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In order to effectively deal with the uncertainty between evaluation samples and evaluation
criteria, and quantitatively identify the water resources carrying capacity (WRCC) and its
obstacle factors in the Yellow River irrigation district, a calculation method of dynamic
difference degree coefficient varying with evaluation sample was proposed, and then an
evaluation and diagnosis model of WRCC was established. The results applied to the
Dagong irrigation district showed that the overall WRCC of five counties in the irrigation
district were improved from 2010 to 2017, especially since 2013. The improvement
magnitudes of Changyuan County, Fengqiu County, and Hua County were significantly
higher than those of Xun County and Neihuang County. In 2017, Fengqiu County,
Changyuan County, Hua County, Xun County, and Neihuang County were in water
resources critical overloaded status, and the connection number values were 0.231,
0.163, 0.120, −0.293, and −0.331, respectively, which is consistent with the fact that their
distances become farther from the main stream of the Yellow River. In addition, the
utilization ratio of water resources, available water resources amount per capita, GDP per
capita, and water deficient ratio in each county belonged to the middle or strong obstacle
index over a long period of time. They were the crucial obstacle factors of WRCC in the
Dagong irrigation district, as well as the core and difficult points of water resources
management. In some counties, the effective irrigation area ratio, effective utilization
coefficient of irrigation water, and water consumption ratio of the ecological
environment gradually developed from strong obstacle to weak or strong promotion
index. These were important reasons for the improvement of their carrying situation,
reflecting their control of agricultural and ecological water consumption. In short, the
results of the case study suggest that the model established in this study is conducive to
the identification of water resources’ carrying status and its key obstacle factors in the
Yellow River irrigation district, and can be applied to the evaluation and regulation of
resources and environment carrying capacity.
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INTRODUCTION

The Yellow River irrigation district plays a key role in national
food security and regional water security in China (Ren et al.,
2018; Xiong et al., 2021; Yin et al., 2021). However, due to the
conflicting issues in water resources supply and demand, in
combination with a fragile ecological environment and severe
water problems in the Yellow River basin, the sustainable
development of the Yellow River irrigation district is
significantly restricted at present (Gonçalves et al., 2007; Jia
et al., 2013; Miao et al., 2015). Water resources carrying
capacity (WRCC) is a key index to quantify the sustainability
of regional water resources utilization. Therefore, accurate
evaluation and diagnosis of obstacle factors for WRCC in the
Yellow River irrigation district are of great significance to ensure
the coordinated development of water resources, the social
economy, and the ecological environment (Pereira et al., 2007;
Zhang X. et al., 2020; Jin et al., 2021).

Over the past 3 decades, WRCC has become a hot and difficult
issue in the field of sustainable water resources utilization (Wang
et al., 2013; Peng et al., 2021; Qi et al., 2021). Gong and Jin (2009)
established a fuzzy comprehensive evaluation model of WRCC.
Wang et al. (2018) constructed an evaluation model of WRCC
based on entropy and synergy theories. Similarly, Dai et al. (2019)
used a system dynamics model to evaluate WRCC. Song et al.
(2020) assessed WRCC using the catastrophe series method. Wu
et al. (2020) built an evaluation model of WRCC based on cloud
model. Furthermore, Zhao et al. (2021) established an evaluation
and influencing factor analysis model of WRCC based on the
theoretical framework of pressure support, damage recovery, and
recession promotion. However, previous studies on WRCC
evaluation have mostly focused on cities or regions, while
those focusing on irrigation districts are scarce (Kang et al.,
2019; Zhang et al., 2019; He et al., 2021). In addition, research
on the obstacle factor diagnosis of WRCC is even less common
(Cui et al., 2018). Therefore, it is urgent to establish an effective
evaluation and diagnosis model, as well as accurately identify the
level and obstacle factors of WRCC in the Yellow River irrigation
district.

The WRCC system is affected by many factors, including
water resources, the social economy, and the ecological
environment, and is a typically complex system (Yang et al.,
2015; Wang et al., 2019; Liao et al., 2020). At present, the
multi-index system comprehensive evaluation is an effective
method of WRCC evaluation by constructing an evaluation
index system and evaluation model (Zhang et al., 2019; Peng
and Deng, 2020; Zuo et al., 2021). However, most models are
unable to fully consider the uncertainty between evaluation
samples and evaluation criteria, resulting in the deviations of
evaluation results (Jin et al., 2008). Set pair analysis (SPA) is a
new system uncertainty analysis method which fully reflects
the certainty and uncertainty relationships between evaluation
samples and evaluation criteria by the same-different-inverse
structure of connection number for the set pair constructed by
these two sets (Zhao, 2000; Kumar and Garg, 2016; Chong
et al., 2017). This method has been widely used to
comprehensively evaluate water resources system problems

(Wang et al., 2009; Li et al., 2019; Zhang et al., 2021). Yang
et al. (2014) used SPA to evaluate the vulnerability of water
resources system. Roy and Datta (2019) studied the adaptive
management of coastal aquifers based on SPA and entropy
theory. In addition, Su et al. (2019) conducted water security
evaluation using SPA and scenario simulation. Similarly, Lyu
et al. (2021) coupled SPA and fuzzy number to assess the risk of
urban water quality. Wan et al. (2021) built a river health
evaluation and prediction model based on SPA and extension
theory. Nevertheless, the majority of studies only reflect the
evaluation results based on the connection number
components (Li et al., 2021). Thus, it is difficult to obtain
the value of the complete connection number, which results in
a loss of information, thereby limiting the development of
SPA. Moreover, the key is to reasonably determine the
difference degree coefficient of the connection number.

As a key part of the connection number, the difference
degree coefficient is used to quantitatively describe the
uncertainty of the constructed set pair at the micro level
(Zhao, 2000; Wang et al., 2009; Pan et al., 2017). This has a
significant impact on the evaluation results. Several
researchers have reported on the calculation methods of the
difference degree coefficient. For example, Li et al. (2009)
deduced and optimized the difference degree coefficient
using the target value of the connection number. Tang
(2009) proposed an expert estimation method of the
difference degree coefficient. Furthermore, Pan et al. (2016)
and Li et al. (2021) respectively constructed the trapezoidal
and triangular fuzzy numbers of the difference degree
coefficient, and determined the variation range of difference
degree coefficient at a given cut set level. Jin et al. (2019a,
2019b) allocated the difference degree coefficient in
proportions using grey correlation degree and full partial
certainty, respectively. However, the majority of these
methods are relatively rough and only obtain an
approximate value or an interval range of difference degree
coefficients (Tang, 2009; Pan et al., 2016; Li et al., 2021). In fact,
accurately calculating the value of the difference degree
coefficient remains difficult, which leads to large deviations
between the research results and reality. In addition, this
coefficient should be determined in combination with
evaluation sample information. Therefore, at present, there
is a need for the development of an effective method with
which to calculate the difference degree coefficient.

