.334

Step 6. In each indicator k, the representative point So
jk (o = 1, 2, . . . , O) uniformly distributed in each335

indicator is selected. The limiting profile in this paper are selected by experts according to the original data336
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after standardization. Experts’ selection of representative points is an important step in AHPSort II. Different337

representative points will get different results, so the selection of representative points needs to be cautious.338

Therefore, we use the following method to select representative points:339

First of all, we need to determine the number of representative points (NS) and the number of clusters (NQ,340

which will be introduced in Sect. 3.3.1) in an indicator.341

NQ

NS

= B > 1 (21)

where B is a constant determined by the decision-maker. The larger B is, the higher the accuracy is.342

Because the data are standardized, so the minimum is 0, the maximum is 1. Therefore, each representative343

point can be calculated by the following formula.344

For the first cluster in each indicator, that is, the cluster starting from 0, the representative points are345

calculated by the following formula:346

So
Mk =

lpM−1k

NS

× o− 1, o = 1, 2, . . . , O (22)

especially, S1
Mk=0347

The calculation method of representative points in the cluster from the last to 1 is as follows:348

So
1k = lp1k +

1− lp1k
NS

× o, o = 1, 2, . . . , O (23)

especially, So
Mk=1349

The solution of the representative points in the middle cluster (1 < j < M) is as follows:350

So
jk = lpjk +

lpj−1k − lpjk
NS + 1

× o, o = 1, 2, . . . , O (24)

Step 7. The representative points and limiting profiles in two paired matrices are compared. In this process,351

clustering can be used to reduce computation. Starting from the comparison matrix, the local priority Pok of the352

representative point and the local priority Pjk of the limiting profile can be obtained by the eigenvalue method353

in Eq. (25).354

a× P = λ× P (25)

where a is the comparison matrix; P is the priorities weight vector; λ is the maximal eigenvalue.355

Step 8. If alternative Ri is between two consecutive representative points Sok and So+1k, we can get the356

local priority Pik, which can be expressed by the following formula:357

Pik = Pok +
Po+1k − Pok

So+1k − Sok

× (Tk(Ri)− Sok) (26)

where Sok and So+1k are two continuous representative points on indicator k; Pok and Po+1k are the local358

priorities of two continuous representative points on indicator k; Tk(Ri) is the score of the alternative Ri on359

indicator k; Pik is the local priority of Ri.360

Step 9. Adding the weighted local priorities is the global priority Pi of the alternative i. The global priority361

lpj of the limiting profile can be expressed by the following formula:362

Pi =

p
∑

k=1

Pik × ωk (27)

lpj =

p
∑

k=1

ωk × Pjk (28)

The comparison of Pi and lpj is used to assign alternatives to class Aj .363

If the limiting profile has been defined, alternative Ri is assigned to the class Aj which has an lpj just below364

the global priority Pi (see Fig. 5).365

Pi ≥ lp1 → Ri ∈ Q1; lp2 ≤ Pi < lp1 → Ri ∈ Q2; . . . ;Pi < lpM−1 → Ri ∈ QM (29)
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Fig. 5 Sorting with limiting profiles.

Step 10. Repeat Step 5 to Step 9 for each alternative that needs to be classified.366

Step 11. Because AHPSort II uses the linear approximation method, it is necessary to fine-tune the results367

and check the selected scheme above and below the limiting profile to obtain an accurate classification.368

3.3.1 Clustering method369

This clustering method is mainly used to reduce computation370

Step 1. The representative points and limiting profile in each indicator are selected.371

Step 2. Representative points and limiting profiles are divided into clusters. The last compared element372

becomes the connection point of the two cluster boundaries can be seen in Fig. 6. Assuming that the number of373

representative points is 5, there are 3 limiting profile, and they are divided into three clusters. The local priority374

is calculated from these 3 clusters.375

Fig. 6 Example of clusters.

