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ABSTRACT

Agriculture in arid regions faces water scarcity and spatially heterogeneous soil salinization, compelling
consideration of brackish groundwater irrigation and strategic fallowing under conditions of extreme water
scarcity. A key challenge for agricultural managers is optimizing limited surface and groundwater allocation in
complex, heterogeneous saline environments with varying water availability. This study introduces a gridded
regional irrigation water optimization model under total irrigation water control, integrating salt effects, fallow
strategy and multi-source water management. The model: (1) incorporates salt impacts on crop growth, saline
groundwater use, and spatial salt heterogeneity; (2) generates surface/saline groundwater allocation and mar-
ginal land use guidance; (3) balances water scarcity and salinization trade-offs. An empirical study was con-
ducted using cotton field data in the First Division of the Tarim Irrigation District in Xinjiang, China. The results
suggest that the optimized water allocation scheme could increase cotton lint yield in the Tarim Irrigation
District by up to 9959 tons (+3.3 %) compared to traditional uniform allocation. Soil salt content dominated
allocation decisions. When surface water availability is limited, water distribution should prioritize high-yield
fields (non-severe salinization), and supplemental brackish groundwater irrigation can mitigate yield losses.
Rational fallowing can enhance total yield in the irrigation district while reducing input costs, with severely
saline areas being prime candidates for fallowing policies. This research provides a scientific basis for optimizing
water-salt management in cotton production, groundwater extraction, and irrigation water allocation in saline
arid regions, while future work could integrate ion-specific chemistry and its crop response functions for wider
applications.

1. Introduction

billion hectares, with a clear increasing trend (Ivushkin et al., 2019).
Among them, about 20 % of irrigated land worldwide is salt-affected

Water-saving agriculture is a central focus of global agricultural
development, particularly in arid and semi-arid regions where water
scarcity poses a critical threat to the sustainable development of irri-
gated areas. Projected global temperature increases and decreasing soil
moisture levels may lead to more frequent agricultural droughts
(Grillakis, 2019), further challenging agricultural practices in these arid
regions. Alongside the constraints of limited water resources, soil
salinity is a pressing concern in arid and semi-arid zones (Abuelgasim
and Ammad, 2019). The total area of salt affected lands is around 1
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(estimated at 45 million ha) (FAO, 2025). Notably, over two-thirds of
salinized soils are located in arid and semi-arid regions (FAO, 2021). The
coexistence of water scarcity and soil salinization in these regions cre-
ates compounded challenges for agricultural development (Mosaffa and
Sepaskhah, 2019).

Salt movement is closely linked to water, and salt management is
generally achieved indirectly through water management. Therefore, a
primary challenge for agricultural managers in arid saline areas is the
effective management of water resources under the complex and
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heterogeneous underlying conditions. To address this, a common
approach involves optimizing the allocation of available water resources
based on crop response to salt stress, thereby maximizing the role of
water in supporting food production. Optimization models for irrigation
water resources serve as effective tools to tackle this issue. The spatial
optimization goal for agricultural water resources in irrigation districts
is to allocate water in a way that maximizes overall regional benefits.
Decision variables typically include crop irrigation schedules and spatial
planting structures (Randall et al., 2024). Optimization generally aims
to maximize yield or profit, often by addressing crop water demand and
sensitivity to water deficits across growth stages. The relationship be-
tween crop yield and water use is often represented by a staged
crop-water production function (Li et al., 2019; Mahmoudzadeh Varzi
et al., 2019), which optimizes both irrigation timing and quantity.
However, in arid saline regions, additional considerations of salinity
impacts are necessary to further refine irrigation water optimization
models.

Specifically, it is essential to account for crop responses to salt stress
and incorporate the spatial heterogeneity of soil salinity in two-
dimensional space (Valenzuela et al., 2022), enabling a more compre-
hensive evaluation of salinity’s role in irrigation water resource man-
agement. Salt stress is a major factor limiting crop growth and
development. When soil salt concentration reaches a threshold, it re-
duces soil water potential, subsequently affecting water absorption, crop
growth, and yield (Oster et al., 2012). Therefore, salt stress is crucial in
allocating irrigation water (Li et al., 2020; Minhas et al., 2020), and
researchers are increasingly incorporating its effects into optimization
models. For instance, Cao et al. (2023) optimized irrigation water allo-
cation in the Hetao Irrigation District by applying a water-salt produc-
tion function and analyzed the impacts of reduced water supply,
minimized winter irrigation, and water-saving practices under various
scenarios. Zhang et al. (2023) optimized irrigation water allocation by
accounting for spatial variations in soil salinity and other soil charac-
teristics, achieving effective regional salt accumulation control. Simi-
larly, Zhang et al. (2021) incorporated a water-salt production function
across different growth stages to improve allocation decisions. However,
most studies rely on empirical crop salinity functions, which are limited
in performance and may not fully meet the demands of precision agri-
culture. With advances in computing technology, integrating simulation
models (such as crop growth models and machine learning algorithms)
with optimization models is becoming increasingly influential in agri-
cultural production and irrigation decision-making (Shen et al., 2021;
Wu et al., 2022). Distributed hydro-salt-crop models are particularly
valuable, as they can capture the spatial heterogeneity of salinity and
quantify the impacts of salt stress on crops more mechanistically (Yu
et al., 2021). Combining distributed hydro-salt-crop models with opti-
mization models, therefore, enables more precise irrigation water allo-
cation in arid irrigation areas under the combined influences of salt
stress and spatial heterogeneity.

