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Abstract: Water resource carrying capacity (WRCC) is essential for characterizing the harmony
between humans and water resources in an area. Investigation of the WRCC is useful for guiding the
sustainable development of a region. The northern slope of the Tianshan Mountains is an important
area for the economic development of Xinjiang, China. In recent years, the supply of water in the
area barely satisfies the demand. To quantitatively evaluate the WRCC, data for four indicators
including the water resources, social and economic development, and ecological environment of the
area were utilized. The comprehensive weighting method, which combines the entropy and analytic
hierarchy processes, was used to assess these indicators. A fuzzy comprehensive evaluation model
was employed to evaluate the urban WRCC of the northern slope of the Tianshan Mountain for 2018.
The results showed urban WRCC values varying between good and moderate for the northern slope
of the Tianshan Mountains, and this indicates that the study area is in a loadable state. Although the
water supply can meet the development of cities on the northern slope of the Tianshan Mountains to
a certain extent at this stage, because it is located in the arid region of western China, the shortage
and uneven distribution of water resources are one of the biggest limiting factors for the future
development of this region. The findings of the present study provide a basis for the development,
rational allocation, and sustainable utilization of urban water resources on the northern slope of the
Tianshan Mountains.

Keywords: water resources carrying capacity; fuzzy comprehensive evaluation model; comprehensive
weighting method; northern slope; Tianshan Mountains

1. Introduction

The water resource carrying capacity (WRCC) refers to the scale of water resources that
can support the sustainable economic and social and ecological development of a region [1].
The WRCC of a region often reflects the environmental conditions, and its evaluation is vital
to ensure a balance between the water supply and demand in an area for rational societal,
ecological, and economic development. Further, understanding of the WRCC is useful for
preventing environmental degradation and maintaining a spatial balance of water resources
in a region. Therefore, adequate evaluation of the WRCC can promote the sustainable
social and economic development of a region [2,3]. In the 1990s, Engelman [4] and others
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proposed the population, growth rate, distribution, and consumption patterns as factors for
the assessment of the WRCC of a region. Based on such factors, the relationship between
the supply from freshwater resources and three main areas of demand was analyzed. In the
21st century, Michiel [5] and others studied safety evaluation and management systems of
urban water resources and concluded that the urban WRCC guarantees the safety of urban
water resources. In 2015, Koop [6] proposed WRCC evaluation indexes associated with the
chemical industry, water pollution, and other aspects, and this improved the management
of water resources in urban areas.

In China, studies on the WRCC commenced in the arid and water-deficient north-
western regions, and Xinjiang is among the most investigated areas. Xinguang [7], for
example, utilized eight indexes to construct a fuzzy comprehensive evaluation model for
the assessment of the WRCC of Xinjiang. Mingbo et al. [8] used the fuzzy comprehensive
discrimination method to highlight the controlling factors and membership functions of
the WRCC in the Yili Mine area and predicted the impact of mining on the WRCC for
three subsequent years with and without the protection of water resources. Aman et al. [9]
employed the system dynamics theory to construct a WRCC model for Xinjiang based on
the evaluation, simulation, and predictions for five scenarios. Overall, a combination of a
medium-speed economic and population development, efficient water saving, and cross-
regional water transfer was proposed as the best approach to safeguard water resources in
Xinjiang, while ensuring sustainable social and economic development.

The fuzzy comprehensive evaluation method [10,11] is a quantitative multifactor ap-
proach utilized for solving decision-making problems. It involves the use of principles of
fuzzy mathematics for enhanced scientific, accurate, and realistic quantitative evaluation of
fuzzy information using precise digital means. Therefore, this approach has been widely
employed to analyze and evaluate the WRCC in different regions. He [12], for example,
utilized eight indicators to establish an evaluation system of the ecological environment
in the Liaohe River Basin. The method was used to evaluate the impact of the ecological
environment in the Tieling section on the WRCC of the Liaohe River. In addition, Wen-
ping et al. [13] applied the fuzzy comprehensive evaluation method to assess the quality of
karst groundwater in Cengong County, while Ge [14] combined the fuzzy comprehensive
evaluation method and a system dynamics model to highlight the WRCC trend associated
with development in Changchun City. The study revealed that, if the existing development
model was adopted, the WRCC will continue to decline, and thus, reasonable measures
were required to preserve an adequate WRCC.