In this study, based on the theoretical analysis and practical
investigation of the water resources carrying characteristics in the
Yellow River irrigation district, an evaluation index system and
evaluation grade criteria were built. Additionally, a method to
calculate the dynamic difference degree coefficient varying with
the evaluation sample was also proposed, and the value of the
complete connection number was obtained. Then, a model was
established to quantitatively evaluate the WRCC and diagnose its
key obstacle factors in the Yellow River irrigation district.
Furthermore, this model was further applied to the Dagong
irrigation district in Henan Province, China. The results
provide scientific support for water resources management and
decision-making in the Yellow River irrigation district.
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MATERIALS AND METHODS

Evaluation and Diagnosis Model of WRCC
Based on Dynamic Difference Degree
Coefficient
The evaluation and diagnosis model of WRCC in the Yellow
River irrigation district based on dynamic difference degree
coefficient was constructed according to the following steps
(Figure 1):
Step 1: Based on the structural and functional analysis of
WRCC system (Jin et al., 2018; Liao et al., 2020), combined
with the results of practical study, expert consultation, and
literature review in the Yellow River irrigation district (Zhang
et al., 2019; Zhang X. Y. et al., 2020; Jin et al., 2021), an
evaluation index system {xkj|k = 1, 2, 3; j = 1, 2, . . . , nk} was
established. The evaluation index sample set was set as {xikj|i =
1, 2, . . . , m; k = 1, 2, 3; j = 1, 2, . . . , nk}, where xikj denotes the
value of index j in subsystem k for sample i, m denotes the
number of evaluation samples, k = 1, 2, 3 denotes the water

resources carrying support force subsystem, carrying pressure
force subsystem, and carrying regulation force subsystem,
respectively, and nk denotes the number of indexes in
subsystem k. In addition, in this study, the WRCC in the
Yellow River irrigation district was divided into three
evaluation grades (Cui et al., 2018; Li et al., 2021) {sgkj|g =
1, 2, 3; k = 1, 2, 3; j = 1, 2, . . . , nk}, where g = 1, 2, 3 denotes the
water resources loadable status, critical overloaded status, and
overloaded status, respectively.
Step 2: The improved fuzzy analytical hierarchy process based on
accelerating genetic algorithm (AGA-FAHP) (Jin et al., 2004) was
used to determine the weight of subsystem and that of each
evaluation index {wkj|k = 1, 2, 3; j = 1, 2, . . . , nk}.

For subsystem k, experts were invited to compare the
importance of each index in this subsystem to the WRCC in
the irrigation district, and the fuzzy complementary judgment
matrix Ak = (akjl)nk×nk was obtained. This matrix met 0 ≤ akjl ≤ 1
and akjl + aklj = 1, akjl = 0.5, indicating that index j was as important
as index l, akjl > 0.5, indicating that index j was more important
than index l, and vice versa. Furthermore, the AGA-FAHP was

FIGURE 1 | Construction process of evaluation and diagnosis model for water resources carrying capacity (WRCC) in the Yellow River irrigation district based on
dynamic difference degree coefficient.
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used to verify and modify the consistency of Ak and calculate the
weight of each evaluation index wkj. If Ak satisfies additive
transitivity, then (Song and Yang, 2003):

(akjq − 0.5) + (akql − 0.5) � (akjl − 0.5), k � 1, 2, 3; j, q, l

� 1, 2, . . . , nk (1)
where Ak denotes the fuzzy consistency judgment matrix, (akjl ‒
0.5) describes the importance of index j compared with index l,
and the fuzzy consistency judgment matrix meant that this
preference of importance could be transmitted. Moreover, if
Ak meets complete consistency, then (Song and Yang, 2003):

∑nk
j�1

∑nk
l�1

∣∣∣∣∣0.5(nk − 1)(wkj − wkl) + 0.5 − akjl
∣∣∣∣∣/n2k � 0 (2)

where the left term in Eq. 2 is the consistency index of Ak. If this
index did not exceed a certain critical value, it would indicate that
Ak had satisfactory consistency. Otherwise, Ak should be
modified. The modified matrix was Bk = (bkjl)nk×nk, and the
sorting weight of the element in Bk was still set as {wkj|k = 1,
2, 3; j = 1, 2, . . . , nk}. Hence, Bk satisfies the following equation
(Jin et al., 2004):

minCIC(nk) �∑
nk

j�1
∑nk
l�1

∣∣∣∣∣bkjl −akjl
∣∣∣∣∣/n2k +∑

nk

j�1
∑nk
l�1

∣∣∣∣∣0.5(nk −1)(wkj −wkl)

+0.5−bkjl
∣∣∣∣∣/n2k

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

bkjj � 0.5, k� 1,2,3;j� 1,2, . . . ,nk
1−bklj � bkjl ∈ [akjl −d,akjl +d]∩ [0,1],

k� 1,2,3;j� 1,2, . . . ,nk; l� j+1, j+2, . . . ,nk
∑nk
j�1

wkj � 1.0,wkj ∈ [0,1], k� 1,2,3;j� 1,2, . . . ,nk

(3)
which represents the optimal fuzzy consistency judgment matrix
forAk. Here,CIC(nk) is the consistency index coefficient and d is a
parameter that usually takes the value within [0, 0.5]. The sorting
weight {wkj|k = 1, 2, 3; j = 1, 2, . . . , nk} and the upper triangular
elements in Bk were the optimization variables. Accelerating
genetic algorithm (AGA) is a general global optimization
method and it is effective in solving Eq. 3. In addition, when
CIC(nk) was less than a certain critical value,A

kwas considered to
have satisfactory consistency, and the obtained sorting weight of
each evaluation index was acceptable. Otherwise, d should be
adjusted. Based on a large number of simulation tests and relevant
studies (Jin et al., 2004; Cui et al., 2018), a critical value of 0.20 was
selected in this study.

Step 3: SPA is an original theory of uncertainty quantitative
analysis proposed by Chinese scholar Zhao Keqin in 1989 (Zhao,
2000). The foundation of SPA was the connection number u of
the set pair constructed by two sets with a common attribute, and
the certainty and uncertainty relationships of the set pair were
quantitatively described by a same-different-inverse structure.
Specifically, according to SPA, the certainty of the set pair was

divided into two aspects of similarity and opposition, which were
quantitatively expressed by a and c, respectively. Furthermore, the
uncertainty of the set pair was divided into the uncertainty at a
macro level, which was measured by b, and that at the micro level,
which was depicted by I. The ternary connection number u,
which was commonly used, is expressed as follows (Yang et al.,
2014):

u � a + bI + cJ (4)
where a, b, and c denote the similarity degree, difference degree,
and opposition degree components of connection number u,
respectively, which were used to quantitatively express the
degrees of the same property, different property, and inverse
property for the constructed set pair, a + b + c = 1. I denotes the
difference degree coefficient and its value varies with the
relationship type of the set pair. The set pair constructed in
this study belonged to the positive-negative type, and I generally
took the value within [‒1, 1]. J denotes the opposition degree
coefficient, which generally takes ‒1 for the set pair of positive-
negative type (Wang et al., 2009; Cui et al., 2018).

