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Abstract—Resilience is a significant uncertainty thought of water resources system security. Compared with
risk analysis, resilience pays more attention to the ability of water resources system itself to deal with adverse
events. However, a standard system of water resources system resilience’s concept and evaluation have not yet
formed. In view of this, this study had attempted to decompose the process of resisting interference of water
resources system and analyzed the characteristics and influencing factors of three sub processes of resistance,
recovery and adaptation. Furtherly, a new resilience evaluation index system of water resources system was
explored and a three-way dicision approach for water resources system resilience analysis based on variable
fuzzy sets and partial connection number was developed. Specifically, a multi-grade quantitative evaluation
of water resources resilience was carried out based on variable fuzzy sets method, and then the quantitative
evaluation results were transformed into qualitative decision-making results using a new three-way decision
model based on partial connection number of set pair analysis. Finally, a case study of China’s Yangtze River
Economic Belt (YEB) in 2008–2017 was performed and the results show that the resilience of water resources
system in the YEB does not show an obvious improvement trend, or even almost stagnant. Of the 110 samples,
83.6% were at the medium level. Only 6.4% are barely at the excellent level, but they are basically in Shanghai.
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INTRODUCTION
A consensus has been reached that water shortages,

f loods and droughts, and the deteriorationare of water
environment becoming increasing serious, which seri-
ously affect the sustainable development of global
economy, society, environment and resources [2, 5,
21, 28]. In 2012, the United Nations World Water
Assessment Programme pointed out that with the
impact of climate change, the amount of water
resources available in many regions will be reduced,
and the imbalance between water supply and demand
and the water shortage will be aggravated [22]. The fre-
quent occurrence of water resources problems has
prompted human beings to find more reasonable strat-
egies for sustainable utilization of water resources.
Risk analysis is one of the important paths to deal with
this problem, which has provided a scientific basis for
water resources security [13, 14]. However, it tends to
emphasize the probability of adverse events and the
degree of loss, and ignores the response capacity of
water resources system itself. In fact, the outbreak of

COVID-19 has sounded the alarm for us. We have
exposed great vulnerability in the face of sudden risks.
Water resource is one of the rigid constraints of eco-
nomic and social development, which is of great sig-
nificance, but it also presents vulnerability [15].
Therefore, it is particularly urgent to shift from “anti
vulnerability” to “resilience” [6, 11, 12, 16].

Resilience origined from “resilio” in Latin, which
means “reset to the original state.” It was introduced
into ecological field by Holling [7] to describe the
extent to which disturbances can be absorbed before
the system’s structure was changed. Subsequently, it
was gradually extended to many fields, such as human
ecology, social ecology, water science, etc. In the
application expanding, its core concept is from focus-
ing on the engineering resilience of “single steady
state” to “building new steady state” ecological resil-
ience, and then gradually weakening the emphasis on
the steady state, while focusing on the learning adap-
tation process, namely, the improvement of resilience.
Resilience has more f lexibility than carrying capacity
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or resistance strategies, which can adapt to various
uncertain changes [24].

Resilience emphasizes the system’s resistibility to
cope with the disturbance, recoverability after dis-
turbed and adaptive learning ability, which provides a
new analytical framework for the sustainable develop-
ment of water resources system. At present, scholars
have paid attention to the water resources system resil-
ience. Alessa et al. established the Arctic water
resources vulnerability index to express the resilience
[1]. Tanner et al. evaluated the resilience of water
resources systems from 5 aspects: decentralization and
autonomy, transparency and accountability, respon-
siveness and f lexibility, participation and inclusive-
ness, and governance experience [20]. Sandoval-Solis
et al. established the sustainability index of water
resources from three aspects of reliability, recoverabil-
ity and vulnerability based on “deficit” [17]. Liu et al.
established a quantitative evaluation model of water
resources system resilience from three aspects of
drought, waterlogging and water pollution based on
Holling’s resilience thought [10]. Yu et al. considered
that water system has the characteristics of resilience
[25]. Huang and Ling used GIS spatial analysis and
ABM model to study the resilience of urban water
resources system [8]. Sun and Meng introduced “soft
power” factors such as culture and system into the
evaluation index system of regional water system resil-
ience [19], and so on. Obviously, a series of research
results on water resources resilience system provide
support for the sustainable development of water
resources system. However, to the best of our knowl-
edge, no studies have focused on the process decom-
position of water resources resilience system, that is,
the mechanism and connection of absorbing distur-
bance, recovering structure and lifting function. In
addition, the current evaluation of water resources sys-
tem resilience is often based on the static index data,
and the fuzziness and dynamic of the data are not suf-
ficiently considered. Such questions bear importantly
on clarifying the connotation of water resources sys-
tem resilience, and may shed light on how to formulate
better water resources security policies that perform
well facing various interference of adverse events.