To address the conflict between limited freshwater resources and soil
salinization, irrigation water sources can be expanded through “diver-
sification and conservation” strategies. Unconventional water resources
can be incorporated into water allocation models, and, in cases of water
scarcity, selective fallowing of certain cultivated lands can help mitigate
resource shortages. In arid regions with limited surface freshwater,
groundwater serves as a crucial component of agricultural irrigation.
Previous studies have developed joint allocation models for surface and
groundwater resources to address water supply-demand imbalances
(Ahmad and Zhang, 2022; Li et al., 2023b; Mattiuzi et al., 2019).
However, excessive groundwater extraction and irrigation return flows
have contributed to groundwater salinization and aggravated soil
salinity issues. Despite these challenges, saline groundwater is increas-
ingly regarded as a valuable resource for addressing freshwater short-
ages, particularly in irrigating salt-tolerant and moderately salt-tolerant
crops (Chen et al., 2018; Feng et al., 2017). Incorporating saline
groundwater with surface freshwater allocation is therefore a pathway
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for optimizing agricultural water management.

Fallowing of low-yield or marginal land is a widely used practice
worldwide that can also support soil health through natural regenera-
tion (Zarczynski et al., 2023). In regions with extensive saline soils,
certain severely affected areas experience yield reductions of up to
65-75 % (Khojiyev et al., 2020) and are often considered unsuitable for
cultivation. Such marginal lands may benefit from fallowing or soil
improvement before being returned to production. Studies report that
fallowing can alleviate issues such as soil compaction and desertification
while enhancing biodiversity, ultimately improving land productivity
(Li et al., 2021; Zhang et al., 2022). Furthermore, Huang et al. (2021)
emphasize that establishing designated salt discharge areas is critical for
controlling salinity in arable soils and ensuring sustainable use. Severely
saline areas could serve as regional salt discharge outlets (Hou et al.,
2023). However, few studies currently incorporate fallowing options
when optimizing irrigation water allocation. Integrating a fallowing
option for marginal land in modeling efforts could provide a more
comprehensive approach to managing saline lands in irrigation regions.

Overall, significant tension exists between agricultural production
demands and the challenges of water and salt management in arid saline
districts. Given scarce freshwater resources and extensive soil saliniza-
tion, rational allocation and adjustment of agricultural irrigation water
are essential to achieve both high crop yields and efficient water use.
Thus, under the context of broad salt-affect area, the objective of this
study is to optimize the allocation of agricultural surface freshwater and
brackish groundwater resources by incorporating factors such as mar-
ginal land utilization, salt effects, and spatial heterogeneity of the sub-
surface. This study builds upon prior research that developed a
distributed hydro-salt-crop model, validated regional soil water-salt
dynamics and crop growth under arid saline conditions, and estab-
lished distributed irrigation water salinity thresholds (Yu et al., 2024).
Three distinct irrigation water optimization models are developed with
irrigation water as a fixed constraint: (1) no fallowing + irrigation with
surface freshwater only, (2) fallowing permitted + irrigation with sur-
face freshwater only, and (3) fallowing permitted + joint use of surface
freshwater and saline groundwater resources. These models allow for
the study of optimal irrigation water allocation strategies that account
for spatial heterogeneity under varying surface water availability con-
ditions. The hypothesis of this paper is that optimization models could
improve the yield and water productivity over the study area. The
findings of this research will provide a scientific basis for efficient sur-
face and groundwater resource utilization and land management prac-
tices in arid saline irrigation districts.