Based on SPA and the practical problem of WRCC
evaluation in the Yellow River irrigation district, two sets of
evaluation index value and evaluation grade criteria
constituted a set pair. According to the variable fuzzy set of
the proximity between index value and grade criteria, the
connection number of evaluation index was calculated.
Specifically, the initial ternary connection number
component ugikj between WRCC evaluation index sample
value xikj and grade criteria sgkj (g = 1, 2, 3) in the
irrigation district were, respectively, as follows (Jin et al.,
2008):

u1ikj �

1, s0kj ≤xikj ≤ s1kj for positive index,
or s0kj ≥xikj ≥ s1kj for negative index

1 − 2(xikj − s1kj)/(s2kj − s1kj), s1kj <xikj ≤ s2kj for positive index,
or s1kj >xikj ≥ s2kj for negative index

−1, s2kj < xikj ≤ s3kj for positive index,
or s2kj >xikj ≥ s3kj for negative index

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(5)

u2ikj �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 − 2(s1kj − xikj)/(s1kj − s0kj), s0kj ≤xikj ≤ s1kj for positive index,
or s0kj ≥xikj ≥ s1kj for negative index

1, s1kj <xikj ≤ s2kj for positive index,
or s1kj >xikj ≥ s2kj for negative index

1 − 2(xikj − s2kj)/(s3kj − s2kj), s2kj <xikj ≤ s3kj for positive index,
or s2kj >xikj ≥ s3kj for negative index

(6)

u3ikj �

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

−1, s0kj ≤ xikj ≤ s1kj for positive index,
or s0kj ≥xikj ≥ s1kj for negative index

1 − 2(s2kj − xikj)/(s2kj − s1kj), s1kj <xikj ≤ s2kj for positive index,
or s1kj >xikj ≥ s2kj for negative index

1, s2kj <xikj ≤ s3kj for positive index,
or s2kj >xikj ≥ s3kj for negative index

(7)
where the larger the value of positive (negative) index, the
higher (lower) the evaluation grade. s1kj and s2kj denote the
critical value between grade 1 and grade 2, and that between
grade 2 and grade 3, respectively, for index j in subsystem k. s0kj
and s3kj denote the other critical values of grade 1 and grade 3,
respectively.
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The initial ternary connection number component ugikj
depended on whether the evaluation index sample value xikj
belonged to the same interval, adjacent interval, or separated
interval of evaluation grade g, and took 1, the value within [‒1, 1],
or ‒1, respectively. Therefore, ugikj can be regarded as a relative
difference degree function for the variable fuzzy set of the
proximity between index value and grade criteria, the
corresponding relative membership degree is as follows (Chen,
2005):

apikj � 0.5+0.5u1ikj,b
p
ikj � 0.5+0.5u2ikj,c

p
ikj � 0.5+0.5u3ikj, i

� 1,2, . . . ,m;k� 1,2,3;j� 1,2, . . . ,nk (8)
Furthermore, the final ternary connection number

components a, b, and c of the WRCC evaluation index in the
irrigation district were obtained using Eq. 8 after normalization
as follows (Jin et al., 2008; Cui et al., 2018):

aikj �apikj/(apikj+bpikj+cpikj), bikj � bpikj/(apikj+bpikj+cpikj), cikj
� cpikj/(apikj+bpikj+cpikj) (9)

Step 4: According to SPA and the expression of connection
number u in Eq. 4, the difference degree coefficient I was the
link that transformed difference degree b to similarity degree a or
opposition degree c under certain conditions. It was considered to
be an important connector between the theoretical model of
connection number and the practical research question.
Therefore, how to scientifically determine I was a key and
challenging problem when calculating the value of the
complete connection number. However, the value process of
difference degree coefficient I was highly uncertain and
complex and few studies had been published at present.

The difference degree coefficient I was essential to
quantitatively describe the uncertainty of set pair at the
micro level (Zhao, 2000; Wang et al., 2009; Pan et al.,
2017), while an important source of the uncertainty was
the information carried by sample data. In addition, the
physical meaning of I can be interpreted as the level of
difference degree b transformed to similarity degree a or
opposition degree c, wherein the direction (transformed to a
or c) and magnitude should be closely related to the proximity
between evaluation sample value and each evaluation grade.
That was, the larger the value of a (or c), the more b
transformed to a (or c). Therefore, I should vary
continuously and dynamically with the practical sample
value of research question. In this study, the set pair
composed of WRCC evaluation index sample value xikj
and grade criteria sgkj in the Yellow River irrigation
district belonged to the positive-negative type, where the
value range of I was [‒1, 1] (Zhao, 2000; Zhang, 2020a; Jin
et al., 2021). Furthermore, when I was within [0, 1], this
indicated that b transformed to a, whereas when I was within
[‒1, 0], indicating that b transformed to c, and the absolute
value of I reflected the transformed magnitude. In other
words, the difference degree coefficient Iikj in this study
continuously and dynamically changed with the evaluation

index sample value xikj, as shown in Figure 2. Specifically,
when xikj was closer to the critical value s0kj of grade 1, Iikj was
closer to 1. When xikj was closer to the critical value s1kj
between grades 1 and 2, Iikj was closer to 1/3. When xikj was
closer to the critical value s2kj between grades 2 and 3, Iikj was
closer to ‒1/3. Moreover, when xikj was closer to the critical
value s3kj of grade 3, Iikj was closer to ‒1. Based on SPA and
the above analysis, this study proposed a method for
calculating the dynamic difference degree coefficient of the
ternary connection number as follows:

Iikj �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 − 2(xikj − s0kj)/3(s1kj − s0kj), s0kj ≤xij ≤ s1kj for positive index,
or s0kj ≥xikj ≥ s1kj for negative index

−2[xikj − (s1kj + s2kj)/2]/3(s2kj − s1kj), s1kj <xikj ≤ s2kj for positive index,
or s1kj >xikj ≥ s2kj for negative index

−1 + 2(s3kj − xikj)/3(s3kj − s2kj), s2kj < xikj ≤ s3kj for positive index,
or s2kj >xikj ≥ s3kj for negative index

(10)

Step 5: The ternary connection number uikj of index j in
subsystem k for WRCC evaluation sample i was calculated by
substituting the results obtained by Eqs. 5‒10) into Eq. 4 (Zhao,
2000; Jia et al., 2013):

uikj � aikj + bikjIikj + cikjJ, i � 1, 2, . . . , m; k � 1, 2, 3; j

� 1, 2, . . . , nk (11)
Combined with the weight wkj of index j in subsystem k

obtained by Eq. 3, the ternary connection number uik of
subsystem k for sample i was calculated as follows (Jin et al.,
2008):

uik � ∑nk
j�1

wkjaikj +∑nk
j�1

wkjbikjIikj +∑nk
j�1

wkjcikjJ, i � 1, 2, . . . , m;

k � 1, 2, 3 (12)
Finally, the ternary connection number ui of WRCC

evaluation sample i in the Yellow River irrigation district was
obtained according to the following equation (Cui et al., 2018):

ui � ∑3
k�1

∑nk
j�1

wkwkjaikj +∑3
k�1

∑nk
j�1

wkwkjbikjIikj +∑3
k�1

∑nk
j�1

wkwkjcikjJ,

i � 1, 2, . . . , m (13)
where wk denotes the weight of subsystem k, which can be
calculated using the AGA-FAHP.

