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With the rapid economic development and the acceleration of urbanization, the pressure
on the water resources system is becoming intense. As an important indicator of water
resources security and sustainable development, the water resources carrying capacity
has become a hot issue. To overcome the limitation of commonly usedmethods for weight
determination and to evaluate the regional water resources carrying capacity reasonably,
the index weight determined by the Analytic Hierarchy Process method was revised by the
subtraction set pair potential to calculate the dynamic index weight. Then, the dynamic
weight was combined with the set pair analysis method to evaluate the regional water
resources carrying capacity dynamically. In addition, the Dagum Gini coefficient and its
decomposition method were used to analyze the overall difference of water resources
carrying capacity in the whole region and the differences within and between subregions
considering the lack of quantitative research in spatial equilibrium. Finally, a case study was
carried out in Anhui Province, China. The results showed that from 2011 to 2018, most of
the water resources carrying capacity for 16 cities in Anhui Province were in a critical state,
with the strongest in the south of Anhui Province and the weakest in the north. The overall
spatial difference of carrying capacity in Anhui Province showed an increasing trend from
2011 to 2018. Furthermore, the slightest difference within the subregion was in the north of
Anhui Province, while the largest was in the south. The most significant difference between
the subregions was between the south and the north of Anhui Province. The primary
source of carrying capacity spatial difference in Anhui Province was from the difference
between subregions. The results of the case study suggested that themethod proposed in
this paper are conducive to the early find of possible disadvantages of spatial equilibrium
and can effectively identify the main source of regional spatial difference in water resources
carrying capacity, which means that the method can be widely applied to similar issues.
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INTRODUCTION

As essential natural resources and strategic economic
resources, water resources play an important role in
maintaining human survival and sustainable development of
economic and social. Since the 20th century, with the rapid
development of the economy, the problem of water resources
security has become increasingly prominent, which has
attracted the great attention of governments around the
world. How to measure water safety is one of the key issues
of water safety research. The concept of water resources
carrying capacity was proposed in this situation, which
refers to the maximum support capacity of regional water
resources for economic and social development under specific
economic conditions, technical level, and the premise of
maintaining a good water ecological environment system.
As an important indicator of water resources security and
regional sustainable development, the water resources carrying
capacity has attracted significant attention from the
government and scientific workers. How to coordinate the
relationship between the rapidly developing social economy
and the limited water resources carrying capacity is an
important topic related to the comprehensive, coordinated
and sustainable development of a region. The relevant research
on water resources carrying capacity has become the focus and
hot spot in the current water resources research, which is of
great significance to the measure of regional water resources
security and the optimal allocation of water resources (Jin
et al., 2012; Jin et al., 2019). At present, most of the researches
on water resources carrying capacity focus on the evaluation.
For example, Peng et al., (2021) used cloud model for index
weight and comprehensive evaluation calculation to evaluate
the water resources carrying capacity in the karst area; Wang
et al., (2021) combined the improved fuzzy comprehensive
evaluation method and the system dynamics model to evaluate
the water resources carrying capacity of Changchun; Wu et al.,
(2020) established a water resources carrying capacity
evaluation model based on the multi-dimensional cloud
model and risk matrix coupling; Cui et al. (2018) used the
improved entropy method to determine the index weight and
established the water resources carrying capacity evaluation
model by Set Pair Analysis (SPA) method. All these evaluation
problems involve an important problem, which is the
determination of index weights.

Weight refers to the relative importance of a certain factor or
indicator. The value of the index weight represents the
importance of the index relative to the evaluation object.
Scientific and reasonable determination of the weight value is
the key to obtaining reasonably and credible evaluation results.
According to the definition of weight in Weiss dictionary, the
weight has the properties of randomness and uncertainty (Wang
and Zhang, 1993). With the different influences of the system,
different weights should be assigned to the index. In the existing
water resources carrying capacity evaluation research, the most
commonly used method to determine the weight is the Analytic
Hierarchy Process (AHP) method (Zhou et al., 2017). For the
traditional AHP method, once the judgment matrix which

reflects the relative importance of index is determined, the
weights calculated by AHP are consistent regardless of the
actual values of each index. In other words, the traditional
AHP method does not consider the impact of the changing
index values on the index weights, which is bound to affect
the accuracy of the evaluation results (Li et al., 2009). It is
necessary to study the effect of the index value on the index
weight. This paper, therefore, attempts to revise the index weight
determined by AHP according to the data information provided
by the index value, hoping that the weights can reflect both the
importance to the index and the dynamic characteristics of
the data.

In addition, on the summary of the current research results, it
is found that due to the uneven spatial distribution of water
resources in China, the water resources carrying capacity also
varies in different regions. The mismatch between the
distribution of water resources and the layout of human life
and productivity has become an important restriction factor
troubling the sustainable development of regional social and
economic (Jiang and Fu, 2010). The ecological civilization
construction proposes that the spatial distribution of water
resources should be regulated following the principle of a
balanced economy, society, resources, and environment. Thus,
a new water control policy called “spatial equilibrium” was put
forward in China, aiming to promote the coordinated
development of the economy, society, resources, and
environment through reasonable water resource allocation.
This leads to the gradually increasing attention of Chinese
scholars in recent years (Hong et al., 2017; Zuo et al., 2018;
Jin et al., 2021). Currently, most studies on the spatial balance of
water resources are qualitative research, and the Gini coefficient is
used to measure the spatial balance of water resources in the few
quantitative studies (Fan et al., 2020; Xia et al., 2020; Jin et al.,
2021). However, as a comprehensive index, the Gini coefficients
can only reflect the overall equilibrium of the whole region. It is
difficult to quantitatively characterize the equilibrium of the
subregions and identify the source of regional differences. To
find the weak points of regional water resources spatial balance
and formulate targeted water resources control policies, this
paper introduces the Gini coefficient decomposition method
proposed by Dagum, which can quantitatively identify the
difference between and within subregions, to identify the main
source of spatial differences in regional water resources carrying
capacity.