In the context of a global water crisis, China will inevitably face difficulties in water
supply. Xinjiang is an arid area in western China, and its water resources are continuously
declining. Cities on the northern slope of the Tianshan Mountains [15], which form an urban
cluster in Xinjiang, are important for the economy of the frontier area, the maintenance
of stability, and protection of the border. Water resources currently represent the critical
limiting factor in the evolution and development of the eco—economic systems of regions.
In recent years, rapid industrial and agricultural developments have accentuated the urban
water resource utilization problem on the northern slope of the Tianshan Mountains. For
example, the contradiction between supply and demand of water resources is prominent,
the structure of water use does not conform to the actual situation, the efficiency of water
use is low, and the groundwater is severely overexploited. These problems lead to fragile
regional ecological environment, which significantly restricts sustainable development of
the local economy, society, and environment. Therefore, studying the urban WRCC on the
northern slope of the Tianshan Mountains is vital for the future development of the region.

Considering previous studies [16,17], nine cities on the northern slope of Tianshan
Mountains are involved in the present study. Among the four subsystems including water
resources, the society, economy, and ecological environment, 15 representative indicators
established using statistics in 2018 were examined in the present study. The comprehen-
sive entropy method, which combines the analytic hierarchy process (AHP) and entropy
method, was utilized to assign weights to various indicators. A fuzzy comprehensive
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evaluation model was then constructed, and this was used to assess the urban WRCC of the
northern slope of the Tianshan Mountains. This study aims to provide a scientific reference
for the rational allocation, development, and utilization of water resources in cities on the
northern slope of the Tianshan Mountains and to support sustainable development of the
administrative regions. Due to the special geographical location and climatic and environ-
mental characteristics of the study area, this study is not only an important theoretical basis
for the rational allocation and sustainable development of water resources in the study
area. It also provides a certain reference value for related research work in other inland
river areas in arid regions.

2. Study Area and Data
2.1. Study Area

The study area (Figure 1) is in the central section of the northern slope of the Tianshan
Mountains, along the southern margin of the Junggar Basin in Xinjiang. Specifically, it
includes nine administrative regions including Urumgi, Karamay, Shihezi, Turpan, Hami,
Changji, Ili, Tacheng, and Boertala. It is between longitudes 79°88" and 96°39" E and
latitudes 40°87’ and 46°21’ N, and it comprises desert, oasis, and mountainous areas from
north to south. The study area covers 9.54 x 10* km?, and it hosts approximately 23.3% of
the total population of Xinjiang [18]. It represents a typical inland arid area characterized
by scarce rainfall, with an average annual temperature of 6.9 °C, and the average annual
rainfall from 2000 to 2019 was 220 mm. The spring and summer account for 66% of the
annual precipitation. The region is characterized by an enormous evaporation potential,
with an average annual evaporation of 1871 mm. This densely populated area hosts 77.6%
of the heavy and 66.5% of light industries in Xinjiang. Consequently, it is the engine for
the development of modern industries including agriculture, information science, and
technology in Xinjiang.
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Figure 1. Map showing the location of Xinjiang in China, the study area in Xinjiang, and the cities
constituting the study area.

2.2. Data Sources

Data utilized in the present study were obtained from the Xinjiang Water Resources
Bulletin, Xinjiang Statistical Yearbook, and Xinjiang Production and Construction Corps Sta-
tistical Yearbook. (Evaluation index parameters. xlsx; http://www.yearbookchina.com;
http://tj.xinjiang.gov.cn/ accessed on 20 September 2021). These data included the total
water resources volume, total water supply, total water consumption, annual precipitation,
tertiary production water consumption, ecological environment water consumption, land
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area, cultivated land area, area of afforestation, total population, urban population, gross
domestic product, total industry output, agriculture, and other data relevant for the water
resources, social, economy, and ecology.

2.3. Water Resources and Economic Conditions in the Study Area

Water resources are crucial for the social and economic development of arid zone oases.