The evaluation grade value of WRCC in the irrigation district
was calculated based on the connection number value u
obtained by Eq. 13, wherein u∈[‒1, 1]. Furthermore, u was
divided into three levels according to the critical values of
evaluation index grade criteria, which corresponded to water
resources overloaded status u∈[‒1.000, ‒0.667), critical
overloaded status u∈[‒0.667, 0.667], and loadable status
u∈(0.667, 1.000], respectively.

To compare with the connection number value u, the
evaluation grade value hi of sample i was calculated using the
level eigenvalue method (Zhou et al., 2022) in Eq. 14. h was also
divided into three levels according to the critical values of
evaluation index grade criteria, which corresponded to water
resources overloaded status h∈(2.5, 3.0], critical overloaded status
h∈[1.5, 2.5], and loadable status h∈[1.0, 1.5), respectively.
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hi � ∑3
k�1

∑nk
j�1

wkwkjaikj + 2∑3
k�1

∑nk
j�1

wkwkjbikj + 3∑3
k�1

∑nk
j�1

wkwkjcikj,

i � 1, 2, . . . , m (14)
Step 6: The main obstacle factors hindering the improvement of
WRCC in the Yellow River irrigation district were diagnosed
based on the connection number value uikj of evaluation index
calculated using Eq. 11. It can be proven that uikj∈[‒1, 1], and
based on the principle of equal division, the evaluation indexes
were divided into five types. They were strong obstacle uikj∈[‒
1.0, ‒0.6), middle obstacle uikj∈[‒0.6, ‒0.2), weak obstacle
uikj∈[‒0.2, 0.2], weak promotion uikj∈(0.2, 0.6], and strong
promotion indexes uikj∈(0.6, 1.0]. Moreover, the strong or
middle obstacle index was the factor that seriously hindered
the improvement of WRCC, and at the same time, the key focus
of water resources regulation and control in the irrigation
district.

For comparison with the connection number value u, the set
pair potential of connection number for evaluation index was
used to diagnose the obstacle factors of WRCC. According to
SPA, set pair potential reflected the overall development trend of
set pair at the macro level (Zhao, 2000; Zhou et al., 2022). To
quantitatively describe this trend, Cui et al. (2018) constructed
the subtraction set pair potential s1(u) of the ternary connection
number in Eq. 15, the basic idea was to allocate b to a and c
according to the proportions of a/(a+b + c) and c/(a+b + c),
respectively:

s1(uikj)�[aikj+bikjaikj/(aikj+bikj+cikj)]−[cikj+bikjcikj/
(aikj+bikj+cikj)] (15)

In addition, the partial connection number reflected the
overall development trend of set pair at the micro level (Zhao,
2000). From the perspective of same-different-inverse
transformation based on the partial connection number, to
transform the similarity component of b to a, (a+b) should be
regarded as a whole of the similarity and should not include the

opposition degree c. Therefore, it was more reasonable to take a/
(a+b) as the proportion of b allocated to a than a/(a+b + c) in Eq.
15. Similarly, to transform the opposition component of b to c,
(c + b) should be regarded as a whole of the opposition and should
not include the similarity degree a. It was more reasonable to
consider c/(c + b) as the proportion of b allocated to c than c/
(a+b + c) in Eq. 15. Therefore, based on the subtraction set pair
potential and further combined with the idea of the partial
connection number, a new adjoint function of the ternary
connection number, the semipartial subtraction set pair
potential s2(u) was proposed (Jin et al., 2021):

s2(uikj) �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

−1, aikj + bikj � 0
1, bikj + cikj � 0
[aikj + bikjaikj/(aikj + bikj)] − [cikj + bikjcikj/(cikj + bikj)],

aikj + bikj ≠ 0 and bikj + cikj ≠ 0

(16)
It can be seen that s2(uikj)∈[‒1, 1], according to the principle of

equal division, s2(uikj) was divided into five levels. They were
inverse potential s2(uikj)∈[‒1.0, ‒0.6), partial inverse potential
s2(uikj)∈[‒0.6, ‒0.2), symmetrical potential s2(uikj)∈[‒0.2, 0.2],
partial identical potential s2(uikj)∈(0.2, 0.6], and identical
potential s2(uikj)∈(0.6, 1.0], respectively. Furthermore, the
index of partial inverse potential or inverse potential was
diagnosed as the main obstacle factor hindering the
improvement of WRCC and also the important object of
water resources management in the Yellow River irrigation
district (Li et al., 2021).

Study Area
The evaluation and diagnosis model of WRCC based on dynamic
difference degree coefficient was applied to the Dagong ecological
irrigation district in Henan Province, China. The level of WRCC
and key obstacle factors were quantitatively identified in the
typical Yellow River irrigation district. The Dagong irrigation
district was located in the north of the Yellow River (Figure 3),
with a design irrigation area of 190,000 ha and a land area of

FIGURE 2 | Value process for dynamic difference degree coefficient of the ternary connection number changes with evaluation index sample value. The larger the
value of positive (negative) index, the higher (lower) the evaluation grade.
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2,886 km2. It was a large-scale Yellow River irrigation district in
Henan Province (Zhang et al., 2019; Du et al., 2020). This
irrigation district included Neihuang County, Xun County,
Hua County, Changyuan County, and Fengqiu County, all of
these were advanced counties of grain production in China. The
main planting crops included wheat, rice, and corn, while
intercropping crops included peanuts, millet, beans, cotton,
and sesame (Zhang X. et al., 2020). In recent years, with the
rapid development of the social economy in the irrigation district,
the demand for water resources for agriculture, life, secondary
and tertiary industries, and ecology had continuously increased,
which resulted in a prominent contradiction between limited
supply and increased demand for water resources (Gonçalves
et al., 2007; Pereira et al., 2007; Jia et al., 2013). In summary, the
water resources situation in the Dagong irrigation district was
severe.

RESULTS AND DISCUSSION

Establishment of WRCC Evaluation Index
System in Irrigation District
According to the evaluation target and construction principle
of evaluation index system (Gong and Jin, 2009; Song et al.,
2011; Chang et al., 2020), and combined with the influencing
factors of the real process for WRCC in the ecological Yellow
River irrigation district, the WRCC system was divided into
three subsystems. They were water resources carrying support
force subsystem, carrying pressure force subsystem, and
carrying regulation force subsystem, respectively (Cui et al.,

2018; Jin et al., 2018; Li et al., 2021). Moreover, based on the
comprehensive analysis of carrying characteristics for these
three subsystems, the actual development of water resources,
the social economy, and the ecological environment in the
Dagong irrigation district, as well as relevant research (Du
et al., 2020; Zhang X. et al., 2020; Jin et al., 2021), an evaluation
index system (three subsystems, a total of nine indexes
X1—X9), and the corresponding evaluation grade criteria
(water resources loadable, critical overloaded, and
overloaded status) are listed in Table 1. In addition, the
weights of subsystem and each evaluation index were
determined using the AGA-FAHP in Eq. 3, together with
relevant studies (Du et al., 2020; Zhang X. et al., 2020)
(Table 1).