To sum up, the existing studies have the following limitations:
1) the impact of the changing index values on the index weights is
often ignored; 2) the quantitative research on the spatial
equilibrium of water resources carrying capacity is rare; 3) the
existing methods for spatial equilibrium analysis of water
resources are difficult to quantitatively identify the sources of
regional differences. Therefore, this paper aims to propose a new
weight determinationmethod that takes the impact of index value
on index weight into account and to introduce a new approach to
the decomposition of the Gini coefficient so as to analyze the
spatial difference of water resources carrying capacity and
recognize the source of difference. This study is expected to
provide data reference for analyzing the dynamic distribution
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characteristics of regional water resources carrying capacity and
provide a theoretical basis for the formulation of water resources
control policies.

METHODOLOGY

The research framework is shown in Figure 1. Overall, the
research process consists of three phases: data collection and
preparation, determination of dynamic weight, evaluation, and
spatial equilibrium analysis of water resources carrying
capacity. In phase 1, the regional water resources carrying
capacity evaluation index system was established through the
mechanism analysis of the carrying capacity. Then the
required data was collected from the water resources
bulletin and statistical Yearbook. And the evaluation grade
criteria system was established by the combination of the
regional characteristics and expert opinions. In phase 2, the
initial weight was determined by The Accelerating Genetic
Algorithm based Fuzzy Analytic Hierarchy Process (AGA-
FAHP) firstly. Then, the Set Pair Analysis (SPA) method
was used to calculate the connection number and
Subtraction Set Pair Potential (SSPP) for each index. The
initial weight was corrected by the SSPP so as to obtain the
dynamic weight. In phase 3, the connection number for index
was integrated into the connection number for sample by the
dynamic weight. Then the rank eigenvalue method was used to

evaluate the water resources carrying capacity. On this basis,
the Dagum Gini coefficient decomposition method was
applied to analyze and evaluate the spatial equilibrium
status of the study region.

Determination of Dynamic Weight
Determination of Initial Weight
The Accelerating Genetic Algorithm based Fuzzy Analytic
Hierarchy Process (AGA-FAHP) (Jin et al., 2004; Zhou
et al., 2017) is used to determine the initial weight of index
{wj | j � 1, 2, . . ., n}, where n is the number of indices. By
comparing the relative importance of the index in the
evaluation index system, the fuzzy complementary judgment
matrix P� (pij) n×n can be established. It should meet the
following conditions: 0 ≤ pij ≤ 1, pij +pji � 1. pij is the relative
importance between index i and index j. If pij > 0.5, it means
that index i is more important than index j. The larger pij is, the
more important index i is. If pij � 0.5, it means that index i is as
important as index j. If pij < 0.5, it means that index j is more
important than index i (Zhou et al., 2017; Chen et al., 2019). If P can
meet the Equation 1, it is considered to be satisfactory consistency.
Otherwise, P needs to be revised (Jin et al., 2004).

∑n

i�1∑n

j�1
∣∣∣∣∣0.5(n − 1)(wi − wj) + 0.5 − pij

∣∣∣∣∣/n2 ≤ 0.2 (1)

where wi is the initial weight of index i; wj is the initial weight of
index j.

FIGURE 1 | Research framework.
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The revised judgment matrix is denoted as Q�(qij)n×n, and the
weights of elements in Q are still recorded as {wj | j � 1, 2, . . ., n}.
In addition, Q meets the Eq. 2 (Jin et al., 2004).

min CIC(n) � ∑n

i�1∑n

j�1
∣∣∣∣∣pij − qij

∣∣∣∣∣/n2
+∑n

i�1∑n

j�1
∣∣∣∣∣0.5(n − 1)(wi − wj) + 0.5 − qij

∣∣∣∣∣/n2
s.t. qii � 0.5(i � 1, 2,/, n)

1 − qji � qij ∈ [pij − d, pij + d] ∩ [0, 1]
wj > 0(j � 1, 2,/, n), ∑n

j�1wj � 1 (2)

where CIC(n) is the consistency index coefficient; d is a non-
negative parameter and can be selected from 0 to 0.5 for
guaranteeing the important relationship between two indices
(Jin et al., 2004; Cui et al., 2018). The initial weight {wj | j � 1,
2,. . ., n} can be obtained by solving the Eq. 2 using the
Accelerating Genetic Algorithm (AGA) (Jin et al., 2008a).

Calculation of Subtraction Set Pair Potential
Contact number is a structural function proposed by Zhao Keqin
to describe the uncertainty of the study subject (Zhao, 1994).
Subtraction set pair potential (SSPP), as an adjoint function
of connection number, was put forward by Jin et al. (2018) to
indicate the development trend of the research object. For a three-
element connection number u � a+bI+cJ, the corresponding SSPP
is as follows (Jin et al., 2018):

S(u) � (a − c)(1 + b) (3)

where S(u) is the three-element SSPP; a, b and c represent the
similar degree, different degree, and opposite degree, respectively,
all ranging from 0 to 1 and a+b + c � 1; I is the different degree
coefficient; J is the opposite degree coefficient. According to the
principle of mean division, the SSPP can be divided into five
potential levels (Jin et al., 2018):

S(u) ∈

[−1.0,−0.6) inverse potential
[−0.6,−0.2) weak inverse potential
[−0.2, 0.2] balance potential
(0.2, 0.6] weak identical potential
(0.6, 1] identical potential

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(4)

When a specific evaluation index is in inverse potential or
partial inverse potential, it is considered that the index is the main
reason for a poor evaluation grade result, which can be diagnosed
and identified as the vulnerability indicator of the evaluation
object. The aspect reflected by this index should be the focus of
regulation and control in the future (Jin et al., 2018).