Step 3. Compare the clustering elements in the matrix and calculate the local priority of each cluster. The376

priorities of the cluster are connected by a common element that is also used to convert the indicator of the377

next cluster to the indicator of the previous cluster, making it computable one by one.378

4 Case study379

The water resources security evaluation method based on fuzzy AHPSort II-EW method is applied here to380

Hubei Province, including all municipal administrative units under the jurisdiction of Hubei Province.381

4.1 Case description382

Hubei is located in the middle reaches of the Yangtze River and north of Dongting Lake in Central China.383

It is known as the “Province of a thousand lakes”. The volume of surface water is the fourth largest in China.384

From the above description, everyone will think that Hubei has developed water system, dense water network,385

and numerous lakes. It must be a province rich in water resources. However, this is not the case. According to386

the statistics, Hubei water resources account for 3.5% of the country, ranking tenth, with an average per capita387

share of 1,731 cubic meters, ranking seventeenth, accounting for only 73% of the national per capita share, close388

to the internationally recognized warning line of 1,700 cubic meters of serious water shortage.389

We can give an example about the pollution of water resources in Hubei Province. The East Lake in Wuhan390

is the largest lake in Chinese cities, six times the size of the West Lake (Hangzhou, China). Although the water391

pollution control of the East Lake has spent a lot of money, the water quality of the East Lake is very poor and392

is not suitable for direct human contact. Therefore, the quality protection of water resources is also an urgent393

problem to be solved.394

In terms of water resources utilization, although the overall water supply in Hubei Province is sufficient, due395

to the uneven distribution of water resources, coupled with climate change and the growing demand for water,396

the problem of water resources shortage in some areas of Hubei Province has become increasingly prominent397

in some periods. When precipitation is concentrated, flood is the main problem, and when precipitation is less,398

local drought and water shortage. And the efficiency of agricultural water use in Hubei Province is also very399

low. In this case, it is key to establish an appropriate water resources evaluation system. It is also urgent to put400

forward some suggestions to solve the efficiency of water resources use.401
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The above three problems just reflect the applicability of the water resource security evaluation system in402

this paper. Hubei Province, as a typical province with abundant water resources but low water use efficiency,403

can analyze some deficiencies existing in various regions of Hubei Province by combining the security evaluation404

of visible water and virtual water.405

4.2 Data collection406

The data of this paper are collected from the National Bureau of Statistics, the water resources bulletin407

of Hubei Province and the official websites of various cities (National Bureau of statistics 2019; Hubei Water408

Resources Bulletin in 2019). The collected indicators are annual precipitation, surface water resources, ground-409

water resources, Water resources per capita, population density, wastewater discharge, Discharge into river,410

water consumption per 10,000 yuan of GDP, water consumption per 10,000 yuan of industrial added value,411

water loss, water consumption per mu of farmland irrigation. The data corresponding to the above indicators412

are the data of all cities in Hubei Province in 2019. The selection of indicator data strictly follows the principle413

of operability, and each indicator is added according to other articles or practical problems.414

4.3 Result interpretation415

In this paper, the indicator data of water resources security of cities in Hubei Province are shown in Table416

3 (all data are in 2019). In the process of calculating the indicator weight, a subjective weight method and417

an objective weight method are used to combine the weights, so the indicator weights of the two methods are418

calculated separately. In the method of subjective weight, it is necessary to ask experts to score each indicator419

with fuzzy language. So five experts on water resources security are invited to evaluate the importance of the420

indicators in this paper. Each expert uses his past work experience and background to score the indicators by421

using fuzzy language. The scoring results are shown in Table 4. Then, the scoring results of each expert are422

extended from different to the same length, and Lingo software is used to calculate Eq. (9) to get the weight423

of each expert, and then the weight of each indicator (ωF
k ) is calculated by Eqs. (10)∼(12). Next, the entropy424

weight method is used to calculate the weight of each indicator to get the subjective weight (ωS
k ), both ωF

k425

and ωS
k can be seen in Table 5. Finally, the final weight of each indicator is obtained by combining the weights426

calculated by the two methods, which are shown in Table 6.427

Table 3 Water resources security indicator data of Hubei province in 2019.