In this study, the sample data ofWRCC evaluation index in the
Dagong irrigation district were obtained from the Henan Water
resources Bulletin (2010–2017), the Henan Statistical Yearbook
(2011–2018), and phased achievements of the third national
survey and evaluation of water resources utilization in Henan
Province, China.

Evaluation and Analysis of WRCC for Five
Counties in Irrigation District
The sample data of nine WRCC evaluation indexes for five
counties in the Dagong irrigation district from 2010 to 2017,
and the corresponding evaluation grade criteria in Table 1, were
substituted into Eq. 5‒9 to obtain the connection number
components of each index. Furthermore, the dynamic
difference degree coefficient of the connection number for

FIGURE 3 | Location of the Dagong ecological Yellow River irrigation district in Henan Province, China.
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each index was calculated in combination with Figure 2 and Eq.
10. Then, according to the index weight in Table 1 and Eq. 11‒
13, the connection number values of evaluation index, subsystem,
and WRCC were calculated. Meanwhile, the evaluation grade
value according to the level eigenvalue method was obtained
using Eq. 14. Finally, the evaluation results of WRCC in the
Dagong irrigation district are shown in Figures 4‒6.

(1) According to the average value of WRCC evaluation
connection number u from 2010 to 2017 for each county
(Figure 4), from the perspective of multi-year average, Xun
County and Neihuang County belonged to the water resources
overloaded status (‒1.000 ≤ u < ‒0.667), while the other three
counties were in critical overloaded status (‒0.667 ≤ u ≤ 0.667).
The results are consistent with those of Du et al. (2020) and

Zhang et al. (2021). It indicates that although the carrying status
of the five counties has been different over the years, the overall
carrying situation in the Dagong irrigation district is serious.
Thus, there is a need to analyze the driving mechanism of WRCC
in different counties, identify the key factors hindering the
improvement of WRCC, and then take the corresponding
measures.

In addition, it can be seen that from the average value of the
connection number component (Figure 4), the multi-year
average values of opposition degree c for the five counties
were all significantly larger than those of similarity degree a,
which was consistent with the above evaluation result of severe
water resources carrying situation for these five counties.
Moreover, the average values of a in Hua County, Fengqiu

TABLE 1 | Evaluation index system and evaluation grade criteria of water resources carrying capacity (WRCC) in the ecological Yellow River irrigation district (Du et al., 2020;
Zhang X. et al., 2020; Jin et al., 2021).

Evaluation system Evaluation
subsystem

Evaluation index Evaluation grade criteria Index
weight

Index
typeaGrade 1

(loadable)
Grade 2
(critical

overloaded)

Grade 3
(overloaded)

WRCC system in the ecological
Yellow River irrigation district

Carrying support
force

Available water resources amount
per capita X1 (m3)

≥500 [400, 500) <400 0.041 Negative

Utilization ratio of water resources
X2 (%)

≤40 (40, 60] >60 0.166 Positive

Carrying pressure
force

Average urbanization ratio X3 (%) ≤35 (35, 40] >40 0.028 Positive
GDP per capita X4 (Yuan) ≥50000 [30000, 50000) <30000 0.083 Negative
Effective irrigation area ratio X5 (%) ≥60 [40, 60) <40 0.186 Negative
Water deficient ratio X6 (%) ≤10 (10, 20] >20 0.028 Positive
Shallow groundwater exploitation
ratio X7 (%)

≤10 (10, 17.5] >17.5 0.055 Positive

Carrying
regulation force

Effective utilization coefficient of
irrigation water X8

≥0.65 [0.60, 0.65) <0.60 0.166 Negative

Water consumption ratio of
ecological environment X9 (%)

≥5 [3, 5) <3 0.247 Negative

aThe larger the value of positive (negative) index, the higher (lower) the evaluation grade.

FIGURE 4 | Average values of connection number u and its components a, b, and c for water resources carrying capacity (WRCC) evaluation from 2010 to 2017 in
the Dagong irrigation district.
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County, and Changyuan County were relatively higher (0.198,
0.193, and 0.179, respectively), while those of c in Xun County
and Neihuang County were relatively larger (0.598 and 0.591)
(Figure 4). These results were consistent with the above result
that theWRCC in Hua County, Fengqiu County, and Changyuan
County were stronger than those in Xun County and Neihuang
County.

(2) It can be seen from the evaluation results of two methods
(Figure 5), the changing trends of the evaluation grade values of
WRCC for five counties from 2010 to 2017 calculated by
connection number method were consistent with those of level
eigenvalue method. Furthermore, the changing range and the
differences in grade value year to year obtained by connection
number were more significant than level eigenvalue. It shows that
the evaluation method of the connection number based on the
dynamic difference degree coefficient can fully excavate andmake
use of the information carried by sample data. Furthermore, the
uncertainty of the WRCC system can be accurately quantified by
the dynamic difference degree coefficient varying with the actual
evaluation sample, and the value of the complete connection
number can be directly determined. Therefore, the WRCC
evaluation method proposed in this study has a higher
sensitivity and accuracy, and the evaluation results are
reasonable and reliable.

(3) According to the connection number values and the
corresponding grade values of WRCC evaluation for each
county from 2010 to 2017 (Figures 6, 7), from the perspective

of overall development in the irrigation district, from 2010 to 2017,
most counties were in water resources overloaded status (‒1.000 ≤
u < ‒0.667), some belonged to critical overloaded status (‒0.667 ≤
u ≤ 0.667), and others were in loadable status (0.667 < u ≤ 1.000).
Furthermore, the number of overloaded counties decreased from
three in 2010 to zero in 2017, and the average value of the
connection number for the five counties decreased from ‒0.656
in 2010 to ‒0.022 in 2017. After 2013, the average value from 2010
to 2013 and that from 2014 to 2017were ‒0.681 (overloaded) and ‒

FIGURE 5 | Evaluation grade values of two methods for water resources carrying capacity (WRCC) from 2010 to 2017 in the Dagong irrigation district. The two
dashed lines from top to bottom in the figures represent the boundary of connection number value for water resources loadable and critical overloaded status (0.667),
and that for critical overloaded and overloaded status (‒0.667) in each county, respectively.