2. Materials and methods
2.1. Study area

This study focuses on the Tarim Irrigation District of the First Divi-
sion of the Xinjiang Production and Construction Corps in Xinjiang,
China. The Tarim Irrigation District is situated in the upper reaches of
the Tarim River, the largest inland river in China (Fig. 1), with
geographical coordinates of 81°30-82°00" E , 40°23-40°65' N. The
study area spans roughly 150 km from east to west and 40 km from north
to south. The terrain is generally flat, sloping from northwest to south-
east, with an elevation range of 987-1047 m and a ground slope be-
tween 1/500 and 1/4000. The study area has abundant solar and
thermal resources, receiving an average annual solar radiation of 6000
MJ m~2 and sunshine hours of 2948 h, which is conducive to the pro-
duction of crops such as cotton.

The climate in Tarim Irrigation District is also characterized by
extreme aridity, with an average annual temperature of 11.3 °C, rainfall
of 46 mm, relative humidity of 48 % and pan evaporation of 2500 mm.
As a result, agriculture in the area is entirely reliant on irrigation. The
uncertainty of runoff in the Tarim River Basin in Xinjiang is expected to
intensify under climate change, with rising temperatures potentially
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Fig. 1. Location of the study area based on a satellite image taken on June 23, 2021. The grid-scale layer is the average soil salt content in the cotton fields at a depth
of 0-100 cm. The area marked by the red box in the figure is a typical area of severe salinization. The pink curve displays the water body areas of rivers

and reservoirs.

weakening the role of glacial meltwater in regulating the region’s water
balance. Consequently, the frequency, duration, and intensity of sudden
droughts in southern Xinjiang are all projected to increase (Yu et al.,
2023b). Therefore, water resource management in Tarim Irrigation
District must proactively develop strategies to mitigate the adverse
impacts of fluctuating surface water availability on agricultural pro-
ductivity and potential drought risks.

There is a marked imbalance between water supply and demand in
the district, contributing to significant environmental issues, including
soil salinization and secondary salinization. Groundwater depth varies
from 1 to 8 m, with mineralization levels in some areas reaching up to
15¢g L1 (electrical conductivity (EC) of 13.88 dS m ). Soil salinity
varies throughout the district, with 23.4 % of the area non-saline soil
(average salt content <2 g kg~!, that is electrical conductivity of the
saturation paste extract EC. < 2 dS m’l); 37.3 % mildly saline soil (salt
content of 2-4 g kg1, that is EC. of 2-4 dS m™!); 21.8 % moderately
saline soil (4-6 g kg~ !, that is ECe of 4-8 dS m™!); and 17.5 % severely
saline soil (>6 g kg’l, that is EC. > 8 dS m’l). The salinization classi-
fication refers to the (Liu et al., 2025; US Salinity Laboratory Staff, 1954;
Wang et al., 1993). A typical region of severely saline soil is highlighted
within the red box in Fig. 1. The saline soil in this region is mainly
dominated by sulfates and chlorides and sodium adsorption ratio (SAR)
is 5.33 meqo'5 L7935,

As a salt-tolerant crop, cotton is extensively cultivated in the district,
occupying over 84 % of the sowing area and providing a crucial eco-
nomic resource for local farmers. Tarim Irrigation District is among
China’s most significant regions for high-quality cotton production.
Accordingly, this study centers on cotton as the primary research crop.

2.2. 2.2 Modified WAVES model and irrigation water salinity threshold

The model used in this study is WAVES (the WAter Vegetation En-
ergy and Solute model), which was developed by CSIRO since 1993
(Zhang et al., 1996, 1999). WAVES is a process-based model at a daily
time-step and strikes a good balance between complexity, usefulness and
accuracy of prediction in energy, water, carbon and solute processes in a
one-dimensional soil-canopy-atmosphere system. In WAVES, the infil-
tration of net rainfall and irrigation and soil water movement along the
soil profile is simulated using a fully finite difference numerical solution
of the Richards equation. Salt transport is obtained by solving convec-
tion dispersion equation assuming the solute is conservative. WAVES
considers the effects of salinity on carbon assimilation by plants and
water availability. In our previous study, we assessed the adaptability of
WAVES in typical cotton fields within the Tarim Irrigation District and
modified it to account for the effects of mulching (Yu et al., 2023a) by
incorporating three functions working on potential evaporation, un-
derlying surface albedo, and soil resistance. The modified WAVES model
shown good performance with the normalized root mean square error
(NRMSE) of 13 % in calibration and the NRMSE of 5 % in validation.

