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Abstract

Quantitative assessment of water resource carrying capacity is a critical pre-
requisite for ensuring sustainable utilization of water resources in arid regions.
Selecting the Tarim River Basin—the largest inland arid region basin in China
—as the study area, this study constructs a system dynamics model that inte-
grates its unique geographical environment and characteristics of water sup-
ply and demand. Based on data from field research, statistical yearbooks,
and water resources bulletins, and constrained by water resource red lines,
the historical status and future trends of water resource carrying capacity in
the Tarim River Basin were quantitatively assessed and predicted. Results
demonstrate that during the historical period (2008-2016), water resources
in the Tarim River Basin and its affiliated prefectures (states) exhibited a
state of mild overload, which will further intensify in the future (2017-2030).
Under the current policy context, achieving a sustainable state of water re-
sources in this region by 2030 necessitates expanding the scale of agricultural
water-saving facilities construction and vigorously developing agricultural water-
saving irrigation technologies, striving to attain an irrigation water quota below
5.708x103m3 - hm — 2andreduceagriculturalirrigationareatobelow?2.60x $106
hm2 by 2030. Simultaneously, agricultural water conservation and industrial
transformation should be two key directions requiring focused consideration for
future socio-economic development in this region.
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Abstract: Quantitative assessment of water resource carrying capacity is a crit-
ical prerequisite for ensuring sustainable water utilization in arid regions. This
study selected the Tarim River Basin, the largest inland arid basin in China,
as the research area. Considering its unique geographical environment and wa-
ter supply-demand characteristics, we constructed a system dynamics model.
Based on field investigations, statistical yearbooks, and water resources bul-
letins, and constrained by water resource redlines, we quantitatively evaluated
and predicted the historical status and future trends of water resource carrying
capacity in the Tarim River Basin. Results show that during the historical pe-
riod, water resources in the Tarim River Basin and its prefectures (states) exhib-
ited mild overload conditions, with the most severe overload in Kizilsu Kirghiz
Autonomous Prefecture. Agricultural water consumption is the primary cause
of water resource overload. Future predictions indicate that if current develop-
ment trends continue, water resource overload conditions will gradually worsen.
To achieve a sustainable state by 2030, the basin must expand agricultural
water-saving infrastructure and vigorously develop water-saving irrigation tech-
nologies, striving to reduce the irrigation water quota to below 5.70$x107{3}$
m? - hm2 and decrease agricultural irrigation area to below 2.60$x107{6}$
hm?. Simultaneously, agricultural water conservation and industrial transfor-
mation should be key considerations for future socio-economic development in
the region.

Keywords: water resource carrying capacity; system dynamics model; arid
region; water-saving agriculture; Tarim River Basin

1. Introduction

Water resource carrying capacity assessment is a critical issue in research on
sustainable development and utilization of water resources in arid regions. Nu-
merous studies on water resource carrying capacity exist in China, yet a com-
plete theoretical system has not been formed, and definitions vary among ex-
perts. Current definitions fall into two categories: (1) Maximum water supply
capacity—the maximum amount of water that can be supplied to industry, agri-
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culture, domestic use, and ecological conservation under certain socio-economic
conditions, representing the maximum exploitable water resources that can be
continuously utilized without causing environmental degradation; and (2) Maxi-
mum supportable socio-economic scale—the maximum capacity of regional water
resources to support socio-economic development under specific historical devel-
opment stages, socio-economic development levels, and sustainable development
principles while maintaining ecological balance. This “capacity”is typically char-
acterized by population size and economic scale indicators. Compared to the
maximum exploitable capacity theory, the maximum support capacity theory
incorporates feedback relationships between water resource systems and socio-
economic systems, gaining wider application.

The Tarim River Basin is located in southern Xinjiang, bordered by the Tian-
shan Mountains to the north, the Kunlun Mountains to the south, and the Pamir
Plateau to the west. With low precipitation and high evaporation, it is a typical
arid region where water resources have long been the primary constraint on local
socio-economic development. The basin is also a core area of China’ s “Belt and
Road” initiative and a hub connecting eastern China with Central, South, and
West Asia. As modern socio-economic development progresses, water shortages
have become increasingly prominent, emerging as a decisive factor constraining
local development. Additionally, the basin’ s unique “mountain-oasis-desert”
landscape pattern exacerbates contradictions between climate change-induced
water shortages and social development. Therefore, assessing water resource
carrying capacity and predicting future trends under the dual influences of eco-
nomic development and climate change is crucial for achieving coordinated and
sustainable basin development.