City
Quantity of water resources Pressure on water resources Efficiency of water use

C11(m3/108) C12(m3/108) C13(m3/108) C14(m3) C21(m3/person) C22(ton/104) C23(ton/104) C31(m3) C32(m3) C33(m3/108) C34(m3)

Wuhan 84.71 30.34 9.73 301 1319.991 88608 62026 23 35 12.44 320

Huangshi 50.61 22.03 6.63 938 539.3192 28087 19660 107 149 4.65 432

Shiyan 195.88 57.79 23.47 1701 143.4966 28346 19843 44 33 4.08 362

Yichang 190.89 65.01 32.28 1594 196.2578 41853 29299 36 30 7.74 305

Xiangyang 121.33 20.53 15.64 446 287.9157 50231 35162 68 58 13.1 386

Ezhou 17.96 6.85 2.13 769 664.8055 12454 8718 140 241 2.81 345

Jinmen 88.79 15.66 9.89 578 233.594 30802 21562 106 47 10.78 339

Xiaogan 63.06 16.82 6.21 369 552.3008 33459 23423 120 95 11.25 311

Jinzhou 133.01 46.89 14.99 956 395.9693 49646 34754 150 59 10.78 288

Huanggang 174.51 67.74 20.48 1108 362.7771 45749 32024 124 52 14.3 376

Xianning 125.66 65.66 14.87 2684 253.5974 32270 22589 91 68 7.12 380

Suizhou 54.87 6.97 2.4 314 230.4898 17168 12019 82 30 4.58 340

Enshi 265.31 124.92 44.13 3685 140.6639 14934 10453 45 34 2.58 237

Xiantao 24.51 9.91 2.6 996 449.212 14130 9891 119 44 5.42 457

Qianjiang 17.53 5.93 1.89 763 482.0858 12208 8546 98 42 4.03 436

Tianmen 20.72 5.5 3.03 585 475.7437 11068 7748 143 35 4.87 414

Shennongjia 31.63 14.85 6.94 19508 23.35789 701 491 52 96 0.0 402
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Table 4 Expert fuzzy judgments to the importance of indicators.

Indicator E1 E2 E3 E4 E5

C11 (0.5, 0.625) (0.875) (0.75) (0.25, 0.375, 0.5) (0.75)

C12 (0.625, 0.75, 0.875) (0.5, 0.625, 0.75) (0.375, 0.5) (0.375) (0.5, 0.625)

C13 (0.875) (0.625, 0.75, 0.875) (0.625) (0.5, 0.625, 0.75) (0.875)

C14 (0.125, 0.25, 0.375) (0.5) (0.375, 0.5) (0.75) (0.25)

C21 (0.875, 1) (0.75, 0.875) (0.75) (0.625, 0.75) (0.5, 0.625, 0.75, 0.875, 1)

C22 (0.375, 0.5, 0.625) (0.625) (0.25, 0.375, 0.5) (0.375, 0.5) (0.625, 0.75)

C23 (0.5, 0.625, 0.75, 0.875, 1) (0.375, 0.5) (0.5, 0.625) (0.125, 0.25, 0.375) (0.75)

C31 (0.25, 0.375) (0.375, 0.5) (0.125, 0.25, 0.375) (0.625, 0.75) (0.375, 0.5)

C32 (0.75) (0.5, 0.625) (0.5) (0.375, 0.5, 0.625) (0.375)

C33 (0.75, 0.875) (0.375, 0.5, 0.625) (0.5, 0.625) (1) (0.625, 0.75)

C34 (0.375, 0.5) (0.125, 0.25, 0.375, 0.5, 0.625) (0.625, 0.75, 0.875) (0.5, 0.625) (0.375, 0.5, 0.625)

Table 5 The weights of HFLJ and EWM.