In view of this, this study firstly referred to the resil-
ience concept, analyzed the characteristics and influ-
encing factors of water resources system resilience
from the perspective of process decomposition, and
constructed a evaluation index system of resilience;
Secondly, focusing on the fuzziness, variable fuzzy
sets method was used to describe the unity of opposites
of the resilience between adjacent grades, and the
grade eigenvalues were used to describe the resilience;
Thirdly, considering the dynamics of information, a
new three-way decision model was constructed based
on partial connection number method to analyze the
internal evolution direction of resilience; Finally, the
proposed model framework was applied to the multi-
level and multi-scale quantitative evaluation of the
water resources system resilience of China’s YEB from
2008 to 2017.

METHODS
Firstly, a new evaluation index system of water

resources system resilience based on subsystem
decomposition was explored. Then, a complete three-
way decision approach for resilience evaluation based
on variable fuzzy sets and partial connection number
was constucted.

Evaluation Index System 
of Water Resources System Resilience

This study holds that water resources resilience
refers to the ability that can maintain stable operation
in the disturbed state, recover the original function
quickly when impacted, and acquire certain adaptabil-
ity after one impact process. So, resilience process can
be seen as a cycle in which the system improves adapt-
ability and constantly adapts to risks and disturbances.
In this process, the system has experienced “be dis-
turbed,” to “maintain system stability after disturbed,”
and then to “recovering stability.” In this process, the
ability of adaptation and learning has been improved,
and then achieve innovative development and
enhance resilience (Fig. 1).

Corresponding to three sub processes: before dis-
turbance, during disturbance and after disturbance,
three ability goals of water resources system, that is,
resistibility, recoverability and adaptability respec-
tively, and their influencing factors, should be
explored.

Influencing factors of resisting process: In disaster
science, the impact of disaster process is mainly com-
posed of two parts: external pressure and endogenous
pressure. It is caused by the instability and effect accu-
mulation of natural or human activity regional system,
including endogenous problems such as population,
resources and environment [18]. Similarly, in the
water resources system, the main factors affecting the
water resources resilience depend on the frequency of
external natural disasters and the endogenous factors
related to the regional water resources. Therefore, in
the water resources system, the greater the potential
risk it faces, the more disturbance it will be subjected
to, and the weaker its resistibility will be. When there
are more exogenous factors such as f lood and drought,
the impact of water resources system will be greater,
the system’s ability to resist risk will be weaker, and the
performance of resilience in the resisting process will
be worse. In particular, the drought and flood affected
area refers to the sowing area where the yield of crops
is reduced compared with that in normal years due to
flood and drought disasters and it can characterize the
frequency and scope of natural disasters closely related
to water, that is, the number and range of exogenous
factors, and is closely related to the agricultural pro-
WATER RESOURCES  Vol. 49  No. 6  2022
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Fig. 1. Resilience process of water resources system.
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duction system. Correspondingly, endogenous factors
such as regional water resources pressure and popula-
tion pressure will also affect the water resources system
to suffer huge impact, leading to the weakening of
resistibility.