Methods for assessing water resource carrying capacity remain a hot topic in
this field, broadly categorized into three types: (1) empirical estimation meth-
ods, (2) indicator system evaluation methods, and (3) complex system analysis
methods. Previous studies on Tarim River Basin water resource carrying capac-
ity have focused on empirical estimation and indicator system evaluation, with
no reported applications of complex system analysis methods. System dynamics,
a component of complex system analysis, has been increasingly applied to water
resource carrying capacity research in recent years, demonstrating good appli-
cability for basin-scale assessments. This study establishes a system dynamics
model for the Tarim River Basin with simple structure and statistical data sup-
port to quantitatively evaluate historical water resource carrying capacity and
predict future trends based on current socio-economic development trajectories,
providing scientific support for sustainable development.
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2. Methods

2.1 Data Sources

Data were primarily obtained from the Xinjiang Statistical Yearbook (2009-2017)
and the Xinjiang Water Resources Bulletin (2008-2016). The Water Resources
Bulletin provided data on total water consumption, primary industry water use,
secondary industry water use, tertiary industry water use, agricultural irrigation
water use, non-irrigation water use, domestic water use, and ecological water use
for Bayingolin Mongol Autonomous Prefecture (Bayingolin), Kizilsu Kirghiz
Autonomous Prefecture (Kizilsu), Aksu Prefecture, Kashgar Prefecture, and
Hotan Prefecture, with units of 108 m3. The Statistical Yearbook provided data
on primary industry GDP (10 yuan), agricultural irrigation area (10 hm?),
irrigation water quota (m® - hm=2), and population (persons). These data were
used to determine model parameters and for model validation.

2.2 Model Construction

To assess water resource carrying capacity and analyze temporal trends, we
constructed a system dynamics model for the Tarim River Basin. Based on
hierarchical relationships, the model was divided into several sub-modules, each
comprising single or multiple variables and equations, with inter-module connec-
tions established through hierarchical or causal relationships to describe complex
real-world changes.

The model comprises three main modules: population, economy, and water
resources. The framework is illustrated in [Figure 1: see original paper].

Population Module: Described by first-order dynamic equations for popula-
tion growth rate and population size:

c(t)y=c(t—1)x (1+p)

where ¢ represents population (persons), t represents time step (year), and p
represents population growth rate (persons - person’1 . year’l).

Economic Module: Composed of first-order dynamic equations for agricul-
tural irrigation water use and secondary /tertiary industry GDP. Agricultural
irrigation area, secondary industry GDP, and tertiary industry GDP are equa-
tion variables, while secondary industry GDP growth rate and tertiary industry
GDP growth rate are parameters:
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where g represents irrigation water use (108 m?), z represents agricultural irriga-
tion area (103 hm?), ¢ represents irrigation water quota (m?*+hm=2), y represents
secondary industry GDP (10* yuan), r, represents secondary industry GDP
growth rate, z represents tertiary industry GDP (10* yuan), and r5 represents
tertiary industry GDP growth rate.

Water Resources Module: Comprises calculations for domestic water use,
primary industry water use, secondary industry water use, tertiary industry
water use, total water use, and water resource carrying coefficient:

Waom = C X wpc
wpri =49 + f
Wsee =Y X wunit,2
Wier = 2 X wunit,S

eco(t - 1) X (1 + reco)

Wiotal = Wdom + wpri + Wsec + Weer + Weco

Weeo = W

Wiotal
w

o =
redline

. . . . 3 —1
where w,,,, is domestic water use, w,,. is per capita water use (m® + person™"),
is primary industry water use, f is non-irrigation agricultural water use (10%
o Is unit secondary industry

wpri
m?), w

GDP water use (m? - yuan™!), w,,,. is tertiary industry water use, w

is secondary industry water use, w

sec unit,

unit,3 15 unit
tertiary industry GDP water use (m? - yuan=!), w,,, is ecological water use, 7.,
is ecological water use change rate, w,,,,; is total water use, a is water resource

carrying coefficient, and w4, is the water resource redline value (10% m?).