Assuming that the sample data X � {xij| i � 1, 2,. . .,m; j � 1,
2,. . ., n } and its evaluation standard s � {skj| k � 0,1,2,3; j � 1,
2,. . ., n }(where m is the number of samples and n is the number
of indices), the connection number uij of the sample value xij can
be calculated by Eqs 5–10 (Zhao, 1994; Jin et al., 2008b; Jin et al.,
2018).

uij � aij + bijI + cijJ (5)

aij � vij1/∑l

k�1vijk, bij � vij2/∑l

k�1vijk, cij � vij3/∑l

k�1vijk (6)

vijk � 0.5 + 0.5uijk(k � 1, 2, 3) (7)

where i � 1, 2, . . .,m,m is the number of samples; j � 1, 2, . . ., n, n is
the number of indices; k � 1, 2, . . ., l, l is the number of grades; aij, bij,
and cij represent the similar degree, different degree and opposite
degree of uij; I is the different degree coefficient; J is the opposite
degree coefficient; uijk represents the extend of xij belongs to the
grade k, uijk∈[−1,1]; vijk is the linear transformation result of uijk.
When l � 3, uijk can be calculated by the Eqs 5–10 (Jin et al., 2008b;
Jin et al., 2018). If the evaluation index’s value increases with the
evaluation grade k, it is called Positive Index (PI); on the contrary, it
is called Negative Index (NI).

uij1 �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

1, PI : xij ≤ s1j or NI : xij ≥ s1j

1 − 2(xij − s1j)
s2j − s1j

, PI : s1j <xij ≤ s2j or NI : s1j >xij ≥ s2j

−1, PI : xij > s2j or NI : xij < s2j
(8)

uij2 �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 − 2(s1j − xij)
s1j − s0j

, PI : xij ≤ s1j or NI : xij ≥ s1j

1, PI : s1j <xij ≤ s2j or NI : s1j >xij ≥ s2j

1 − 2(xij − s2j)
s3j − s2j

, PI : xij > s2j or NI : xij < s2j

(9)

uij3 �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

−1, PI : xij ≤ s1j or NI : xij ≥ s1j

1 − 2(s2j − xij)
s2j − s1j

, PI : s1j <xij ≤ s2j or NI : s1j >xij ≥ s2j

1, PI : xij > s2j or NI : xij < s2j
(10)

where s0j∼s3j are the critical values of evaluation grades
(Figure 2.); xij is the value of sample i index j; uijk refers to
the degree that xij belongs to grade k. The closer the uijk is to 1, the
higher the degree that xij belongs to grade k.

Calculation of Dynamic Weight
When Sij < −0.2, it is considered that the index j is one of the main
reasons for a poor evaluation grade result of sample i. To highlight its
importance to the evaluation results, its weight should be revised. For
the evaluation of water resources carrying capacity, the revised
weights are conducive to the detection of overload conditions as
soon as possible to timely early warning and control. To this end, the
method for a revision to the weights is proposed. When Sij < −0.2,
put the index j into set A. Otherwise, put the index j into set B. The
Eq. 11 is used to revise the initial weights (Xu et al., 2015). The
revised weights are called the dynamic weights.

w′ij �

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
wj +⎛⎝1 −∑

j∈A
wj

⎞⎠wj, when Sij < − 0.2

wj −⎛⎝1 −∑
j∈B

wj
⎞⎠wj, when Sij ≥ − 0.2

(11)
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where Sij refers to the SSPP of sample i index j; w′ij refers to the
dynamic weight of sample i index j; wj refers to the initial weight
of index j calculated by AGA-FAHP. It can be proven thatw′ij∈[0,
1] and ∑n

j�1w′ij � [1]1×m. The proof procedure is as follows.
When j∈A, w′ij �wj +(1− ∑

j∈A
wj)wj≤wj +(1−wj)wj �

2wj −w2
j �−(wj −1)2 +1

qwj ∈ [0, 1]
∴w′ij ≤ − (wj − 1)2 + 1≤ 1

q∑n

j�1wj � 1

∴ 1 − ∑
j∈A

wj ≥ 0

∴w′ij � wj +⎛⎝1 − ∑
j∈A

wj
⎞⎠wj ≥ 0

When j∈B, w′ij � wj − (1 − ∑
j∈B

wj)wj � wj × ∑
j∈B

wj ∈ [0, 1]
∴wij′ ∈ [0, 1]
For any i, there is

∑n

j�1wij
′ �∑

j∈A
wj +(1−∑

j∈A
wj)×∑

j∈A
wj +∑

j∈B
wj −(1−∑

j∈B
wj)×∑

j∈B
wj

� (∑
j∈A

wj +∑
j∈B

wj)+∑
j∈B

wj ×∑
j∈A

wj −∑
j∈A

wj ×∑
j∈B

wj

�∑n

j�1wj � 1∑n

j�1wij′� [1]1×m
(12)

Determination of Evaluation Grade Value for
Water Resources Carrying Capacity
The connection number of sample i is calculated by the Eq. 13
(Jin et al., 2008b; Jin et al., 2018).