Influencing factors of recovering process: After the
system is disturbed, it will go through a recovering pro-
cess, and the influencing factors in this process are
affected by the stability of the internal factors.The
recovering process is affected by internal factors such
as water environment, economy and water use struc-
ture, which determine the speed of the system recov-
ering process. The recoverability is affected by envi-
ronment, ecology, economy, society and other
aspects: for example, sewage treatment determines the
carrying capacity of the water environment; economic
structure will affect the water consumption, and
industrial and agricultural water consumption will be
far greater than that of the tertiary industry; different
water use efficiency will also affect the resilience of
water resources. For instance, agricultural water con-
sumption includes irrigation of cultivated land and
forest land, gardens and pastures, replenishment of
fish ponds and livestock water, which in a certain sense
reflects the potential ability of the agricultural produc-
tion system to restore various normal functions after
disasters, etc.

Influencing factors of adapting process: After
recovering process, the system will learn to adapt to
the next disturbance through this disturbance, which
is the adaptability in the resilience system. The adapt-
ing process of water resources resilience system is
mainly affected by regional innovation factors, secu-
rity factors and so on. Different adaptability levels
determine the new initial state level that the system
can move to in the next impact.In the water resources
WATER RESOURCES  Vol. 49  No. 6  2022
system, the impact on adaptability mainly focuses on
regional sustainable development and sustainable uti-
lization of water resources. For example, water con-
sumption of ecological environment reflects the water
consumption used for ecological environment resto-
ration and construction or maintaining the current
ecological environment; the input cost of environ-
mental protection in the region will greatly affect the
level of water environment adaptation; high quality
R & D platform will promote the efficient use of water
resources; the construction level of the region itself
can assist the smooth operation of urban water system.
These factors do not belong to the water resources
endowment, nor in the scope of economic structure
and ecological environment, but they have a profound
impact on the water resources system and make it
change in a better direction.

According to the above analysis, when selecting the
evaluation index of water resources resilience, we
should pay more attention to the problem orientation
and risk pertinence, and consider the diversity of the
pressure faced by the water resources system, the com-
plexity of the water resources system and the anti-
interference ability [9]. The resilience of water
resources system depends on the interaction of various
factors such as water resources endowment, ecological
environment, economic society, population and sys-
tem, and different index selection will affect the results
of water resources resilience evaluation. In view of
this, this study based on the concept of resilience, fol-
lowed the principles of scientificity, systematicness
and operability, screened the corresponding indicators
from three aspects of resistibility, recoverability and
adaptability. Furtherly, a new evaluation index system
of water resources system resilience was constructed,
as shown in Table 1.
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Table 1. Evaluation index system of water resources system resilience

Subsystem Index Unit Attribute

Resistibility Population 104 –

Drought affected area 103 ha –

Flood affected area 103 ha –

Water consumption per 104 yuan GDP m3 –

Total water supply 108 m3 +

Total water resources 108 m3 +

Recoverability Water resources per capita m3 +

Industrial water consumption 108 m3 –

Agricultural water consumption 108 m3 –

Sewage treatment capacity 108 m3 +

Proportion of tertiary industry % +
Energy consumption per unit output value KWh/104 RMB yuan –

Adaptability Water consumption of ecological environment 108 m3 +

Investment in environmental protection 108 RMB yuan +

Growth rate of fiscal revenue 108 RMB yuan +

R & D investment 108 RMB yuan +

Urban greening rate % +
Forest coverage % +
A New Three-Way Decision Approach Based on Variable 
Fuzzy Sets and Set Pair Analysis

The proposed three-way decision approach in this
study includes three main steps: (1) Calculate the
membership degrees of each object relative to each
grade by using the variable fuzzy set method, and anal-
ysis the time series evolution trend of resilience level
based on the grade eigenvalue; (2) Transform the rela-
tive membership degree into connection number, and
express the uncertain state of each object relative to
each resilience grade by a unified mathematical struc-
ture; (3) Describing the decision cost by considering
dynamic evolution between components by partial
connection number, and then construct a new gener-
alized three-way decision model.