Method C11 C12 C13 C14 C21 C22 C23 C31 C32 C33 C34

HFLJ 0.104 0.081 0.116 0.12 0.08 0.08 0.071 0.11 0.076 0.078 0.08

EWM 0.117 0.15 0.139 0.331 0.02 0.024 0.024 0.067 0.02 0.054 0.053

Note: HFLJ represents hesitant fuzzy language judgment, EWM represents entropy weight method.

Table 6 Weight of each indicator.

Indicator Weight

Annual precipitation (C11) 0.111

Surface water resources (C12) 0.116

Groundwater resources (C13) 0.128

Water resources per capita (C14) 0.225

Population density (C21) 0.05

Wastewater discharge (C22) 0.053

Discharge into river (C23) 0.047

Water consumption per 10,000 yuan GDP (C31) 0.089

Water consumption per 10,000 yuan of industrial added value (C32) 0.048

Water loss (C33) 0.066

Average water consumption per mu for farmland irrigation (C34) 0.066

After calculating the weight of each indicator, we can use the method of AHPSort II to classify, AHPSort428

II is a method evolved from AHP, which is based on the upgrade of AHP and reduces the computation to a429

great extent. In this paper, the water resources security of Hubei Province is divided into five levels: low risk,430

medium-low risk, medium risk, medium-high risk, and high risk which are noted as I, II, III, IV, and V. Before431

classification, experts should select the limiting profiles according to the original data after each indicator has432

been standardized, and then use Eqs. (22)∼(24) to calculate the representative points. The limiting profiles can433

be seen in Table 7 , then each indicator are divided into different clusters, which is a vital step in AHPSort II.434

Table 8 shows the representative points and limiting conditions of annual precipitation. The annual precipitation435

is divided into two clusters, and the eigenvalue method is used to calculate the matrix. Table 9 and Table 10436

show the weight of two clusters of annual precipitation calculated by the eigenvalue method. The two groups of437

weights are converted by the joint point. multiplying them by the ratio of the scores of joining point 0.4 in the438

two clusters: 0.3474/0.0337 = 10.3086. Normalized local priorities of the representative points and the limiting439

profiles for the annual precipitation can be seen in Table 11.440

In the alternative, the local priority s of annual precipitation in Yichang can be calculated by Eq. (26), in441

which the annual precipitation in Yichang is Tk(Ri) = 0.6997 (standardized data), So+1k = 0.75, Sok = 0.5,442

Po+1k = 0.6336, Pok = 0.3536.443

Pik = 0.3536 +
0.6335− 0.3536

0.75− 0.5
× (0.6997− 0.5) = 0.5772 (30)
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Table 7 Limiting profile.

Indicator
Values of alternatives Class of risk

Min Max High lp1 Medium-High lp2 Medium lp3 Medium-low lp4 Low

annual rainfall 17.53 265.31 <0.05 0.05 0.05-0.2 0.2 0.2-0.4 0.4 0.4-0.5 0.5 0.5<

surface water resources 5.5 124.92 <0.05 0.05 0.05-0.2 0.2 0.2-0.35 0.35 0.35<0.6 0.6 0.6<

groundwater resources 1.89 44.13 <0.11 0.11 0.11-0.2 0.2 0.2-0.3 0.3 0.3-0.5 0.5 0.5<

water resources per capita 301 19508 <0.01 0.01 0.01-0.025 0.025 0.025-0.04 0.04 0.04-0.1 0.1 0.1<

population density 23.3579 1319.991 <0.6 0.6 0.6-0.7 0.7 0.7-0.8 0.8 0.8<0.9 0.9 0.9<

wastewater discharge 701 88608 <0.5 0.5 0.5-0.65 0.65 0.65-0.8 0.8 0.8<0.85 0.85 0.85<

discharge into river 491 62026 <0.5 0.5 0.5-0.65 0.65 0.65-0.8 0.8 0.8<0.85 0.85 0.85<

water consumption per 10,000

yuan GDP
23 150 <0.2 0.2 0.2-0.4 0.4 0.4-0.8 0.8 0.8<0.85 0.85 0.85<

water consumption per 10,000

yuan of industrial added value
30 241 <0.7 0.7 0.7-0.9 0.9 0.9-0.95 0.95 0.95-0.98 0.98 0.98<

Water loss 0.07 14 <0.2 0.2 0.2-0.4 0.4 0.4-0.7 0.7 0.7-0.8 0.8 0.8<

average water consumption per

mu for farmland irrigation
237 457 <0.2 0.2 0.2-0.4 0.4 0.4-0.6 0.6 0.6-0.7 0.7 0.7<

Table 8 Representative points and limiting profiles of “annual precipitation”.