ui �∑n

j�1w′ijaij +∑n

j�1w′ijbijI+∑n

j�1w′ijcijJ (i� 1,2,/,m) (13)

where uij is the connection number of sample i; aij, bij and cij
represent the similar degree, different degree, and
opposite degree of uij, whose calculation method are
shown in Eq. 6; I is the different degree coefficient; J is
the opposite degree coefficient; w′ij is the dynamic weight of
sample i index j;

The rank eigenvalue method (Chen et al., 2019) is used to
calculate the evaluation grade value of sample i.

hi �∑n

j�1w′ijaij +2∑n

j�1w′ijbij +3∑n

j�1w′ijcij (i� 1,2,/,m) (14)

where hi refers to the evaluation grade value of sample i, hi∈[1, 3].
It can be seen by calculation that for any i, when xij � s0j, hi � 1;
when xij � s1j, hi � 1.5; when xij � s2j, hi � 2.5; when xij � s3j, hi � 3.
Accordingly, the grading standard is determined: when hi∈[1,
1.5), the sample i belongs to grade I (Loadable); when hi∈[1.5,
2.5], the sample i belongs to grade II (Critical); when hi∈(2.5, 3],
the sample i belongs to grade III (Overloaded).

Spatial Equilibrium Analysis for Water
Resources Carrying Capacity
The Gini coefficient is a commonly used indicator to measure the
income gap of a country or region. It is also used for equilibrium
measures in other aspects such as resources allocation with the
development of the method. However, the Gini coefficient can
only reflect the overall equilibrium of the whole region. It is
difficult to quantitatively characterize the equilibrium of the
subregions and identify the source of regional differences. To
solve this problem, Dagum (1997) put forward a new method to
decompose the Gini coefficient into three components: the Gini
inequality within the subregions, the net extended Gini inequality
between the subregions, and the intensity of transvariation
between subregions. The Gini inequality within the subregions
reflects the equilibrium of subregions, and the source of regional
differences can be identified by comparing the contribution of the
three components. At present, this method has been applied to
measure regional economic differences (Wang and Xu, 2020),
carbon dioxide emissions differences (Li and Jiang, 2017), etc.
The source of regional differences can be identified according to
the results calculated by this method. Therefore, this paper
introduces the Dagum Gini coefficient method to measure the
spatial difference within subregions and between subregions in
water resources carrying capacity.

Assuming that there are M cities within the study region. The
study region is divided into K subregions, and the number of
cities within the a-th subregion was recorded as ma (a � 1, 2, . . .,
K, ∑K

a�1ma � M). The water carrying capacity of city b within the
a-th subregion is recorded as hab (a � 1, 2, . . ., K; b � 1, 2, . . .,ma),
and the water carrying capacity of city dwithin the c-th subregion
is recorded as hcd (c � 1, 2, . . ., K; d � 1, 2, . . .,mc). Then the total
Gini coefficient of the study region can be expressed as (Dagum,
1997)

G � 1
2M2 �H

∑K

a�1∑K

c�1∑ma

b�1∑mc

d�1|hab − hcd| (15)

FIGURE 2 | Evaluation grade division. (A) positive index (B) negative index.
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where G refers to the total Gini coefficient of the study region; the
smaller the G values are, the better the spatial equilibrium of the
water resources in this region is; M is the number of cities in the
study region; K is the number of subregions; ma is the number of
cities in a-th subregion; mc is the number of cities in c-th
subregion; �H refers to the mean of water resources carrying
capacity evaluation grade value within the study
area, �H � ∑K

a�1∑ma
b�1hab/m � ∑m

i�1hi/m
According to the Dagum Gini coefficient decomposition

method (Dagum, 1997), the total Gini coefficient can be
decomposed into three components: the Gini inequality within
the subregions (Gw), the net extended Gini inequality between the
subregions (Gnb), and the intensity of transvariation between
subregions (Gt) (Dagum, 1997).

G � Gw + Gnb + Gt (16)

To decompose the total Gini coefficient, the average value of
water resources carrying capacity in each sub-region is needed to be
calculated and sorted from small to large. Make sure that �H1 <. . .<
�Ha <. . . �HK, where �Ha � ∑ma

b�1hab/ma ( a� 1,2,. . .,K). Then theGw,
Gnb, and Gt can be calculated by the Eqs 17–24 (Dagum, 1997).

Gw � ∑K

a�1Gaapasa (17)

Gnb � ∑ma

a�2∑a−1
c�1Gac(pasc + pcsa)Dac (18)

Gt � ∑ma

a�2∑a−1
c�1Gac(pasc + pcsa)(1 −Dac) (19)

Gaa � ∑ma

b�1∑ma

d�1|hab − had|/2m2
a
�Ha (20)

Gac � ∑ma

b�1∑mc

d�1|hab − hcd|/mamc( �Ha + �Hc) (21)

pa � ma/M (22)

sa � ma
�Ha/M �H (23)

Dac � (qac − pac)/(qac + pac) (24)

where Gaa refers to the Gini ratio within the a-th subregion; Gac

refers to the extended Gini ratio between the a-th subregion and c-th
subregion; pa refers to the a-th subregion share; sa refers to the a-th
subregion water resources carrying capacity evaluation grade value
share; �H refers to the mean water resources carrying capacity
evaluation grade value within the study area; �Ha refers to the
mean water resources carrying capacity evaluation grade value
within the a-th subregion; qac refers to the weighted average of
the grade value difference hab-hcd for all hab > hcd; pac refers to the
weighted average of the grade value difference hcd-hab for all hcd >
hab; Dac refers to the relative water resources carrying capacity
affluence between the a-th and the c-th subregions (Dagum, 1997).