FIGURE 6 | Connection number values of water resources carrying
capacity (WRCC) evaluation from 2010 to 2017 in the Dagong irrigation
district. The dashed line in the figure represents the boundary of the
connection number value for water resources critical overloaded and
overloaded status (‒0.667) in the irrigation district.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8160559

Cui et al. Water Resources Carrying Capacity Evaluation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


0.260 (critical overloaded), respectively. Additionally, in 2016 and
2017, the connection number values of the three counties (Fengqiu
County, Changyuan County, and Hua County) were larger than
zero and approached loadable status (Figure 6). The WRCC in the
irrigation district were significantly improved and. it indicates that
although the carrying situation in the Dagong irrigation district is
severe in recent years, it has developed in a favorable direction as a
whole (Zhang et al., 2019; Jin et al., 2021). Thus, there is a need to
continuously strengthen the scientific measures of water resources
regulation. In addition, the Dagong irrigation district may not have
paid enough attention to water resources management before 2013,
resulting in the exploitation of water resources far exceeding the
available amount. The WRCC system is unbalanced and the
WRCC is weak. However, since the implementation of the
strictest water resources management system in China (Zuo
et al., 2014; Wang et al., 2018), the carrying situation in the
irrigation district has been improved markedly, which is
consistent with the studies of Du et al. (2020) and Zhang X.
et al. (2020).

From the perspective of each county, from 2010 to 2017, the
WRCC of the five counties tended to be improved, wherein the
magnitudes in Hua County, Changyuan County, and Fengqiu
County were significantly higher than Neihuang County and
Xun County, especially since 2015. Also, the connection
number value in Neihuang County decreased from 2015 to
2016, reflecting the decline of WRCC (Figure 6). The average
values of the connection number from 2015 to 2017 in Hua
County, Changyuan County, and Fengqiu County were 0.088,
0.106, and 0.080, respectively, all greater than zero, while those in
Neihuang County and Xun County were ‒0.466 and ‒0.531, which
were close to the edge of overloaded status. Moreover, in 2017, the
order of carrying status in the five counties from excellent to poor
was Fengqiu County, Changyuan County, Hua County, Xun
County, and Neihuang County, with the corresponding
connection number values of 0.231, 0.163, 0.120, ‒0.293, and ‒
0.331, respectively. It is consistent with the fact that these five
counties become farther away from the main stream of the Yellow
River (Figure 7). Therefore, the WRCC in each county is

FIGURE 7 | Spatial distributions of water resources carrying capacity (WRCC) evaluation grade values from 2010 to 2017 in the Dagong irrigation district.
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significantly related to its distance from the Yellow River (Jin et al.,
2021).

In reality, there are many upstream and downstream
management units of the backbone projects in the Dagong
irrigation district, wherein their relationships are complex and
difficult to coordinate, and the upstream water resources supply
conditions cannot meet the downstream demand (Zhang X. Y.
et al., 2020). Taking Neihuang County at the downstream end of
the irrigation canal system as an example, this county needs to
apply to the Dagong management office of Xinxiang City and
coordinate with the water conservancy bureaus of the upstream
counties for water resources use (Song and Zhang, 2018). There
are many intermediate links that make it extremely difficult to use
water resources. In addition, Neihuang County has only been able
to divert water once a year in flood season since 2009, with a time
of 1 week. Furthermore, the Yellow River diversion and storage
projects are dry most of the time (Zhang, 2017). Combined with
the statistical data, in 2017, the available water resources amount
per capita in Fengqiu County, Changyuan County, Hua
County, Xun County, and Neihuang County are 340.00 m3,
298.50 m3, 280.56 m3, 178.49 m3, and 278.00 m3, respectively.
Correspondingly, the average water deficient ratios from 2010
to 2017 are 27.91%, 29.91%, 45.60%, 54.89%, and 41.04%,
respectively. The above results are also consistent with the
studies of Zhang et al. (2015) and Du et al. (2020), indicating
that the WRCC of Changyuan County and Fengqiu County have
begun to be strengthened since 2014, and the WRCC in
the Dagong irrigation district improved in 2017, and the
exceptions are Neihuang County and Xun County. Therefore,
to promote the WRCC of each county in the Dagong irrigation
district to a direction of improvement, this study further analyzes
the change of the connection number value for each evaluation
index year to year, and diagnoses the main obstacle factors
of WRCC.

Affected by many factors such as nature, the economy,
society, population, science and technology, the WRCC system
in irrigation district is a typical complex system with great
uncertainty, mainly including a kind of fuzzy uncertainty due
to the uncertainty of the boundary between evaluation samples
and evaluation criteria. In this study, SPA is applied to the
WRCC evaluation in the Yellow River irrigation district, two
sets of evaluation index value and evaluation grade criteria
constitute a set pair, and the certainty and uncertainty of their
proximity are quantitatively analyzed from three aspects of the
same (the evaluation sample value is at the same level as the
evaluation level), different (adjacent level) and inverse
(separated level). Specifically, SPA divides the certainty of
this set pair into similarity and opposition components,
which are quantitatively described by a and c, respectively.
In addition, the uncertainty between similarity and opposition
is divided into the uncertainty at the macro level, measured by
b, and that at the micro level, measured by I. Therefore, the
calculation method of dynamic difference degree coefficient I
varying with evaluation sample proposed in this study,
quantifies the uncertainty at the micro level of the set pair
constituted by index value and grade criteria. From the
perspective of information utilization, this method retains

the extremely important information of the variation range
of sample data for the research objective. In a word, this study
further considers the boundary fuzzy uncertainty of WRCC
system in the Yellow River irrigation district, making the
evaluation results more comprehensive, more objective, and
closer to reality.

Diagnosis of WRCC Obstacle Factors for
Five Counties in Irrigation District
The changes of WRCC for each county in recent years were
analyzed and discussed above. Then, the obstacle factors of
WRCC were diagnosed by the connection number value and
semipartial subtraction set pair potential of evaluation index to
provide a basis for water resources regulation and control in
the Dagong irrigation district.

(1) The connection number value of evaluation index was
calculated using the connection number components and
difference degree coefficients according to Eq. 11. The average
values of the connection number for each index from 2010 to
2017 for five counties in the irrigation district are listed in
Table 2. As shown in Table 2, there were six, six, five, two,
and three strong obstacle indexes (‒1.0 ≤ u < ‒0.6) in Neihuang
County, Xun County, Hua County, Changyuan County, and
Fengqiu County, respectively, on average for many years.
Nevertheless, there were zero, zero, one, one, and one strong
promotion indexes (0.6 < u ≤ 1.0), respectively. These results were
consistent with the above results that the WRCC of Fengqiu
County, Changyuan County, and Hua County were stronger than
Neihuang County and Xun County (Figures 4, 7). It indicates
that the numbers of strong obstacle indexes and the strong
promotion indexes determined by the connection number
value in this study can reflect the overall carrying situation of
each county. The more the strong obstacle index and the less the
strong promotion index, the worse the carrying status, and
vice versa.

Over the years, the utilization ratio of water resources X2

was a strong obstacle index, available water resources
amount per capita X1, GDP per capita X4, and water
deficient ratio X6 were strong or middle obstacle indexes
for the five counties (Table 2). These are the key factors
that hinder the improvement of WRCC in the Dagong
irrigation district, and also the important objects of
WRCC regulation and control. Meanwhile, the annual
variations of the connection number value for these
indexes are so small that they are difficult to be improved
and regulated.