The study area is a typical inland arid area, and thus, its water resources will significantly
impact sustainable development of the region in the future. Statistical methods were used
for analysis, and data were processed with the help of Excel software. Socioeconomic
data for cities on the northern slope of the Tianshan Mountains from 2009 to 2019 were
analyzed. Changes in the population, GDP, total water resources volume, and per capita
water resources for these cities during the interval studied are shown in Figure 2. Evidently,
the population and economic growth rates of the region continuously increased from 2009
to 2018. However, although the total amount of water resources in the study area is high,
the per capita amount is relatively low. The main reason is that, on the one hand, although
the total amount of water in the region is large, most of these water resources exist in
uninhabited places in the form of glacial solid water. There is no way for humans to use it
directly. On the other hand, the study area is the most economically developed region in
Xinjiang. In recent years, the total water volume has changed slightly, but the population
has grown rapidly, and the population size has continued to expand, resulting in a decrease
in the per capita water availability.
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Figure 2. Plots showing changes in the population, GDP, total water resources, and per capita water
resources for cities on the north slope of the Tianshan Mountains from 2009 to 2019.

3. Methods
3.1. Fuzzy Comprehensive Evaluation Model

In the fuzzy evaluation, factors that affect the WRCC were initially evaluated, and
then the evaluation was extended to multiple factors using a comprehensive evaluation
matrix. The WRCC of the study area was obtained based on the following principle: the
establishment of a factor set for the evaluation object U = {uy,u,...,u,} and a comment
set V.= {v1,0y,...,0m}. The parameter U represents a collection of comprehensive evalua-
tion factors, while V is a collection of reviews. The fuzzy comprehensive evaluation results
were calculated according to the following expression [19]:

B=AR 1)

where A = {ay,4a3,...,a,} for 0 < a; < 1, with a; denoting the degree of membership
of U to A, that is, the weighted value of the index. This indicates the magnitude of the
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influence of the factor u; in the evaluation factor to satisfy } " ; a; = 1; B = {by, by, ..., bn}
for 0 < b; <1, where b; is the degree of membership of v; to the fuzzy subset B obtained
from the comprehensive evaluation. This represents the result of the fuzzy comprehensive
evaluation R, which represents the degree of membership (decision of the evaluation factor)
matrix, as follows:
o T
R=1 1+ -~ @

"m1 *° Tmn

where 7;; is the degree of membership of the evaluation of v; to the level of v; and
Ri=(ri,rin, -, 1im) is the fuzzy subset of the comment set V, that is, the single-factor
evaluation result of u;.

3.2. Creation of the Evaluation Index System and Grading Standard

In selecting evaluation indicators, the following were considered: comprehensiveness,
hierarchy, operability, and data availability. According to the concept of the WRCC, the
comprehensive impact of water resources, socioeconomic, and ecological environment
systems are considered. Therefore, when measuring or evaluating the WRCC of a region,
consideration of the influence of factors such as the water resource conditions, social scale,
economic structure, technical level, and ecological environment of the region is paramount.
In the present study, the WRCC evaluation index involved the following subsystems: water
resources, social, economic, and ecological. These subsystems produced 15 indicators that
were utilized to produce an indicator system (Figure 3).

Water consumption

Forest coverage rate of ecological
C15 environment
Cc14
Ecozystem Per capita water
GDP g‘l’U\\ﬂl subs];:‘tem resources
c10 c
Per capita GDP Annual precipitation
o Economic Water resources “.'m;s Q
Water consumption per subsystem carrying capacity sabsvstem .
ten thousand yuan GDP B3 A 2 Develop and utilization
cn B1 rate of water resources
c3
Proportion of water for Water production
primary industry Social m:dn]us
C13 subsystem c4
B2
Water supply modulus
Urbanization rate Population density (&
cs C6
Domestic water natural population
quota growth rate
(e c7

Figure 3. Framework of the evaluation index system used for the assessment of the urban WRCC
on the north slope of the Tianshan Mountains. (In the figure, A represents the target layer, and B
represents the four subsystems in the criterion layer. Indicators were designated C1-C15 and are
arranged into four subsystems and represented by the bright blue boxes.).

The WRCC evaluation index standards were determined by referring to the interna-
tional and domestic sustainable development and other indexes [20,21] as well as related
previous studies [22,23]. Each evaluation index was divided into three grades [10], and the
evaluation index and grade classification data are presented in Table 1.
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Table 1. Data utilized for grading of the evaluation indexes for the water resources carrying capacity.