CASE STUDY

Study Area
Anhui Province is located in the east of China. With the Yangtze
River and Huaihe River crossing the province, Anhui Province is
divided into three regions: the north of Anhui Province, the
middle of Anhui Province, and the south of Anhui Province
(Figure 3). Anhui Province belongs to a transition zone between
the warm temperate and subtropical zones in terms of climate.

The Huaihe River is the north-south geographical boundary of
China. Therefore, the geographical and climatic differences
between the north and south of Anhui Province are
significant. For example, the precipitation in the south of
Anhui Province is significantly more than that in the north of
Anhui Province. On the contrary, the population in the north of
Anhui Province is significantly more than that in the south of
Anhui Province. Taking 2018 as an example, the annual
precipitation was 45.07 billion m3 in the north of Anhui
Province and 64.98 billion m3 in the south of Anhui Province,
while the permanent population was 28.26 million in the north of
Anhui Province and 13.24 million in the south of Anhui
Province. Obviously, the north of Anhui Province has raised a
larger population with fewer water resources. The regional
difference between water supply and demand is obvious.
Therefore, Anhui Province is selected as a typical study area
to analyze the dynamic evolution and spatial differences of water
resources carrying capacity. The research results are hoped to
provide a theoretical basis for the scientific and reasonable
determination of social and economic layout and the
formulation of water resources control policies.

Determination of Evaluation Indicator
System and Grade Criteria
Through system mechanism analysis, the water resources
carrying capacity evaluation system is divided into three
subsystems: water resources carrying support force subsystem,
water resources carrying pressure force subsystem, and water
resources carrying regulation force subsystem (Li et al., 2018). On
this basis, through the system analysis, expert consultation, and
the current research results (Cui et al., 2018; Wu et al., 2020), the
index system of water resources carrying capacity in Anhui
Province (Figure 4) was established, and the classification
standards corresponding to each index (Table 1) were
determined. In the support force subsystem, water resources

FIGURE 3 | The geographic location of Anhui province and its subregion
division.
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per capita and water production modulus reflect the amount of
regional water resources; the amount of water supply per
capita reflects the water supply capacity; the vegetation
coverage rate reflects water conservation capacity. In the
pressure force subsystem, daily domestic water consumption
per capita, water consumption per 10,000 yuan, water
consumption per 10,000 yuan of value-added industry, and
water consumption per unit area for agricultural irrigation
reflect regional water use efficiency; density of population and
rate of urbanization reflect the size of water supply. In the
regulation force subsystem, the rate of water resources
utilization reflects the proportion of regional water
resources being used to maintain human economic and life;
gross domestic product per capita reflects regional economic
development level, which is related to the level of water-saving
and investment in pollution control; rate of urban wastewater

treatment reflects the level of sewage treatment; rate of water-
saving irrigation area reflects the level of water-saving in
agriculture; rate of ecological water consumption refers to
the proportion of the ecological water supplied by artificial
measures in total water consumption. Meanwhile, according to
the statistics of the Anhui Province Statistical Yearbook
(2012–2019) and the Anhui Province Water Resources
Bulletin (2011–2018), the evaluation samples were obtained.

Results and Discussion
Calculation of the Weights
The fuzzy complementary judgment matrix P was obtained by
comparing the importance of three subsystems.

P � ⎡⎢⎢⎢⎢⎢⎣ 0.5 0.5 0.7
0.5 0.5 0.7
0.3 0.3 0.5

⎤⎥⎥⎥⎥⎥⎦
Similarly, the fuzzy complementary judgment matrix P1, P2,

P3 of the three subsystems was obtained by comparing the
importance of indices.

P1 �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0.5 0.5 0.6 0.9
0.5 0.5 0.6 0.9
0.4 0.4 0.5 0.8
0.1 0.1 0.2 0.5

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

P2 �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.5 0.2 0.4 0.2 0.4 0.2
0.8 0.5 0.6 0.5 0.6 0.5
0.6 0.4 0.5 0.4 0.4 0.4
0.8 0.5 0.6 0.5 0.6 0.5
0.6 0.4 0.6 0.4 0.5 0.4
0.8 0.5 0.6 0.5 0.6 0.5

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

P3 �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0.5 0.6 0.8 0.6 0.9
0.4 0.5 0.7 0.55 0.6
0.2 0.3 0.5 0.4 0.6
0.4 0.45 0.6 0.5 0.8
0.1 0.4 0.4 0.2 0.5

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

FIGURE 4 | Index system for evaluating the carrying capacity of water resources in Anhui Province.

TABLE 1 | Grade criteria for evaluating the carrying capacity of water resources in
Anhui Province.

Evaluation index Grade I Grade II Grade III

Loadable Critical Overloaded

X1 (103m3) >1.67 [1.00, 1.67] <1.00
X2 (104 m3/km2) >80 [50, 80] <50
X3 (m3/year) >450 [350, 450] <350
X4 (%) >40 [25, 40] <25
X5 (L) <70 [70, 180] >180
X6 (m3) <100 [100, 400] >400
X7 (m3) <50 [50, 200] >200
X8 (person/km2) <200 [200, 500] >500
X9 (%) <50 [50, 80] >80
X10 (103m3) <3.75 [3.75, 6.00] >6.00
X11 (%) <40 [40, 70] >70
X12 (104 yuan) >2.48 [0.66, 2.48] <0.66
X13 (%) >95 [90, 95] <90
X14 (%) >60 [20, 60] <20
X15 (%) >5 [1, 5] <1
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The initial weights were determined by the AGA-FAHP
method introduced in 2.1.1. The weights of the three
subsystems are 0.4, 0.4, 0.2. The weights of indices X1–X4 in
the support force subsystem are 0.365, 0.246, 0.254, 0.136. The
weights of indices X5–X10 in pressure force subsystem are 0.077,
0.195, 0.190, 0.211, 0.129, 0.198. The weights of indices X11–X15

in regulation force subsystem are 0.290, 0.211, 0.090, 0.241, 0.169.
According to the method described in 2.1.2 and 2.1.3, the

corresponding SSPP and dynamic weights can be calculated. Due
to the large number of data, the data is not listed here. Only the
dynamic weights of the three subsystems are plotted in Figure 5
to compare the importance of the three subsystems in different
time and space.