(2) The connection number values of nine WRCC evaluation
indexes from 2010 to 2017 for five counties in the Dagong
irrigation district, and the semipartial subtraction set pair
potential calculated by Eq. 16, are shown in Figure 8. The
change of the connection number value for each index was
analyzed and the key influencing factors of carrying status in
each county were identified. Moreover, the strong obstacle index
and middle obstacle index were the main reasons for weak
WRCC, which can be diagnosed as the obstacle factors of
WRCC and key objects to be improved.
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The change trend of the connection number value for each
index from 2010 to 2017 was consistent with the semipartial
subtraction set pair potential for the five counties, while the
overall variation range of the connection number value was
larger. However, when the value varied markedly during
2 years, the range of the set pair potential was greater
(Figure 8). For example, the connection number values of
water consumption ratio of ecological environment X9 for Hua
County in 2016 and 2017 were 0.97 and 0.69 (the absolute
difference was 0.28), respectively, while the set pair potential
were 0.97 and 0.76 (0.21) respectively. In addition, the connection
number values of average urbanization ratio X3 for Fengqiu
County in 2013 and 2014 were ‒0.81 and 0.68 (the absolute
difference was 1.49), respectively, while the set pair potential were
‒0.83 and 0.76 (1.59) respectively. It indicates that the connection
number value determined by the calculation method of dynamic
difference degree coefficient proposed in this study is reasonable
and reliable, and can more sensitively and accurately identify the
change of carrying status for evaluation index.

The obstacle factors of WRCC (the connection number value
u < ‒0.2) in Neihuang County were X1, X2, X4, X5, X6, X7, and X8

(Figure 8A). It reflected that in recent years, this county was
generally in water resources overloaded status because of the less
water resources amount, large population, low economic level,
high urbanization degree, less effective irrigation area, and low
utilization coefficient of irrigation water (Zhang et al., 2017).
Furthermore, the reasons for the change in carrying situation

were analyzed to guide water resources management, according
to the connection number value of index. The improvement of
WRCC in 2015 (Figure 5A) was mainly due to the water
consumption ratio of ecological environment X9 developed
from strong obstacle (the connection number value was ‒1.00)
in 2014 to the strong promotion (0.74) in 2015 (Figure 8A).
Additionally, the carrying status worsened again in 2016
(Figure 5A) because the shallow groundwater exploitation
ratio X7 further deteriorated from strong obstacle (‒0.72) in
2015 to the largest strong obstacle (‒1.00) in 2016, and
meanwhile X9 deteriorated from strong promotion (0.74) in
2015 to strong obstacle (‒0.68) in 2016 (Figure 8A).
Therefore, the main season for the declined WRCC from 2015
to 2016 is the sharp drop of water resources supply for the
ecological environment, followed by the continuous degree
increase of groundwater exploitation. Moreover, the reason for
the improvement of WRCC in 2017 was that the average
urbanization ratio X3, effective irrigation area ratio X5, and X9

were improved (Figure 5A and 8A) (Song and Zhang, 2018).
Therefore, the key measures to improve the severe water
resources carrying situation in Neihuang County are to
reasonably control the levels of shallow groundwater
exploitation and urban development, and to increase the
effective irrigation area and water resources consumption for
ecological environment.

The obstacle factors in Xun County were X1, X2, X4, X6, X7,
and X9 (Figure 8). Furthermore, the main reasons for the

TABLE 2 | Average values of connection number for water resources carrying capacity (WRCC) evaluation index from 2010 to 2017 in the Dagong irrigation district.

Evaluation
index

Neihuang county Xun county Hua county Changyuan county Fengqiu county

Connection
number
value

Index
type

Connection
number
value

Index
type

Connection
number
value

Index
type

Connection
number
value

Index
type

Connection
number
value

Index
type

Available water
resources amount
per capita X1 (m3)

−0.58 Middle
obstacle

−0.80 Strong
obstacle

−0.80 Strong
obstacle

−0.80 Strong
obstacle

−0.76 Strong
obstacle

Utilization ratio of
water resources
X2 (%)

−0.88 Strong
obstacle

−0.92 Strong
obstacle

−0.90 Strong
obstacle

−0.79 Strong
obstacle

−0.79 Strong
obstacle

Average
urbanization ratio
X3 (%)

−0.31 Middle
obstacle

0.10 Weak
obstacle

0.81 Strong
promotion

−0.43 Middle
obstacle

0.41 Weak
promotion

GDP per capita X4
(Yuan)

−0.72 Strong
obstacle

−0.63 Strong
obstacle

−0.75 Strong
obstacle

−0.29 Middle
obstacle

−0.81 Strong
obstacle

Effective irrigation
area ratio X5 (%)

−0.55 Middle
obstacle

−0.67 Strong
obstacle

0.50 Weak
promotion

−0.31 Middle
obstacle

0.04 Weak
obstacle

Water deficient
ratio X6 (%)

−0.79 Strong
obstacle

−0.86 Strong
obstacle

−0.81 Strong
obstacle

−0.25 Middle
obstacle

−0.32 Middle
obstacle

Shallow
groundwater
exploitation ratio
X7 (%)

−0.79 Strong
obstacle

−0.46 Middle
obstacle

−0.81 Strong
obstacle

1.00 Strong
promotion

1.00 Strong
promotion

Effective utilization
coefficient of
irrigation water X8

−0.71 Strong
obstacle

−0.34 Middle
obstacle

−0.26 Middle
obstacle

−0.42 Middle
obstacle

−0.40 Middle
obstacle

Water
consumption ratio
of ecological
environment X9 (%)

−0.63 Strong
obstacle

−0.91 Strong
obstacle

−0.30 Middle
obstacle

−0.30 Middle
obstacle

−0.34 Middle
obstacle
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overloaded status from 2010 to 2013 (Figure 5B) were that the
water resources amount was low, the population was large, the
economic level was low, and the effective irrigation area was small
(Figure 8) (Jin et al., 2021). The slight improvement of WRCC
since 2014 (Figure 5B) was due to the effective irrigation area
ratio X5 and effective utilization coefficient of irrigation water X8

gradually developed from strong obstacle to strong promotion.
Nevertheless, at the same time, the average urbanization ratio X3

degenerated from middle obstacle to strong obstacle, and the
shallow groundwater exploitation ratio X7 gradually degenerated
from strong promotion to weak obstacle and even strong obstacle
(Figure 8). It indicated that in recent years, the increase of
effective irrigation area had promoted the improvement of
WRCC in Xun County. Meanwhile, the rapid development of
urbanization and the increasingly high rates of groundwater
exploitation had limited the magnitude of improvement, which
should be paid attention to. These were consistent with research
of Zhang X. et al. (2020), who found that Xun County was in the
edge of overloaded status. This may be due to the fact that, for
satisfying the water consumption of social and economic

development, the expansion of groundwater funnel had not
been effectively controlled. In addition, this county is located
at the downstream end of the canal system in the Dagong
irrigation district (Figure 7), and the upstream water supply
condition cannot meet the downstream water demand, resulting
in the poor WRCC.