Criterion Layer Index Layer (2] vy U3
per capita water resources >4000 500-4000 <500
water resources annual precipitation >450 300450 <300
subsystem development and utilization <30 30-80 80

Bl rate of water resources

water production modulus >45 1045 <10

water supply modulus <5 5-7 >7
population density <25 25-100 >100
social subsystem natural population growth rate <0.8 0.8-1.6 >1.6
B2 urbanization rate >80 40-80 <40
domestic water quota <70 70-130 >130

GDP growth >8 2-8 <2

economic subsystem per capita GDP >7 2-7 <2
B3 water consumption per 10,000 <200 200-300 300

yuan GDP
proportion (')f water for primary <45 45-75 575
industry
ecosystem water consumption rate of S5 25 <
subsystem ecological environment

B4 forest coverage >30 10-30 <10

The v; indicates that the WRCC is at a favorable level, which means that the water
resources in the region are associated with a high carrying capacity. Accordingly, the supply
of water resources is sufficient to meet the demand. Conversely, the v3 signifies that the
WRCC is at a sensitive level, and this implies that the WRCC of the area is low. In this
case, the lack of sustainability of the relationship between the water resources supply and
demand is prominent, and this restricts the social and economic development. Relatedly,
the v, indicates that the WRCC is at a critical level, and this status is between the v;
and v3, which means that the WRCC remains adequate for effective social and economic
development of the region. Although the development and utilization of water resources
in the study area are at advanced stages, some potential for development remains [24].

3.3. Determination of the Evaluation Index Weight

The WRCC evaluation index weight calculations can be divided into subjective and
objective methods [25,26]. Subjective methods, such as the AHP and comparative matrix,
require decision makers to determine the importance of each indicator. Conversely, objec-
tive methods, such as the entropy weight, overly rely on the shortcomings of the index
change rate. Therefore, in the present study, a method integrating the AHP and the entropy
method was utilized to determine the weight of the evaluation index.

First, the AHP was used to compute the weights W;1 of the water resources, society,
economy, and ecology at the criterion level [26-28]. The W1, Wpp, Wp3, and Wp4 obtained
were correspondingly 0.4673, 0.1601, 0.2772, and 0.0954, for a CI of 0.0103 and RI of 0.8879,
yielding a CR (CI/RI) of 0.0116, which was <0.1 and thus satisfied the consistency test.

The weight of each evaluation index in the criterion layer was then determined
using the entropy method. Since the original data cannot be directly compared, it is
necessary to standardize the data to objectively analyze the regional WRCC. First of all, the
selected 15 indicators are beneficial to the coordination and sustainable development of
urbanization and water resources. The positive index transformation formula is used for
normalization processing. In contrast, the negative index transformation formula is used
for standardization processing to obtain a standardized matrix. The entropy value of the
index was then determined, and details on the process for calculating the index weight W;
were provided in previous studies [29,30]. The results for Wy, W,, W3, and Wy were {0.1647,
0.1409, 0.2257, 0.2699, 0.1988}, {0.2282, 0.5137, 0.0981, 0.1600}, {0.012 3, 0.0671, 0.3124, 0.608
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2}, and {0.7805, 0.2195}, respectively. The weight of each subsystem was multiplied by the
weight of each evaluation index to obtain the final weight of the evaluation index.

3.4. Model Calculation Subsection

The steps utilized to calculate the WRCC evaluation index are summarized as follows:
(1) A fuzzy judgment matrix R was created via the calculation of 7;; in the evaluation
matrix R and by comparing the actual values of the evaluation factors with the grading indi-
cators (Table 1) for the corresponding factors. The membership functions of the evaluation
factors ¢y, ¢y, ¢4, C8, €10, €11 , €14, and c15 were determined using the following expressions:

k —C;
05(1+=4) (c; > ky)
r = 0.5 (1 — kczl:ll?l) (kz <¢ < kl) 3)
0 (Ci < kz)

)
)

4
: )
)

Y3 =

(ks < c; <ky) ®)

Similarly, the membership functions of the evaluation factors c3, cs, cg, ¢7, c9, c12, and
c13 were obtained from the following:

05(1+=4) (ci < kp)
r = 0.5 (1 — %) (k1 <¢ < kz) (6)
0 (ci > ko)
ky— i
05 (1 - k}i,) (c; < k1)
—k
e 05(1+ g=7) (ki <ci<k) ”
05(1+ 25 ) (k2 < ¢ < ka)
05(1- =2 ) (ci > k)
05(1+ 4 ) (c; > k3)
_ ka—c;
r3 = 0.5 (1 - k:—lf;) (kz <¢ < kg) 8)
0 (ci <ka)

where k is the critical value of the evaluation levels v1 and v; k3 denotes the critical value
of the evaluation levels v, and v3; and k; represents the mean of the evaluation level vy,
thatis, ky, = @

(2) The comprehensive evaluation index of the WRCC was calculated by considering
B = A'R, where b; =)', a;r;;,(j =1,2,...,m). Through substitution of the value of the
membership degree b; into Equation (9), the total score of the WRCC was obtained.