As shown in Figure 5, in terms of time, the weight of each
subsystem in the north of Anhui Province varies very little, while
the middle of Anhui Province and the south of Anhui Province
change slightly. In terms of space, the subsystems’ weights of
different cities vary greatly: 1) The weights of support subsystems
in the north of Anhui Province are significantly greater than those
of the other two subsystems. This shows that the support force
subsystem affects the water resources carrying capacity greater.
This is mainly due to the relative lack of water resources in the
north of Anhui Province. Water resources support force is the
main restriction factor of water resources carrying capacity. 2)
Compared with the north of Anhui Province, the weights of
different cities are quite different in the middle and south of
Anhui Province. For example, Hefei and Chuzhou in the middle
of Anhui Province are greatly influenced by the support
subsystem, while Lu’an and Anqing are relative evenly affected
by the support force and pressure force; Tongling and Chizhou in
the south of Anhui Province are more affected by pressure force

subsystems, while Wuhu andMa’anshan are more affected by the
support force subsystem.

The Results of Water Resources Carrying Capacity
Evaluation
The evaluation grade values of water resources carrying capacity
for 16 cities in Anhui Province from 2011–2018 were evaluated by
Eq. 14, as shown in Table 2.

According to Table 2, in 2011–2018, except for Huaibei,
Bozhou, Fuyang, and Huainan, most cities in Anhui Province
were in critical status. This result is consistent with the conclusion
of Document (Li et al., 2018) that the comprehensive evaluation
grade of water resources carrying capacity in Anhui Province
from 2005 to 2015 was near Grade 2.

In order to study the impact of dynamic weight on the
evaluation results, the evaluation results of water resources
carrying capacity determined by dynamic weight were
compared with the evaluation results determined by the initial
weight. Due to the space limitation, only the comparison of 16
cities in 2018 and the comparison of capital city Hefei from 2011
to 2018 (see Figure 6) are listed here. It is found that the
evaluation grade values obtained by the dynamic weights are
larger than those obtained by the initial weights. That is, the water
resources carrying capacity status evaluated by the dynamic
weights are worse, which is conducive to the early
identification of adverse situations. Obviously, this is better for
taking measures as early as possible to prevent further
deterioration of the water resources carrying capacity.

To further explore the temporal and spatial changes of the
water resources carrying capacity in Anhui Province, the mean
evaluation values of the water resources carrying capacity system

FIGURE 5 | Dynamic weights of the subsystems.
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TABLE 2 | The evaluation grade value of water resources carrying capacity.

2011 2012 2013 2014 2015 2016 2017 2018

North of Anhui Province Huaibei 2.53 2.51 2.50 2.49 2.51 2.45 2.45 2.38
Bozhou 2.53 2.51 2.52 2.48 2.50 2.45 2.43 2.43
Suzhou 2.48 2.47 2.48 2.47 2.48 2.43 2.42 2.37
Bengbu 2.42 2.44 2.43 2.41 2.39 2.37 2.35 2.29
Fuyang 2.59 2.58 2.57 2.50 2.52 2.46 2.42 2.45
Huainan 2.58 2.58 2.55 2.52 2.49 2.45 2.35 2.33

Middle of Anhui Province Hefei 2.40 2.39 2.38 2.33 2.32 2.12 2.37 2.32
Luan 2.33 2.24 2.17 2.02 1.98 1.78 1.93 1.80
Chuzhou 2.38 2.41 2.37 2.23 2.14 2.09 2.24 2.07
Anqing 2.25 2.10 2.04 1.97 1.99 1.91 1.97 2.01

South of Anhui Province Wuhu 2.43 2.39 2.40 2.33 2.26 2.03 2.33 2.34
Tongling 2.33 2.32 2.38 2.35 2.19 2.08 2.20 2.24
Ma’anshan 2.50 2.50 2.51 2.40 2.41 2.24 2.44 2.39
Xuancheng 2.00 1.95 1.96 1.80 1.85 1.76 1.83 1.77
Chizhou 2.07 1.95 1.98 1.89 1.87 1.86 1.84 1.86
Huangshan 1.96 2.00 1.95 1.90 1.94 1.85 1.86 1.88

Notes: The thickened sample values in the table are in overloaded status, and the rest are in critical status.

FIGURE 6 | Comparison of the evaluation results by dynamic weights and initial weights. (A) Comparison of water resources carrying capacity evaluation results in
2018 under different weights. (B) Comparison of water resources carrying capacity evaluation results in Hefei from 2011 to 2018 under different weights.

FIGURE 7 | Change trend of water resources carrying capacity in Anhui Province and its subregions.
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and its subsystems in Anhui Province and its subregions from
2011 to 2018 are drawn in Figure 7. According to the principle of
mean division, the water resources carrying capacity evaluation
results of 16 cities in Anhui Province from 2011 to 2018 are
drawn in Figure 8.