Grade Eigenvalue (in Variable Fuzzy Sets Theory)

In 1965, the concept of fuzzy sets was proposed by
Professor Zadeh [26], and theory of fuzzy sets was
established. This theory promotes the development of
the direction and practical application of traditional
mathematical theories. However, with the gradual
increase in the scope of application fields, this theory
fails to consider the dynamic variability of develop-
ment of objects. To address this shortcoming, Chen
[3] established variable fuzzy sets theory based on the
principle of mutual transformation of contradictions
in natural dialectics, which has been applied to the rel-
ative research of water resources system.

The water resources system resilience is also a fuzzy
concept, and there is no absolute clear boundary
between its adjacent grades. For the resilience level of
a specific water resources system, it is difficult to judge
it as a certain grade absolutely, because it always main-
tains a fuzzy unity of opposites between two adjacent
grades. The relative membership degree method in
variable fuzzy sets theory provides an effective tool to
describe this problem.

As stated by Chen [3], U is a fuzzy concept,  is a
random element in U, and . A and AC represent
attractability and repellency. Then form a pair of con-
tinuous number lines expressed by the closed intervals
of [1, 0] and [0, 1]. For u in U, μA(u) and (u) are the
relative membership functions of u to A and AC that
respectively express attractability and repellency
degree. The mapping is presented as follows:

(1)

This mapping is called the relative membership
function of A and AC, where ,

.
If any two adjacent grades constitute an opposite

events group, according to variable fuzzy sets, the eval-
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Table 2. Basic conditions of relative membership degree

Conditions Relative membership degree

, 

, 
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uation object only has relative membership relation-
ship with one group (record as A and AC), and satisfies
the unity of opposites.

Let , 
be the indexs set.  refer to the value of uj for
ti. ti is divided into s grades, and the corresponding
interval matrix is as follows:

(2)

where, aih, bih are the upper and lower limits of ti at
grade h.

According to the theorem of the unity of opposites
of variable fuzzy sets, there must be two gradual
change points kih and ki(h + 1) of index ti in the interval
of grade h and h + 1 respectively and the relative mem-
bership degree meets the conditions in Table 2.

The gradual change points kih, (h = 1, 2, …, s) can
be obtained by:

(3)
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degree of xij to grade h can be calculated as:
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The principle of maximum membership is widely
used in many fuzzy decision making fields. However,
this principle exhibits evident defects when fuzzy con-
cepts are graded. The grade eigenvalue was proposed
to address this defect [4].
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is called grade eigenvalue of uj. (uj) refers to the nor-
malized vector of vh(uj). Grade eigenvalue transforms
relative membership degrees into a real number, which
can reflect the approximate range of the evaluation
object. However, for different relative membership
degrees, the same or close grade eigenvalues may
appear, which will lead to deviation in the grade deter-
mination. Therefore, it is still necessary to consider
the size and dynamic evolution of each membership
degree for the grade determination. Here, a new three-
way decision model is proposed in Section 2.3 to solve
this problem.

Connection Number and Partial Connection Numbe
in Set Pair Analysis

For the similar problems, set pair analysis (SPA)
method proposed by Zhao [31] has another expres-
sion, which uses the ternary connection number u =
a + bi + cj to express the relationship among the three
grades. Where, a, b, c represents the membership
degrees (correlation degrees) between the resilience
grades (1 to 3) of water resources system. i and j are the
marking symbols. Furthermore, the partial connec-
tion number was developed to describe the dynamic
evolution of information and has been deeply studied
and applied [29, 30]. Obviously, for the problem with
three grades, we only need to set h (in variable fuzzy
sets method of Section 2.2) to 3. Then, the three rela-
tive membership degrees can be recorded as each com-
ponent of the connection number, that is, a, b, and c.
In this way, the relationship between relative member-
ship degree of variable fuzzy set and connection num-
ber is established, and the evolution characteristics of
connection number components are also the evolution
characteristics of relative membership degree.