Representative points 0 0.025 0.088 0.125 0.1625 0.3 0.45 0.75 1

Limiting profiles 0.05 0.2 0.4 0.5

Table 9 The first cluster “annual precipitation”.

0 0.025 lp1 (0.05) 0.088 0.125 0.1625 lp2 (0.2) Local priority

0 1 1/2 1/5 1/3 1/2 1/3 1/7 0.0403

0.025 2 1 1/3 1/3 1/3 1/3 1/3 0.0568

lp1 0.05 5 3 1 1/2 1/2 1/4 1/4 0.0939

0.088 3 3 2 1 1/2 1/4 1/3 0.1036

0.125 2 3 2 2 1 1/3 1/4 0.1214

1625 3 3 4 4 3 1 1/3 0.2339

lp2 0.2 7 3 4 3 4 3 1 0.3474

Table 10 The second cluster “annual precipitation”.

lp2 (0.2) 0.3 lp3 (0.4) 0.45 lp4 (0.5) 0.75 1 Local priority

lp2 0.2 1 1/4 1/5 1/3 1/2 1/6 1/6 0.0337

0.3 4 1 1/3 1/4 1/3 1/3 1/4 0.0586

lp3 0.4 5 3 1 1/2 1/2 1/4 1/2 0.0102

0.45 3 4 2 1 1/2 1/2 1/5 0.1147

lp4 0.5 2 3 2 2 1 1/3 1/4 0.1230

0.75 6 3 4 2 3 1 1/3 0.2204

1 6 4 2 5 4 3 1 0.3479

In this step, the data of each city in Hubei Province is substituted into each indicator, which is also divided444

into different levels. The global priority of each limiting profile and each alternative are calculated through Eqs.445

(27)∼(28), and then classified.446

According to the weight method of the combination of subjective and objective, combined with the classi-447

fication of AHPSort II, the water resources security level of each city in Hubei Province is obtained. Wuhan,448

Huangshi, Xiangyang, Ezhou, Jingmen, Xiaogan, Jingzhou, Suizhou, Xiantao, Qianjiang, and Tianmen are at449

high-risk; Huanggang, Xianning are at medium-high-risk; Shiyan is at medium-risk; Yichang and Shennongjia450

are at medium-low-risk; Enshi is at low-risk. The study area and its classification are shown in Fig. 7. The water451

resource security level of each city is greatly affected by the efficiency of water use.452

Fig. 7 Study area.
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Table 11 Normalized local priorities of the representative points and the limiting profiles for the “annual precipitation” .

Representative point
Local priority with the first cluster

class as the standard
Normalized local priorities

0.0000 0.0403 0.0112

0.0250 0.0568 0.0158

lp1 0.5000 0.0939 0.0262

0.0880 0.1036 0.0289

0.1250 0.1214 0.0339

0.1625 0.2339 0.0652

lp2 0.2000 0.3474 0.0969

0.3000 0.6041 0.1684

lp3 0.4000 1.0494 0.2926

0.4500 1.1824 0.3297

lp4 0.5000 1.2680 0.3536

0.7500 2.2720 0.6335

1.0000 3.5864 1.0000

4.4 Comparison analysis453

In order to verify the effectiveness of the method, this paper will use the subjective weight method combined454

with AHPSort II and the objective subjective method combined with AHPSort II respectively, and compare with455

the classification obtained by the subjective and objective methods combined with AHPSort II. The comparison456

results are shown in Table 12.457

Table 12 Analysis results and comparative analysis.