From Figure 7, we can see that: 1) From a spatial perspective,
the overall spatial trend of water resources carrying capacity in
Anhui Province from 2011 to 2018 is as follows: south >middle
> north. The evaluation results of the three subsystems show
that the results of three subregions in Anhui Province differed
significantly in the support force, while the pressure and
regulation force differences were relatively slight. The
evaluation results in the north of Anhui Province were the
worst both the water resources carrying capacity system and the
three subsystems. 2) In terms of time, the water carrying
capacity in the north of Anhui Province has improved year
by year. The change trends of the middle and south of Anhui
Province were roughly the same as the whole province. From
2011 to 2018, the water resources carrying capacity of Anhui
province in 2016 was the largest. 3) Through the Anhui
Province Water Resources Bulletin (2016), it is found that
the amount of water resources in Anhui Province in 2016
were 73.9% more than that of the annual average. At the

same time, due to the uneven spatial distribution of water
resources in Anhui Province, compared with the annual
average, the increased water resources in 2016 was
concentrated in the middle and south of Anhui Province,
while the amount of water resources in the north of Anhui
Province changed little compared with the annual average. This
is consistent with the calculation results that the water resources
carrying capacity in the middle and south of Anhui Province in
2016 were significantly better than in other years, while the
water resources carrying capacity in the north of Anhui
Province was not significantly improved in 2016. Therefore,
the evaluation results of this paper are in line with the actual
situation.

Combined with Table 2 and Figure 8, it is found that in the
north of Anhui Province, the water carrying capacity evaluation
results vary little, in which the city with the best water resources
carrying capacity is Bengbu. In the middle of Anhui Province, the
water resources carrying capacity of Lu’an and Anqing is
obviously better than that of Hefei and Chuzhou. In the south
of Anhui Province, Chizhou, Xuancheng, and Huangshan are
significantly better than the other three cities. Compared with the
middle and south of Anhui Province, although the water
resources carrying capacity in the north of Anhui Province

FIGURE 8 | Temporal and spatial changes of the water resources carrying capacity in Anhui Province from 2011 to 2018.
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was poor, the water resources space equilibrium was
relatively good.

Spatial Equilibrium of Water Resources Carrying
Capacity Analysis
To further analyze the spatial balance of water resources in
Anhui Province and explore the source of regional difference
in water resources carrying capacity, the Gini coefficients of
water resources carrying capacity in 3 subsystems from 2011 to
2018 were calculated by the method of Dagum Gini coefficient
and its decomposition. The results are shown in Figure 9 for
facilitated observation and analysis. The total Gini coefficients
in Figure 9A were calculated by the Eq. 15. The contribution
rate of Gw, Gnb, and Gt in Figure 9B represent the proportions
of the three components Gw, Gnb, and Gt in the total Gini
coefficient. The Gini coefficients within subregions in
Figure 9C and the extended Gini coefficients between
subregions in Figure 9D were calculated by the Eqs 20, 21.

(1) The overall differences of water resources carrying capacity in
Anhui Province. As can be seen from Figure 9A, the total
Gini coefficient of water resources carrying capacity in Anhui
Province shows an increasing trend from 2011 to 2016, which
means the overall difference of water resources carrying

capacity in Anhui Province was growing from 2011 to
2016. Then, the overall difference of water resources
carrying capacity in Anhui Province was reduced from
2017 to 2018. In addition, it can be seen from Figure 9B
that although the contribution rate fluctuated with time, the
contribution rate of Gnb is significantly greater than the other
two, which means that the spatial differences of water
resources carrying capacity in Anhui Province mainly
came from the differences between subregions. Therefore,
in order to reduce the spatial differences of water resources
carrying capacity in Anhui Province, effective measures must
be formulated to reduce the differences in water resources
carrying capacity between subregions. The Gini coefficients
of three subsystems were calculated to further analyze the
internal reasons for the uneven spatial distribution of water
resources carrying capacity in Anhui Province (Figure 9A).
The calculation results show that the spatial differences of the
three subsystems are ranked as follows: support force
subsystem > the average of three subsystems > pressure
force subsystem > regulation force subsystem. This is also
consistent with the intuitive results presented in Figure 7.
According to this, it can be inferred that the uneven
distribution of water resources support force is the main
reason for the uneven distribution of water resources

FIGURE 9 | The result of Dagum Gini coefficient and its decomposition. (A) The total Gini coefficient of Anhui Province from 2011 to 2018. (B) The contribution rate
of Gw, Gnb and Gtin from 2011 to 2018. (C) The Gini coefficient within subregions in Anhui Province from 2011 to 2018. (D) The extended Gini coefficient between
subregions in Anhui Province from 2011 to 2018.
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carrying capacity in Anhui Province. To improve the spatial
equilibrium of water resources carrying capacity in Anhui
Province, it is urgent to formulate and implement relevant
policies and measures to reduce the regional differences of
water resources support force. For example, carry out a water
diversion project to reduce the difference in water resources
between cities.

(2) The differences of water resources carrying capacity within
subregions in Anhui Province. Figure 9C reflects the
differences and evolution trends of water resources
carrying capacity in the three subregions of Anhui
Province. In general, the most significant difference within
the subregions was in the south of Anhui Province, while the
smallest was in the north of Anhui Province. The Gini
coefficients of water resources carrying capacity within the
middle of Anhui Province, which increased gradually from
2011 to 2018, were between the other two subregions and
close to the average Gini coefficients of three subregions.
Combined with the evaluation results of water resources
carrying capacity, we can know that the reason why the
difference within the subregions was the largest in the south
of Anhui Province was that the water resources carrying
capacity of Huangshan, Xuancheng, and Chizhou were
obviously better than Wuhu, Tongling and Ma’anshan. In
the middle of Anhui Province, the water resources carrying
capacity of Lu’an, Chuzhou, and Anqing had improved
significantly from 2011 to 2018, while the capital city
Hefei changed little, which led to the gradual increase of
difference within the middle of Anhui Province. In the north
of Anhui Province, the differences within regions were
minor, but its water resources carrying capacity was poor.
That is, the north of Anhui Province was in a low-level
equilibrium state.