Let a ternary connection number be u = a + bi + cj,
, then:

(8)

is recorded as First-order partial positive connection
numbe (FPCN). Where,  is the positive evolution
rate from b to a.  is the positive evolution rate from
c to b.

(9)

0
hv
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is recorded as First-order partial negative connection
numbe (FNCN). Where,  is the negative evolution
rate from a to b.  is the negative evolution rate from
b to c.

Furthermore, if the FPCN is calculated again by
partial positive evolution, we can get the Second-order
partial positive connection number (SPCN) as follow:

(10)

Similarly, Second-order partial negative connection
number (SNCN) is:

(11)

A New Three-Wey Decision Approach Based 
on Partial Connection Number

Three-way decision (3WD) is a granular comput-
ing method developed in recent years to deal with
uncertain decision-making [23]. It is a “rule by three”
model gradually evolved from decision rough set the-
ory, which is in line with human cognition. The core
idea of 3WD is to divide a unified set into three disjoint
paired regions, and formulate corresponding deci-
sion-making strategies for each region. In fact, due to
the fuzziness and limitations of human thinking, most
of the affairs we encounter can be understood as 3WD
problem in a broad sense [27]. For instance, if the
resilience is set to three grades, the problem of resil-
ience evaluation will turn into a 3WD issue. Therefore,
we only need to construct the condition set and estab-
lish the corresponding decision rules between condi-
tions and resilience grades.

Generally, in the connection nember u = a + bi +
cj, the size of a, b, c directly affects the decision results,
so it is certainty that the evolution path and degree
(based on partial connection number) between them
will promote the adjustment of decision results. If the
part of b evolving to a is used as the information com-
ponent of support grade 2, there will be a certain deci-
sion cost which can be expressed by . Based on the
same analysis, the decision cost (DC) of each compo-
nent for each grade is expressed as follows:

(12)

Based on connection number be u = a + bi + cj, the
decision cost of each grade are as follows:
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(15)
In general, decision makers tend to choose the

grade with a lowest cost.
Finally, the state of water resources system resil-

ience can be evaluated and analyzed combining with
the results of variable fuzzy sets and three-way deci-
sion method.

RESULTS
Study Area and Data Sources

YEB refers to the economic belt along the Yangtze
River in China, covering 11 provinces (cities), includ-
ing Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi,
Hubei, Hunan, Chongqing, Guizhou, Sichuan and
Yunnan (Fig. 2). It covers a vast area of about 2.05 ×
106 km2, accounting for 21.4% of China’s total. YEB’s
population and GDP both exceed 40% of China’s
total. YEB, spanning the eastern, central and western
regions of China, is a key area for developing national
productive forces in the new era.

In this study, 11 provinces (cities) with 10-year
water resource data (from 2008 to 2017) were down-
loaded from the National Bureau of Statistics
(http://www.stats.gov.cn/) and government websites
of the Water resource Agency in each region. The
datasets are available and have been processed with
quality control with a missing data rate of less than
0.1%.

Grade Eigenvalue of Resilience

Taking 2017 as an example, this study shows the
relative membership degrees and grade eigenvalue in
various provinces (cities) in more detail (Table 3).
According to the results of grade eigenvalue, the spa-
tial and temporal variation of water resources system
resilience in YEB from 2008 to 2017 is visualized by
using ArcGIS, as shown in Fig. 3. According to Fig. 3,
the distribution of water resources resilience grade in
each province of the YEB is uneven. In terms of
regional spatial change, the water resources resilience
grade of 11 provinces (cities) in the YEB is developing
in a balanced way, and the gap between provinces is
gradually decreasing.

Three-Way Decision of Resilience 
Based on Information Evolution

The grade eigenvalue reflects the approximate
range of resilience level, but we still need to further
consider when judging the grade, because different
relative membership degrees may produce similar
grade eigenvalues, but in fact they are quite different.