City
Fuzzy AHPSort II-EW method AHPSort II-EW method AHPSort II-fuzzy method

Ra1 Rank by Ra1 Ra2 Rank by Ra2 Ra3 Rank by Ra3

Wuhan 0.1771 V 0.2054 V 0.1492 IV

Huangshi 0.0747 V 0.0677 V 0.0817 V

Shiyan 0.4014 III 0.3806 IV 0.4222 II

Yichang 0.4693 II 0.4679 III 0.4708 I

Xiangyang 0.1026 V 0.1021 V 0.1029 V

Ezhou 0.1331 V 0.1662 V 0.0999 V

Jinmen 0.0721 V 0.0786 V 0.0656 V

Xiaogan 0.0647 V 0.0721 V 0.0574 V

Jinzhou 0.1803 V 0.1662 V 0.1942 IV

Huanggang 0.2485 IV 0.2051 V 0.2915 III

Xianning 0.3001 IV 0.2244 V 0.3756 II

Suizhou 0.1208 V 0.1680 V 0.0741 V

Enshi 0.7058 I 0.6591 I 0.7520 I

Xiantao 0.1038 V 0.1160 V 0.0882 V

Qianjiang 0.1207 V 0.1551 V 0.0864 V

Tianmen 0.1191 V 0.1655 V 0.0728 V

Shennongjia 0.4706 II 0.4624 III 0.4788 I

From the data in the table, it can be seen that most of the high-risk groups have no change, and a small458

number of groups have changes in high-risk. Moreover, the combination of subjective and objective methods459

is the neutralization result of the other two methods. The common level areas obtained by the three methods460

often show many or few indicators higher than the limit conditions, which also shows that most of the results461

calculated by the three methods are not very different, which also shows that this method is a fine adjustment of462

the results of the other two methods and has better reliability. The following also talks about the disadvantages463

of using only one weight method alone.464

As far as the entropy weight method is concerned, it is a typical objective weight calculation method. It465

also contains some disadvantages of other objective weight methods. It depends on enough sample data and466
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actual problem domain. Sometimes, the resulting weights will be very different from the actual importance of467

the attribute. Therefore, it is necessary to combine this method with experts’ evaluations. For example, as far468

as precipitation is concerned, the precipitation distribution in Hubei Province is uneven. Some cities have a lot469

of precipitation, while others don’t. In terms of data, it may be that cities with more precipitation are much470

better than those with less precipitation. But in fact, experts may think that this indicator is not so important,471

which will cause errors.472

The expert scoring method is a subjective method, but because each expert’s work experience and educational473

background are not the same, It will lead to divergence among each expert. Although, this paper uses a model474

to make the consensus of each expert reach the highest and the divergence reach the minimum, it is difficult for475

experts to reach complete agreement, it would be better if there were an objective method to supplement.476

In a word, if only one subjective or objective method is used to calculate the weight of indicators, it is477

unreliable, and the combination of the two methods can get more reliable results.478

4.5 Sensitivity Analysis479

The weight method in this paper is based on the combination of entropy weight method and hesitant fuzzy480

language judgment. There is a parameter V in the formula of combination weight, whose value is between 0481

and 1. Therefore, it is necessary to test the influence of different values of V on the final weight result. When482

v=0, it means that the only subjective method is used to get the weight, and when V=1, it means the only483

objective method is used to get the weight Weight. Fig. 8 shows that the weight of each indicator changes with484

the change of parameter V . It can be seen that there are criterions with great changes in each indicator. Some485

indicators increase with the change of V , while others decrease. C33 and C34 are almost the same under the486

efficiency of water use, while C32 shows a great growth trend. The change of indicator weight leads to the change487

of global priority and global limiting profile, and finally affects the security level of each alternative. Through488

Fig. 9, it is not difficult to find that with the increasing of V , the security level of some alternatives near each of489

these global limiting profiles will change. It can be seen from Table 13 that the final evaluation grade of many490

cities does not change due to the change of V , but the overall change is towards a safer grade with the increase491

of V . In general, the whole data does not show a large span change with the slight change of V , therefore,492

it is necessary to use the subjective and objective methods to calculate the weight at the same time, and the493

determination of parameters in this link needs to be careful, and the deviation caused by parameter selection494

in practical problems also needs to be considered.