Y2 bia;
o= )
Li1b)
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In Equation (9), «; denotes the numerical value of each evaluation grade I-point
system after the quantification of grade j for ; = {0.95, 0.5, 0.05}, and 4 is the score of the
comprehensive evaluation result matrix B of the WRCC [31].

4. Results
4.1. Analysis of the WRCC Evaluation Index Weight

Weights for the 15 indicators that were calculated based on the approach presented in
Section 2.3 are shown in Figure 4. According to data shown in Figure 4, in the evaluation
system of the WRCC on the northern slope of the Tianshan Mountains, the water resources
(B1), social (B2), and economic (B3) subsystems are characterized by higher weights relative
to the ecological subsystem (B4). Data for the evaluation index factors reveal that the
utilization rate of water resources development (C3), modulus of water production (C4),
modulus of water supply (C5), population growth rate (C7), and water consumption per
ten thousand yuan GDP (C12) account for more than 40% of the weights. In addition, the
industrial water consumption (C13) represents greater than 15% of the total weight, and
its value significantly surpasses those of other evaluation index factors. Consequently,
evaluation factors with high weights are associated with the water resources, social, and
economic subsystems. Therefore, these subsystems significantly impacted the urban WRCC
obtained for the northern slope of the Tianshan Mountains. In fact, the water resources and
economic subsystems dominated in the evaluation system [32].

C8, L.6% 9, 2.6%

: 140, 0.3%
C7, 8.2%—\ /_(_'| 1. 1.9%
06'3-7%\ ol N /—Clz. 8.7%

/{‘13, 16.9%

4, !2.6%—/

& | - \cm,?.m
o, IO.E:'%-/ / 15.2.1%

C2. 6.6% *1.7.7%

Figure 4. Plot showing weights for indexes that affect the evaluation of the water resources carry-
ing capacity.

4.2. Analysis of the WRCC Evaluation Results

The evaluation matrix R of each urban WRCC evaluation index for the northern
slope of the Tianshan Mountains and the comprehensive evaluation results are shown
in Figure 5 and presented in Table 2. According to data in Figure 5, the water resources
development and utilization rate (C3) and the primary industry water—use ratio (C13)
for Turpan display membership degrees of 0.705 and 0.729, respectively, relative to v3.
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These results indicate that the agricultural water consumption is high and that the water
resources industry allocation is irrational. This explains the low WRCCs, which restrict
sustainable development in these regions. The degree of subordination of the resource
development utilization rate (C3) and the ecological environment water—use rate (C14) are,
correspondingly 0.452 and 0.869, relative to v;. Obviously, sustainable development of the
ecological environment significantly improves the WRCC. The comprehensive evaluation
results of urban WRCC on the northern slope of the Tianshan Mountains are sorted from
high to low (Table 2). The table shows that Ili is the highest and Turpan the lowest. The
comprehensive evaluation results of the nine administrative regions are all above 0.3,
indicating that the urban WRCC on the northern slope of the Tianshan Mountains has
attained a high scale. At this stage, the supply of water resources is partially adequate for the
development of cities on the northern slope of the Tianshan Mountains. Therefore, shortage
and uneven distribution of water resources will be limiting factors for the development of
the region in the future.

Table 2. Data for the evaluation of the urban WRCC on the north slope of the Tianshan Mountains.