( ) 2Grade1 ,DC b b c c
− −= ∂ + ∂

( )Grade2 ,DC a a c c
− −= ∂ + ∂

( ) 2Grade3 .DC a a b b
+ += ∂ + ∂
WATER RESOURCES  Vol. 49  No. 6  2022
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Fig. 2. Location of the administrative division of the YEB.
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For instance, the connection number(transformed
from relative membership degrees) of 2008 and 2017 in
Shanghai are 0.2389 + 0.4266i + 0.3346 j and 0.3726 +
0.161i + 0.4663j respectively, and the corresponding
grade eigenvalues are 2.0958 and 2.0936. Obviously,
they are almost the same, but the intuition tells us that
they should not have the same grade of resilience. In
view of this, we make the three-way decision analysis
based on information evolution. The results show that
the decision costs of judging 2008 as grade 1, 2 and 3
are 0.608, 0.2328 and 0.4779 respectively. Corre-
WATER RESOURCES  Vol. 49  No. 6  2022

Table 3. Grade eigenvalue of water resources system resilienc

Relative member

grade1/E (excellent) grade 2/M (m

Shanghai 0.37 0.16

Jiangsu 0.29 0.35

Zhejiang 0.45 0.48

Anhui 0.33 0.49

Jiangxi 0.29 0.56

Hubei 0.31 0.58

Hunan 0.41 0.47

Chongqing 0.26 0.46

Sichuan 0.47 0.42

Yunnan 0.35 0.49

Guizhou 0.17 0.60
spondingly, 0.5149, 0.6068, and 0.414 for 2017.
According to the principle of minimum decision cost,
it is grade 2 in 2008 and grade 3 in 2017. All results are
shown in Table 4.

DISCUSSIONS

Taking 2017 as an example, the range of resilience
grade eigenvalues of 11 provinces (cities) is [1.62,
2.09], accounting for three grade ranges. In the analy-
sis, the resilience level is expressed by higher, medium
e in YEB in 2017

ship degree
Grade eigenvalue

edium) grade 3/P (poor)

0.47 2.09

0.35 2.06

0.07 1.62

0.18 1.85

0.15 1.86

0.12 1.81

0.11 1.70

0.29 2.03

0.11 1.64

0.16 1.81

0.23 2.06
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Fig. 3. Grade eigenvalues of water resources system resilience in YEB from 2008 to 2017.
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0 155 310 620 930
km

2014
1.52–1.72 1.73–1.92 1.93–2.11 2.12–2.31 2.32–2.51

0 155 310 620 930
km

2016
1.52–1.72 1.73–1.92 1.93–2.11 2.12–2.31 2.32–2.51

0 155 310 620 930
km

2017
1.52–1.72 1.73–1.92 1.93–2.11 2.12–2.31 2.32–2.51

0 155 310 620 930
km
and lower. Jiangsu, Shanghai and Zhejiang are located
in the plain Delta, with high level of coastal economic
development, mature and stable industrial structure,
and high scientific and technological innovation pro-
ductivity. However, due to the regional population
density, water resources endowment and other factors,
the water resources resilience level of Jiangsu and
Shanghai is relatively low. Comparatively, Zhejiang
benefits from the advantages of better water resource
endowment and higher level of science and technol-
ogy, and its water resource resilienve level is higher.
For Anhui, Jiangxi and Hubei, their economic devel-
opment level is insufficient, their water resources
endowment has few advantages, and their water
resources resilience is in the medium level; Hubei’s
water resource endowment is good, but its adaptability
indexes such as environmental governance investment
and financial revenue prospect are weak, and its water
WATER RESOURCES  Vol. 49  No. 6  2022
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Table 4. Three-way decision results