Fig. 8 The influence of V on indicators weight.

Fig. 9 The influence of V on limiting profile.

495

4.6 Suggestions496

It can be seen from Table 3 that the distribution of water resources in various cities of Hubei Province is497

very uneven. In addition, Hubei Province is also a strong provincial capital province. As the provincial capital,498

Wuhan is the largest city in the province, which has a big gap with the second-ranked city. Therefore, it can499

be seen that Wuhan, as the provincial capital, has a gap with other cities in many indicators. It can be seen500

from Table 12 that most of the cities in Hubei Province are at a dangerous level. As a province with many501

water systems, the security of water resources in Hubei Province is mainly the pollution of water resources502
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Table 13 The influence of V on the security level.

City V=0 V=0.1 V=0.2 V=0.3 V=0.4 V=0.5 V=0.6 V=0.7 V=0.8 V=0.9 V=1

Wuhan V V V V V V V IV IV IV IV

Huangshi V V V V V V V V V V V

Shiyan IV III III III III III III V V IV IV

Yichang III III III III III II II II II II I

Xiangyang V V V V V V V V V V V

Ezhou V V V V V V V V V V V

Jinmen V V V V V V V V V V V

Xiaogan V V V V V V V V V V V

Jinzhou V V V V V V V IV IV IV IV

Huanggang IV IV IV IV IV III III III III III III

Xianning V V IV IV IV IV III III III III II

Suizhou V V V V V V V V V V V

Enshi II I I I I I I I I I I

Xiantao V V V V V V V V V V V

Qianjiang V V V V V V V V V V V

Tianmen V V V V V V V V V V V

Shennongjia III III III III III II II II II II I

and the efficiency of water use. At present, agricultural irrigation accounts for 67.16%, industry accounts for503

15.13% and rural life accounts for 20% of the total water consumption of the province 12%, forestry, animal504

husbandry and fishing accounted for 5.13%, and urban life accounted for 2.16%. From the perspective of water505

consumption structure, agricultural irrigation accounts for the majority of water consumption, and there is great506

potential for agricultural water saving. In terms of farmland irrigation in Hubei Province, flood irrigation is still507

very common, and the utilization rate of diversion canal is only 50%, that is, half of the water is leaked and508

evaporated. In addition, the reuse rate of industrial water in Hubei Province is very low, about 50% in Wuhan509

and only 20% - 40% in other cities, therefore, by introducing the indicators of water resource use efficiency, we510

can see that most cities in Hubei Province are at a high risk level, which is different from our previous cognition511

of Hubei Province and deserves our attention to water resource security in areas with abundant water resource.512

By introducing the index of water resource use efficiency, we can see that most cities in Hubei province are at513

a high risk level, which is different from our previous cognition of Hubei Province and deserves our attention to514

water resource security in water-rich areas. And some cities in the middle-risk and low-risk level are basically515

because they are sparsely populated, have a good ecological environment, and have a low economy. There is516

little water consumption in all aspects, such as Enshi. Yichang’s economy is at the forefront of the province,517

and its population ranks sixth among the 17 cities in the province, but the safety of water resources is at low518

risk because the existence of the Three Gorges Dam makes the use efficiency of water resources very high. This519

paper proposes the following methods to deal with this phenomenon:520

(1) In agriculture, Hubei Province still uses flood irrigation and has a low industrial water reuse rate. In521

view of the above two points, the following improvements can be made. In agriculture, water resource fees and522

fees can be levied, quota allocation can be implemented, and water-saving agricultural technology irrigation can523

be promoted, especially in the dry land areas of northern Hubei Province. In the industry, we can realize water524

quota allocation by collecting water fees and water, the full implementation of social water standard quota, and525

improve water quality, to encourage water-saving and clean production, improve the utilization rate of water526

and reduce water consumption per unit product, in the city life water use should gradually improve the sewage527

disposal, and improve the public awareness of water through the publicity.528

(2) About water pollution has always been the focus of the water security problem, so the water quality of529

the recovery will take various efforts, in the first place to have a scientific and reasonable method to control530

water pollution and secondly from the source control water pollution is to reduce the emissions of pollutants,531

the solution to water pollution cannot be copied elsewhere, Because the levels of pollution that each place faces532