According to field investigations, Xinjiang implements a water allocation policy
of “determining demand based on supply.” Therefore, this study uses the ratio
of total water consumption to water resource redlines as the carrying coefficient
to evaluate water resource carrying capacity. The coefficient is dimensionless:
values <1 indicate sustainable capacity, while values >1 indicate overload. Wa-
ter resource redlines for the Tarim River Basin and its regions are shown in

2.3 Model Calibration

Model applicability requires consistency between simulated and actual values.
Calibration involved comparing simulated total water use from the system dy-
namics model with actual values for the Tarim River Basin and its prefectures,
using coefficient of determination (R?) as the evaluation metric. Calibration
results are shown in [Figure 2: see original paper]. All R? values exceed 0.9,
indicating excellent parameter fit and strong model applicability for simulating
the entire Tarim River Basin and its constituent prefectures (Bayingolin, Kizilsu,
Aksu, Kashgar, Hotan).
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3. Results and Analysis
3.1 Current Assessment of Water Resource Carrying Capacity

Mean water resource carrying coefficients and excess water volumes during the
historical period (2008-2016) are presented in . Water resources in the Tarim
River Basin and its prefectures exhibited mild overload conditions, with Kizilsu
showing the most severe overload (carrying coefficient = 1.35), exceeding its wa-
ter resource redline by 35%. Other regions exceeded redlines by approximately
10%, indicating relatively mild overload. Although Kizilsu’ s overload degree
was high, its excess water volume was low and not the main cause of basin-
wide overload. Kizilsu’ s severe overload primarily stems from its low water
resource redline value (4.30$x107{8}$ m?), far below other regions. Kashgar,
Bayingolin, Hotan, and Aksu showed relatively mild overload with carrying co-
efficients around 1.10, exceeding their maximum allowable water volumes by
approximately 10%.

Agricultural water consumption is the primary cause of water resource overload
in the Tarim River Basin. As shown in and , unit water use for primary industry
is significantly higher than for secondary/tertiary industries and domestic use.
In 2016, unit primary industry water use reached 5.06$x107{3}$ m? - person™!,
while unit secondary and tertiary industry water use were 40.48 m? - person—!
and 37.68 m? - person™!, respectively. Despite rapid growth in secondary and
tertiary industry water use, their proportion of total water consumption remains
small. Similarly, domestic water consumption is not a primary driver of overload.
Therefore, large agricultural water consumption is the main cause of severe water

resource overload, consistent with previous findings.

The Tarim River Basin’ s industrial structure from 2008-2017 ([Figure 3: see
original paper]) reveals that despite relatively backward economic foundations
and low agricultural contribution to economic growth, rapid agricultural eco-
nomic development has consumed substantial water resources, becoming the
primary cause of overload. Therefore, controlling excessive population growth,
promoting industrial transformation, accelerating industrialization, and increas-
ing the proportion of tertiary industry will be crucial for green development in
the Tarim River Basin.

3.2 Future Trend Prediction

Using the calibrated system dynamics model, we selected decision variables
related to economic development and water use (population growth rate, sec-
ondary/tertiary industry GDP growth rates, agricultural irrigation water quota,
farmland irrigation area, and ecological water use) to develop different future
scenarios. The model was then used to predict total water consumption and
carrying coefficients for the prediction period (2020-2030), providing references
for sustainable development pathways.

chinarxiv.org/items/chinaxiv-202110.00035 Machine Translation


https://chinarxiv.org/items/chinaxiv-202110.00035

ChinaRxiv [$X]

Current Development Scenario: Based on historical trends, agricultural
irrigation area in some Tarim River Basin regions began declining after 2015.
According to the Xingjiang Total Water Use Control Plan, Xinjiang Production
and Construction Corps will reduce irrigation area by 2.16$x107{3}$ hm? by
2020, and the Tarim River Basin will reduce irrigation area by 3.57$x107{3}$
hm? by 2030, likely explaining the declining trend. Following historical patterns,
we linearly predicted agricultural irrigation area for each prefecture ([Figure 4:
see original paper]), while maintaining other parameters consistent with histor-
ical values (). Ecological water use showed a decreasing trend historically but
is expected to increase based on the Tarim River Basin Water Resources Com-
prehensive Utilization Plan and the need to reduce agricultural occupation of
ecological water. Therefore, we used quadratic curve fitting for predictions.