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Shanghai M M M E E E E E E P
Jiangsu M M M M M M E M M M
Zhejiang M M M M M M M M M M
Anhui P M M M M M M M M M
Jiangxi M M M M M M M M M M
Hubei P M M M M M M M M M
Hunan M M M M M M M M M M
Chongqing P P P M M M M M M M
Sichuan M M M M M M M M M M
Yunnan M M M M M M M M M M
Guizhou P P P P P M M M M M
resource resilience is in the medium level; The resil-
ience of water resources in Chongqing and Guizhou is
relatively poor, and the adaptability index level of eco-
logical water use, environmental governance invest-
ment and scientific research investment is relatively
low; The output value of drought and flood in Sichuan
is relatively low, but the water consumption per unit is
relatively reasonable; As far as Yunnan is concerned,
the sewage treatment capacity, scientific research
investment and other indicators in this area are rela-
tively low, the water resource endowment is good, and
the water resource resilience is generally at the
medium level.

The time series evolution trend of water resources
system resilience in the YEB from 2008 to 2017 is
shown in Fig. 4.
WATER RESOURCES  Vol. 49  No. 6  2022

Fig. 4. The time series evolution of water resour
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On the whole, the grade eigenvalues of water
resources resilience of all provinces in the YEB are
[1.51, 2.52]. In 2008, the eigenvalue interval of
11 provinces in the YEB is [1.90, 2.51], the average
value is 2.24, and the eigenvalue interval of 2017 is
[1.62, 2.09], the average value is 1.87. The grade eigen-
value decreases, the resilience level increases, and the
change trend presents a good trend year by year.

As far as each region is concerned, Shanghai, Zhe-
jiang and Jiangsu are located in the lower reaches of
the Yangtze River, belonging to the Yangtze River
Delta region, with good economic development, sci-
entific and technological level, and better economic
status than other regions. Therefore, their own water
resources resilience foundation is good. In 2008, the
regional water resources resilience level was signifi-
ces system resilience in YEB from 2008 to 2017.
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cantly better than other regions, and the eigenvalues
were about 2.0. However, in recent years, due to the
overall development of the YEB showing a gradually
balanced trend, the regional water resources resilience
advantage has declined, and the resilience level has
declined. In the past ten years, the water resources
resilience characteristic values of the three provinces
or cities are within [1.55, 2.10] as a whole, and the
water resources resilience is in a good level range.

Anhui and Jiangxi are located in the middle and
lower reaches of the Yangtze River. Compared with
the three provinces in the Yangtze River Delta, the
regional economic level is slightly weak. In the water
resources resilience system, the process of recovery
and adaptability is slightly worse than the previous
three provinces. In terms of eigenvalue changes,
Jiangxi reached 2.23 in 2008, while Anhui reached
2.51, which belong to the degree of poor resilience. In
the following 10 years, the resilience level of Anhui
province gradually increased, especially the resilience
level of water resources and water infrastructure. In
2017, the characteristic value of water resources resil-
ience of the two provinces was about 1.85, which was
higher than that of the three provinces in the Yangtze
River Delta.

For Hubei, Hunan and Chongqing, the three prov-
inces or cities are located in the middle reaches of the
Yangtze River and have good water resources endow-
ment. They are also restricted by the economic struc-
ture and the level of scientific research and innovation.
In 2008, the resilience level of water resources in the
three provinces or cities was poor, with the eigenvalue
interval of [2.19, 2.43]. With the change of time, the
index level changes of the three provinces or cities
mainly come from the restorative indicators, such as
environmental governance investment, ecological
water consumption, science and technology R & D
investment and other indicators have been greatly
improved, and the improvement of the restoration
ability has improved the resilience of the water
resources system. As of 2017, the resilience eigenvalues
of Hubei, Hunan and Chongqing were 1.81, 1.70 and
2.03, respectively, indicating that the resilience is sta-
ble and there were obvious changes between the two
groups.