Region Name 21 ) U3 Comprehensive Score a
I 0.3106 0.3895 0.3009 0.5049
Boertala 0.1746 0.6168 0.2086 0.4847
Urumqi 0.2368 0.4567 0.3064 0.4687
Tacheng 0.2628 0.3945 0.3428 0.4641
Changji 0.2016 0.4373 0.3611 0.4282
Hami 0.2217 0.3755 0.4028 0.4185
Karamay 0.1576 0.4725 0.370 0.4045
Shihezi 0.138 0.5097 0.3523 0.4036

Turpan 0.1525 0.350 0.4969 0.3447
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Figure 5. Plot displaying the membership degree (evaluation) matrix R of each grade for cities
on the north slope of Tianshan Mountains. (r1, r2 and r3 in the figure are the membership values

corresponding to the three level).

5. Discussion

Through the research results, it can be seen that although the WRCC in most areas of
the northern slope of Tianshan is in a bearable state, in the process of regional development,
the regional water resources development has already reached a large scale. Therefore,
it is necessary to formulate a scientific water resource utilization plan that conforms to
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the actual situation of the region. These plans can prevent deterioration of the ecological
environment in the river basin if the limit of the carrying capacity is exceeded. Figure 6
shows that the degrees of subordination of WRCCs for the cities of Turpan and Hami to
v3 are higher relative to vjandvy. These results demonstrate that the development and
utilization of water resources in these two regions are at advanced scales. In fact, these
cities are characterized by scarcity of water resources, and thus, the inadequacy of the
supply relative to the demand is obvious.

vl v2 v3

Boertala
Tacheng
11
Changji
Hami
Turpan
Shihezi
Karamay

Urumgqi

0.0 0.2 0.4 0.6 0.8 1.0

Figure 6. Plot displaying the membership distribution of each grade utilized for evaluation of the
water resources carrying capacity. (In the figure, v1-v3 indicate that the water resources carrying
capacity is attributed to a single evaluation value of each level).

In contrast, the degrees of subordination of WRCCs for Urumgqi, Karamay, Shihezi,
Changji, Tacheng, and Boertala to v, and v3 are higher relative to v;. These results demon-
strate that the WRCCs of these cities are in a moderate state, and these are adequate
for the needs of production, life, and ecology. However, the supply of and demand for
water resources also exhibit a relationship of concern because the scales of development
and utilization of water resources are high, and accommodation for further development
and utilization is limited. Conversely, for the city of Ili, the membership degrees are
v1(0.3106), v, (0.3895), and v3 (0.3009). Although the membership degrees of v; and v,
are higher than vs, the difference between v and v3 is small. This indicates that the WRCC
of the city is relatively high, and the potential for development and utilization of water
resources is great.

In the study area, the WRCC is uneven, as shown by the spatial distribution. Regarding
the water resources subsystem, Ili produced the highest score (0.8), while Turpan yielded
the lowest (0.47). Figure 7 clearly shows that the evaluation indexes for Ili, Boertala, and
Tacheng are significantly higher than those for other cities. According to results for the
social subsystem, the highest value was obtained from Changji, while the least is associated
with Urumgqi. Relatedly, for the economic subsystem, the highest value of 0.87 is linked
to Urumgi, while the lowest value of 0.4 is associated with Tacheng. Overall, scores of
the economic subsystems for cities on the northern slope of the Tianshan Mountains are
relatively high. Areas with high scores indicate high levels of socioeconomic development,
and water saving linked to agriculture exerts a significant influence. In contrast, areas
exhibiting low scores require rational plans for the structure of industries, and adjustment
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of the urban water—use structure is necessary. In addition, from the evaluation results of
the water resources subsystem alone, the scores of cities on the northern slope of Tianshan
Mountains in 2018 were relatively high, all above 0.4. The main reason is that it is obviously
affected by the total amount of water resources in this year. At the same time, the influence
of water resources subsystem in the comprehensive evaluation system is larger than that
of other subsystems, and the weight of the evaluation indicators included is also high.
As displayed in Figure 7, scores for the ecological subsystem for cities on the northern
slope of the Tianshan Mountains are low. These low values are attributed to the ongoing
rapid development, which mainly involves the social and economic subsystems. Therefore,
management of the construction of the ecological environment and the water ecological
basin in the future must be strengthened.
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Figure 7. Plot showing scores for cities for each subsystem influencing the urban WRCC on the north
slope of the Tianshan Mountains.