Under the current scenario, water resource overload will gradually worsen. By
2025, the basin’ s carrying coefficient will reach 1.20, exceeding the redline by
20%. By 2030, it will reach 1.32, exceeding the redline by 32%. Spatially,
Kizilsu will remain most severely overloaded, with a 2030 carrying coefficient
of 1.38 (exceeding its redline by 38%). Aksu and Hotan will reach coefficients
of 1.15 and 1.14, respectively, with gradually worsening overload. Kashgar and
Bayingolin will show gradually decreasing coefficients, reducing overload risk.

Sustainable Development Scenario: To achieve sustainable water resource
use (total water consumption below redlines by 2030), we designed a scenario
focusing on reducing irrigation water quotas. Considering the basin’ s grain
security tasks, agricultural irrigation area continues linear growth as shown in
[Figure 4: see original paper]. Population growth rates and secondary /tertiary
industry GDP growth rates remain consistent with the current scenario. Refer-
encing China’ s 13th Five-Year Plan for special water-saving actions in severely
water-deficient regions like southern Xinjiang, we reduced irrigation water quo-
tas to achieve basin-wide sustainability.

Under this scenario, water resource overload will gradually ease. By 2025, the
basin’ s carrying coefficient will be 0.95 (5% below redline), and by 2030, it
will be 0.91 (9% below redline), achieving sustainable status. Spatially, Kizilsu
remains most overloaded (2030 coefficient = 1.30), but its small redline value
(4.30$x107{8}% m?) does not significantly impact the overall basin trend. No-
tably, Hotan’s overload will still slowly worsen despite the lower irrigation quota,
suggesting a need for stricter water-saving measures.

To achieve sustainability by 2030, the irrigation water quota must be reduced
to below 5.70$x107{3}$ m? - hm~2, and agricultural irrigation area must be
limited to below 2.60$x107{6}$ hm?. This quota is slightly higher than Israel’
s current level (5.25$x107{3}$ m? - hm~2), indicating that Tarim River Basin
agricultural water-saving technology and scale must reach or approach Israel’ s
current level by 2030. Irrigation water quotas under the sustainable scenario
are shown in .

Annual water resources for the Tarim River Basin and its prefectures are shown
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in [Figure 5: see original paper]. Kizilsu’ s water resources are about half of
Bayingolin’ s (the highest), yet its redline is less than one-tenth of Bayingolin’
s, suggesting management authorities should consider appropriately increasing
Kizilsu’ s water resource redline.

4. Conclusion

This study constructed a system dynamics model to quantitatively assess current
status and future trends of water resource carrying capacity in the Tarim River
Basin. Results indicate that water resources across the basin and its prefectures
are currently overloaded, exceeding redlines by approximately 10% in 2016, with
agricultural water use being the primary cause. Short-term predictions show
that under current trends, overload will severely worsen over the next decade,
exceeding redlines by 32% by 2030. Under a sustainable development scenario,
water resources will gradually achieve sustainable status, falling below redlines
by 9% by 2030.

Based on basin conditions and water resource redlines, we designed a sustainable
scenario where agricultural water conservation and industrial transformation are
key development directions. As agriculture is the largest water-consuming sec-
tor, vigorously promoting water-saving irrigation technologies is essential. To
achieve sustainability by 2030, irrigation water quotas must be reduced to below
5.70$x107{3}$ m?® - hm~2 and irrigation area limited to below 2.60$x107{6}$
hm?. Since secondary and tertiary industry water consumption per unit GDP
is far lower than agriculture, accelerating industrial transformation to increase
their GDP proportion is crucial. The basin should maintain rapid growth in
secondary and tertiary industries, particularly accelerating service sector devel-
opment to promote economic growth while reducing water resource dependence.
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