Sichuan, Yunnan and Guizhou are located in the
middle and upper reaches of the Yangtze River, and
also in Southwest China. In 2008, the resilience char-
acteristic values of the three provinces were 2.26, 2.12,
and 2.44 respectively. Compared with other provinces
or cities in the YEB, there is a certain gap in their water
resources endowment, and their resilience level is rel-
atively low due to the restrictions of economic devel-
opment, backward science and technology, and envi-
ronmental protection investment. With the change of
time, the indexes of resistance, resilience and adapt-
ability of the region have improved, which promotes
the improvement of resilience level. However, in terms
of adaptability, the level of environmental governance
investment, scientific research investment, ecological
water consumption and other indicators is still poor.
In 2017, the resilience characteristic values of Sichuan,
Yunnan and Guizhou reached 1.64, 1.81 and 2.06,
respectively, and the resilience level improved signifi-
cantly.

Among the three-way decisions of water resource
system resilience in the YEB as shown in Fig. 5. In
2008, Anhui, Hubei, Chongqing and Guizhou have
the decision results of grade 3, and their water resource
resilience decision-making performance is poor, and
the other provinces are all grade 2, and the resilience
decision-making of these provinces is medium; in
2011, only Guizhou was decisioned as grade 3, while
the results of Shanghai are changed from grade 2 to
grade 1, which indicates that the water resource resil-
ience of Shanghai has improved qualitatively com-
pared with 2008. The decision results of other prov-
inces (cities) are all grade 2; in 2014, Jiangsu’s deci-
sion-making results were improved to grade 1,
Guizhou’s decision-making results were improved to
grade 2, and the water resource resilience of both was
also improved qualitatively. Except Shanghai and
Jiangsu, the three-way decision results of other prov-
inces or cities were all grade 2; in 2017, the decision
results are all grade 2 except Shanghai, and the water
resources resilience of Shanghai and Jiangsu have
decreased compared with 2014, which should be given
more attention. Shanghai, in particular, plummeted to
grade 3 in 2017. Compared with 2016, although
Shanghai has increased investment in science and
technology research and development, limited by nat-
ural conditions, the amount of water resources has
declined seriously, with the per capita water resources
decreasing by 39.3%. In addition, the growth rate of
fiscal revenue has slowed down, with a year-on-year
decrease of 75.9%, which may be the main reason for
the sharp decline in the resilience of the water
resources system.

CONCLUSIONS
Based on the resilience theory, this paper con-

structs a new index system of water resources system
resilience from three aspects: resistibility, recoverabil-
ity and adaptability. Then, the grade eigenvalues of
water resources system resilience of 11 provinces (cit-
ies) in the YEB were calculated using variable fuzzy
sets and the resilience grades were judged combining
the proposed three-way decision model. The main
conclusions are as follows: (1) The resilience level of
water resources systems in 11 provinces (cities) of the
YEB has increased year by year, and the average value
of level eigenvalues has changed from [1.90, 2.51] in
2008 to [1.62, 2.09] in 2017, but the effect is not signif-
icant. (2) From 2008 to 2017, the three-way decisions
results in the YEB showed of the 110 samples, 83.6%
were at the medium level. Only 6.4% are barely at the
WATER RESOURCES  Vol. 49  No. 6  2022
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Fig. 5. Three-way decision results of water resource system resilience in YEB from 2008–2017.

2012 2013 2017201620112010 201420092008 2015

2

3

1

Sichuan YunnanChongqing GuizhouHunanHubeiAnhui JiangxiZhejuangShanghai Jiangsu
excellent level, but they are basically in Shanghai. This
shows that the toughness of the water resources system
in the YEB is not satisfactory. With its ultra-high eco-
nomic and scientific and technological level, Shang-
hai is at an excellent level, but it also exposes the prob-
lems of water shortage and low forest coverage. There-
fore, with the east wind of “great protection of the
Yangtze River” and “high-quality development of the
YEB,” 11 provinces (cities) still need to adjust mea-
sures to local conditions, implement accurate policies,
and strive to improve the toughness level of water
resources system, so as to deal with various uncertain
problems that may occur in the future.
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