Figure 8 shows the composition of the comprehensive score value of regional WRCC,
which is obtained by comprehensive calculation of the respective carrying capacity values
of the four subsystems. It can be seen from the figure that the differences in ecological and
social subsystems among cities are smaller than those in economic and water resources
subsystems, and the economic and water resources subsystems account for a large propor-
tion in the composition of the comprehensive score. These differences reflect the relative
importance of the water resources and economic subsystems in the WRCC evaluation
system for the study area. Owing to actual conditions in the study area, higher weights
were assigned to these subsystems during the weighting process.

By examining the degree of membership of each evaluation index to v1, vy, and vs,
targeted measures and suggestions for improving the water resource utilization can be
proposed. The data in Figure 5 were combined to analyze the WRCC associated with nine
cities on the northern slope of Tianshan Mountains in 2018, and this leads to interesting
conclusions. For example, the subordination degree of the water consumption per 10,000
yuan of GDP (C12) to v; for Hami City is 0.555, while those for the proportion of water
consumed by primary industries (C13) to v, and v3 are, correspondingly, 0.339 and 0.661,
and those for forest coverage (C15) relative to v, and v3 are 0.307 and 0.693, respectively.
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These results suggest that irrigation involving high water consumption or a low water
management efficiency is restricting sustainable development of the region. Therefore,
measures to reduce water consumption via agriculture are required. For example, the
water pricing system can be adjusted to suit the situation in the region and thus ensure it is
rational and scientific.

[ Ecosystem subsystem [] Economic subsystem [ Social subsystem ] Water resources subsystem

0.5

0.4

0.3

Score value

0.2

0.1

0.0 Urumqgi  Karamay Shihezi  Turpan  Hami  Changji T Tacheng  Boertala
Figure 8. Plot showing components of scores for the WRCC of cities on the north slope of the Tianshan
Mountains.

The comprehensive evaluation values for the nine cities in the study area are between
0.3 and 0.6, but these can be discriminated, as shown in Figure 9. The unsustainable
relationship between the water supply and demand in the central part of the economic belt
on the northern slope of the Tianshan Mountains (Urumgi, Shihezi, Changji) and that for
the western part (Boertala, Karamay) are prominent. Therefore, the water use structure
requires adjustment to enhance the water use efficiency. In fact, effective measures are
urgently needed to ensure coordinated development of the social, economic, and ecological
environments.

In the western part of the northern slope of the Tianshan Mountains, which hosts Ili,
the WRCC is high, and this reflects a significant potential for development. However, to
accommodate the coordinated development of the region and the sustainable use of water
resources, further development and utilization of water resources in the region require
adequate planning. In the eastern part of the northern slope of the Tianshan Mountains
(Turpan and Hami), WRCCs are low because of advanced development and utilization.
Therefore, the potential for further development and utilization of water resources in these
areas is low, and this is associated with a fragile ecological environment. To strengthen the
ecological environment, coordination of the development of production, life, and ecology is
necessary. Overall, the area urgently requires rational planning to protect water resources.
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Figure 9. Map showing a comparison of the urban WRCC in 2018 for cities on the north slope of
Tianshan Mountains.

6. Conclusions

1.  The carrying capacities of urban water resources on the northern slope of Tianshan
Mountains were overall good, and these were all in a bearable state. Among these, Ili
City produced a high WRCC, and thus, its potential for water resource development
is great. Conversely, the WRCC for Turpan City was relatively low, which indicated a
limited potential for the development of water resources. Despite the relatively low
WRCC:s for other regions, these areas retain some potential for the development of
water resources.

2. Regarding various subsystems, overall, the condition of the water resources and
economic subsystems were better than those of the social and ecological subsystems.
The highest evaluation value for the water resources subsystem was obtained from
data for Ili City, while the lowest was linked to Turpan City. Conversely, the evaluation
values for the economic subsystem were highest for Urumgqi and least for Tacheng.
In general, cities on the northern slope of the Tianshan Mountains produced low
evaluation values for the ecological subsystem in 2018.

3. The evaluation results can be used as a guide for the planning, sustainable develop-
ment, and utilization of urban water resources on the northern slope of the Tianshan
Mountains. Water resources are vital for urban development on the northern slope
of the Tianshan Mountains. Therefore, henceforth, various cities in this region must
adopt a rational development model based on local conditions. In Turpan and Hami,
for example, which are areas characterized by low WRCCs, water associated with
industrial and domestic sewage can be reclaimed for utilization in urban greening
construction. In addition, industries can be located in areas with low water resources
to reduce water consumption and pollution.
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