(3) The differences of water resources carrying capacity between
subregions in Anhui Province. Figure 9D reflects the
difference of water resources carrying capacity between the
three subregions in Anhui Province over time. The extended
Gini coefficients between south and north are always more
significant than the average of extended Gini coefficients
between subregions. In contrast, the extended Gini
coefficients between the south and middle are always
smaller. It can be seen from Figure 9D that the
differences between the south and north of Anhui
Province (the line of South-North in Figure 9D) were the
largest. This is consistent with the perception earned by
experience. However, for the difference between the
middle and north of Anhui Province (the line of Middle-
North in Figure 9D) and the difference between the south
and middle of Anhui Province (the line of South-Middle in
Figure 9D), it is hard to distinguish which one was larger
according to experience. It can be known from Figure 9D
that from 2011 to 2018, the differences between the south and
middle of Anhui Province were more minor during most of
the time. In terms of time, the extended Gini coefficients
between the south and middle of Anhui Province show a
different trend from others. For example, in 2016, the
difference between the south and middle of Anhui

Province was the smallest during 2011–2018, while the
difference between the middle and north of Anhui
Province and the difference between the south and north
of Anhui Province were the largest. The reason can be found
by analyzing the water resources carrying capacity evaluation
results. Compared with 2015, the water resources support
force in the north of Anhui Province and the middle of Anhui
Province increased significantly in 2016, while the support
force changed little in the north. Meanwhile, the pressure
force in the middle of Anhui Province decreased, while the
pressure force changed little in the other two subregions.
Therefore, the key point of improving the spatial equilibrium
of water resources carrying capacity in Anhui Province is to
reduce the differences between the north of Anhui Province
and the other two subregions.

CONCLUSION AND SUGGESTIONS

Water resources carrying capacity is an important indicator to
measure the sustainable development capacity of regional water
resources. The study on water resources carrying capacity is
significant to ensure the healthy and sustainable development
of water resources. Based on the methods of AHP and SSPP, this
paper put forward a new method to determine the dynamic
weight of the index. On this basis, a dynamic evaluation model of
the regional water resources carrying capacity was established.
Furthermore, the spatial equilibrium status of water resources
carrying capacity in Anhui Province was analyzed according to
the Dagum Gini coefficient. This study is helpful for the
government to recognize the situation and regional difference
of water resources carrying capacity in Anhui Province, and is
helpful for the government to find the shortcomings of water
resources carrying capacity in Anhui Province and make
individualized policies for Anhui Province. On the other hand,
this study complements the existing research and provides a
relevant theoretical basis for other researchers to explore the
improvement of regional water resources carrying capacity. The
main conclusions and suggestions are as follows:

(1) Compared with the evaluation results calculated by the initial
weights, the evaluation grade values calculated by the
dynamic weights were larger. This is conducive to the
early identification of adverse situations so that to take
countermeasures as soon as possible.

(2) Compared with the traditional Gini coefficient, Dagum Gini
coefficient and its decomposition method can not only
analyze the spatial equilibrium of the research area but
also analyze the main sources of differences, which is
conducive to the formulation of targeted policies to
improve the overall spatial equilibrium.

(3) Overall, the water resources carrying capacity in Anhui
Province showed a trend of improvement from 2011 to
2018. However, the overall situation of water resources
carrying capacity in Anhui Province was poor. Most of
the cities were in the critical state (Grade II), while four
cities (Huaibei, Bozhou, Fuyang, and Huainan) in the north
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of Anhui Province were in the state of overloaded some years.
Therefore, the government must make targeted measures to
improve the water resources carrying capacity in Anhui
Province. For example, the water resources support force
in the north of Anhui Province should be improved by
developing unconventional water sources, such as
reclaimed water and rainwater; In the south of Anhui
Province, water resources pressure force should be
reduced by developing water-saving irrigation to reduce
the water consumption for irrigation.

(4) There are obvious regional differences in water resources
carrying capacity from south to north in Anhui Province. In
general, the distribution trend of water resources carrying
capacity in Anhui Province is as follows:
south>middle>north. However, the distribution trend of
the spatial equilibrium of water resources carrying
capacity was the opposite: north>middle>south. For the
north of Anhui Province, although its spatial equilibrium
was better than the others, its water resources carrying
capacity was poor, which means that the equilibrium state
in the north of Anhui Province was at a low level. The main
reason for the regional difference of water resources carrying
capacity in Anhui Province is the uneven distribution of
water resources support force. To alleviate the regional
differences in water resources, the feasibility of the south-
to-north water diversion project should be accelerated. This
research result confirms the necessity of the Yangtze-to-
Huaihe water diversion project, which is under
construction in Anhui Province.

(5) The analysis found that from 2011 to 2018, the spatial
equilibrium of water resources carrying capacity in Anhui
Province showed an increasing trend in general, and the
spatial difference of water resources carrying capacity was
mainly due to the differences between subregions. The most
significant difference between subregions was between the
south and north of Anhui Province, while the smallest was
between the south and middle of Anhui Province. Therefore,
the urgent priority of water resources management in Anhui
Province is to improve the water resources carrying capacity
in the north of Anhui Province, so as to enhance the overall
level of water resources carrying capacity in Anhui Province

and narrow the spatial difference of water resources carrying
capacity in Anhui Province.
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