20 Yubo Du1 et al.

and the causes of pollution are different, it is necessary to identify the effects and targets of the final effects533

during the planning process.534

(3) Not only in Hubei Province, but the efficiency of water resources also use in the whole of China still535

needs to be improved. Although water resources in Hubei Province are relatively abundant in China, due to536

the uneven distribution, how to rationally use water resources to improve the efficiency of water resources use537

becomes particularly important. Virtual water strategy is a new direction in water resources research, and also538

a new practical direction in water resources management. And this is certainly a good way to solve the problem.539

5 Conclusions and Future Research Direction540

This paper argues that water resources are indispensable to human beings’ social production and life, and541

it is particularly important to ensure the security of water resources. Based on the above analysis, this paper542

proposes a novel method to evaluate the security of regional water resources.543

Firstly, as a matter of fact, there are many provinces in China with abundant water resources, however the544

distribution of water resources is uneven and the use efficiency of water resources is low. Therefore, in addition to545

considering two criteria of quantity of water resources and pressure on water resources, this paper emphatically546

takes the criterion of efficiency of water use into account, all these are based on previous related studies and547

practical problems. This paper mainly explores a water resource security evaluation system which is suitable for548

the regions with abundant water resources but uneven distribution and low water resource utilization efficiency.549

As virtual water can better embody water efficiency utilization efficiency, this paper introduces virtual water as550

well as visible water to evaluate the security of water resources.551

Secondly, this paper combines subjective weight and objective weight to get indicators’ weights. For the552

subjective method, hesitant fuzzy language term sets are employed to describe the experts’ judgements, then553

the model with the minimum disagreement and the maximum consensus is applied to obtain the experts’554

weights, the indicators’ weights is calculated by introducing the parameters of weighted average operator. For555

the objective method, the entropy weight is utilized, which is adjusted by the subjective method. Furthermore,556

the combined indicators’ weights are substituted into fuzzy AHPSort II-EW method to classify the alternatives,557

which improves the fairness and reliability of the evaluation results.558

Thirdly, the proposed method is applied to evaluate the water security of 17 cities of Hubei Province in559

2019. Hubei Province, as a province with abundant water resource but inefficient in the use of water resources560

and uneven distribution of water resources. The water resources security of Hubei Province is divided into five561

levels with 11 cities at high-risk level, 2 cites at medium-high-risk level, 1 city at medium-risk level, 2 cities at562

medium-low-risk level, and 1 city at low-risk level.563

Finally, the comparison of AHPSort II-EW method, and AHPSort II-fuzzy method shows that the proposed564

fuzzy AHPSort II-EW method method which considers both subjective and objective weights is more reliable.565

In addition, sensitivity analysis is also carried out on the parameter V of combined weight, which demonstrates566

the efficiency of the subjective/objective combined weight method. Based on above analysis, some suggestions567

are given. As Hubei Province well-water resourced region, the shocked result is a reminder of water resources568

use efficiency that affect water security in areas with abundant water resources.569

The proposed method used in this paper can also be applied to the evaluation of water resources security570

in other provinces or regions, especially in areas with sufficient water resources but low efficiency and uneven571

distribution of water resources. The limitations of this paper and the areas that can be further studied in the572

future include the following aspects: This paper only uses an entropy weight method as an objective weight573

calculation method. In the future, the research direction of the method can choose the weight calculation method574

according to the actual problems of the research. This paper does not consider the flood factor in determining575

water resources security. In the future, the research direction of water resources security can add research objects.576
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