The obstacle factors in Hua County were X1, X2, X4, X6, and X7

(Figure 8). In addition, the approaching overloaded status from
2010 to 2014 (Figure 5C) was mainly due to the less water
resources amount, large population, low economic level, and high
degree of water resources utilization (Figure 8) (Zhang, 2017).
Therefore, supplementing the amount of water resources,
accelerating social and economic development, promoting
water saving level, and controlling water resources exploitation
are effective means to improve the carrying situation. TheWRCC
increased significantly from 2015 to 2017 (Figure 5C) because of
the improvement in the effective utilization coefficient of
irrigation water X8 and water consumption ratio of ecological
environment X9. X8 gradually developed from strong obstacle
before 2015 to weak obstacle and strong promotion thereafter,

FIGURE 8 | Connection number values of water resources carrying capacity (WRCC) evaluation index from 2010 to 2017 in the Dagong irrigation district. The four
dashed lines from top to bottom in the figures represent the boundary of connection number value for strong promotion and weak promotion types (0.6), and those for
weak promotion and weak obstacle (0.2), weak obstacle and middle obstacle (‒0.2), and middle obstacle and strong obstacle (‒0.6) in each county, respectively.
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while X9 was improved from strong obstacle in 2014 to strong
promotion in 2017 (Figure 8). These are directly related to the
control of agricultural and ecological water consumption by the
policy of “three red lines,” and reflect the effectiveness and
necessity of the strictest water resources management system
in China (Zuo et al., 2014; Zhang et al., 2015). Furthermore,
according to the investigation, the amount of water diversion
from the Yellow River in Hua County has been about 70 million
m3 since 2007, without taking into account the normal water
supply, excessive water resources were stored in reservoirs. This
effectively alleviates the problem of farmland irrigation, improves
the ecological environment, and guarantees the sustainable and
stable development of the social economy in this county. In
addition, the average urbanization ratio X3 remained the index of
strong promotion type for a long time (Figure 8). The
appropriate urbanization level is an important factor to ensure
excellent carrying status in Hua County (Figure 7).

The obstacle factors in Changyuan County were X1, X2, X3, X4,
andX6 (Figure 8). Furthermore, the carrying status was improved
from near overloaded to critical overloaded from 2014 to 2017
(Figure 5D). This was mainly because the effective irrigation area
ratio X5 gradually developed from strong obstacle in 2014 to weak
promotion and strong promotion. Meanwhile, the effective
utilization coefficient of irrigation water X8 and water
consumption ratio of ecological environment X9 were
improved from strong obstacle to strong promotion
(Figure 8). It shows that since the implementation of the
strictest water resources management system, this county has
scientifically adjusted the agricultural and ecological water
consumption, and the effects are remarkable (Dou and Wang,
2017; Zhang et al., 2017). However, the connection number
values of average urbanization ratio X3, GDP per capita X4,
and water deficient ratio X6 fluctuated markedly over the
years, and they all belonged to the index of middle obstacle
type (Figure 8 and Table 2), which should be paid close attention
as obstacle factors. The shallow groundwater exploitation ratio X7

was always strong promotion (Figure 8), indicating that
Changyuan County has strictly controlled the degree of
groundwater exploitation for a long time (Song et al., 2020).
This is a crucial factor for guaranteeing its relatively excellent
water resources carrying situation (Figure 7).

The obstacle factors in Fengqiu County were X1, X2,X4, and X6

(Figure 8). It can be seen that the less water resources amount,
large population, and low economic level significantly restricted
the improvement of its WRCC (Zhang, 2017; Jin et al., 2021).
Therefore, transferring and supplementing the water resources
and promoting the economic development are powerful
measures to strengthen the WRCC. Similar to Changyuan
County, Fengqiu County gradually developed from near
overloaded status to critical overloaded status from 2014 to
2017 (Figure 5e), which was mainly due to that the effective
irrigation area ratio X5, effective utilization coefficient of
irrigation water X8, and water consumption ratio of ecological
environment X9 were improved from middle obstacle or strong
obstacle to strong promotion (Figure 8). It suggests that this
county has strictly carried out the control of “red lines” on
agricultural and ecological water consumption (Zhang et al.,

2015), fully ensuring the effective improvement of its carrying
situation. Moreover, the average urbanization ratio X3 quickly
recovered to weak promotion and strong promotion after
deteriorating to strong obstacle in 2013, while the water
deficient ratio X6 was not improved after worsening to strong
obstacle in 2012 from strong promotion in 2010 and 2011. The
shallow groundwater exploitation ratio X7 was the index of strong
promotion type for a long time (Figure 8) (Song et al., 2020). It
reflects that the appropriate levels of groundwater exploitation
and urbanization are key factors to ensure the strong WRCC in
Fengqiu County (Figure 7). Meanwhile, it is necessary to take
measures, such as adding water supply, decreasing water
consumption, or increasing water use efficiency, to reduce the
water deficient ratio and then strengthen the WRCC.

In summary, the evaluation and diagnosis results obtained in
this study are consistent with the real water resources carrying
situation in the Dagong irrigation district under the current
policy environment (Xu, 2020; Fan et al., 2021; Qin, 2021).
According to the construction standard of ecological irrigation
district, and great concerns about ecological civilization
construction and new water resources management concept in
China, the administrative departments should further improve
the water resources allocation of each county in the irrigation
district and conduct other relevant works. So as to realize that
there are water resources for supplementing source in flood
season and those for irrigation in non-flood season, on the
basis of guaranteeing the domestic and industrial water supply.

CONCLUSION

In order to deal with the uncertainty between evaluation samples
and evaluation criteria, a connection number model of WRCC
evaluation was established. Furthermore, taking account of the
information carried by sample data, a calculation method of
dynamic difference degree coefficient varying with the actual
evaluation sample was also proposed. As a result, a quantitative
evaluation and obstacle factor diagnosis model of WRCC in the
Yellow River irrigation district was constructed. In addition, an
empirical study was carried out in the Dagong ecological
irrigation district, and the following main conclusions were
obtained:

1) The results of WRCC evaluation and diagnosis in a typical
irrigation district were consistent with the real situation and
existing studies, indicating that the connection number
evaluation and diagnosis method based on dynamic
difference degree coefficient was effective and reliable.
These results provided important scientific support for
water resources allocation and management in the Yellow
River irrigation district.

2) Although the WRCC in the Dagong irrigation district
remained severe, it had been improved as a whole since
2013. Five counties of the irrigation district were all in
water resources critical overloaded status by 2017.
Moreover, the WRCC of Fengqiu County, Changyuan
County, Hua County, Xun County, and Neihuang County
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became weaker in turn, which was consistent with the fact that
theywere further away from themain stream of the YellowRiver.

3) The utilization ratio of water resources, available water
resources amount per capita, GDP per capita, and water
deficient ratio belonged to the index of strong or middle
obstacle type. These were the main obstacle factors of WRCC,
as well as the key and difficulty of water resources regulation
and control for the Dagong irrigation district.

4) The connection number model based on dynamic difference
degree coefficient proposed in this study can identify the
relatively certain water resources carrying situation and its
crucial obstacle factors in irrigation district, and can be
applied to resources, environment, ecology carrying
capacity fields, and other set pair system problems.
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