The modification workflow is shown in Fig. 2a. Building upon this work,
we developed a distributed WAVES model for the Tarim Irrigation Dis-
trict, integrating geographic information systems (GIS) and remote
sensing to apply the model to 1700 grid units (Fig. 2b). The 1700 grid
points of the cotton planting area were obtained through remote sensing
inversion and ground verification(Yu et al., 2024). The model was sys-
tematically calibrated and validated using field data from saline water
irrigation experiments and monitoring data from various locations
within the study area in 2021 (NRMSE of 11.21 %). The distributed
WAVES model integrates the processes by which groundwater depth,
groundwater salinity, soil texture, soil salinity, and irrigation amount
affect crop yield. Different groundwater depths can affect the avail-
ability of soil water, and results have shown that 1.5 m is the appropriate
groundwater depth for relatively high cotton yields. Different levels of
groundwater mineralization and soil salinity can affect the water ab-
sorption rate and carbon assimilation rate of cotton roots, while
different soil textures affect soil water transport. The sandy loam soil in
this study area is more suitable for cotton production. The irrigation
depth affects soil moisture availability, which in turn affects root water
absorption and carbon assimilation rate, ultimately affecting yield.
Scenario simulations were then conducted to quantify the irrigation
water salinity threshold for saline groundwater use in the district
(Fig. 2c). A comprehensive criterion to determine water salinity
threshold was proposed considering cotton yield (reduction ratio
<10 %), water productivity (reduction ratio <10 %) and soil salt accu-
mulation (soil salt at the end of growth stage <6 g kg™1). Detailed data
on surface heterogeneity and the mineralization thresholds for irrigation
are provided in Yu et al. (2024). This study aims to optimize irrigation
water allocation based on these findings.

2.3. Optimization model development

To maximize the spatial efficiency of agricultural irrigation water
while maintaining high and stable cotton fiber yields, three spatial
optimization models for irrigation water allocation were developed,
each considering different scenarios and constraints.

2.3.1. Optimization Model 1: maximizing total yield under varying surface
irrigation water availability

The distributed WAVES model comprehensively accounts for the
impacts of groundwater depth, groundwater salinity, soil texture, soil
salinity, and irrigation water volume on crop yield. By integrating the
distributed WAVES model, we optimize water resource allocation within
the Tarim Irrigation District with the goal of maximizing cotton yield.
The total irrigation volume for each simulation unit is treated as a de-
cision variable in this optimization framework.

Objective:
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Fig. 2. (a) The modification workflow of reconstructed WAVES model considering the film mulching effect. The orange font indicates the modified part. (b) Five
maps used for generating the 1700 distributed simulation units in distributed WAVES model. (c) The spatial distribution of the irrigation water salinity threshold and

risk area using local groundwater for irrigation in the study area. Note: E; is potential soil evaporation (mm), A

is the latent heat of vaporization (MJ kg’l), A is the

average gradient of the saturated vapor pressure versus temperature (kPa °C™1), Ry is the net radiation of the underlying surface (MJ m~2 day 1), p and C, are the
density (kg m~3) and the specific heat of the air at constant pressure (J kg~ K1), respectively, VPD; is the vapor pressure deficit (kPa), y is the psychrometric
constant (kPa °C’1), Is is aerodynamic resistance (s m’l), 15 is soil surface resistance (s m’l), fm is the film cover fraction, A is the partial coverage of canopy, o is
albedo of canopy, ;s fiim is underlying surface (soil-film system) reflectance. GWAVES-M represents GIS (geographical information system) based distributed WAVES

model with mulching effect considered.

obj = max YIELD = maxz (FY;- WAVES 5 A-102>,i

=1,2,--1700 @

+ Wosm (—2C¢iR-T
® + Wosm(—2C(; ),GWf(l—),GWSm—),
Wit (2)
texture;, saltg),i=1,2,---1700

WA VES(Lf(i)) = ﬁll’lCt’iOTl(

Where, YIELD is the total cotton lint yield (kg) in the Tarim Irrigation
District; i represents different simulation units, where the cotton
planting area within the district was divided into 1700 homogeneous
grid cells, numbered sequentially from 1 to 1700; FY; represents the
cultivation status of the i-th simulation unit, serving as an indicator for
determining fallowing, here in model 1, all units are being cultivated
without fallowing, that is, FY; equals to 1; f(i) is the decision variable,
which is the total irrigation volume (mm) using surface water in the
whole growing season for the i-th simulation unit; WAVES ;) is the
cotton yield (kg ha™?!) for the i-th simulation unit obtained using the
WAVES model under a specified irrigation volume of f(i); A is the area
(km?) for the simulation unit, which is set to 1 km? in this study; GWy),
GWSy;), texture; and salty; correspond to groundwater depth (m),
groundwater salinity (g L™1), soil texture, and soil salt content (g kg™1)
for the i-th simulation unit, respectively, and the detailed values are
provided in Yu et al. (2024); ¢ is the water potential (m); Wy, is the salt
sensitivity factor; , ;, is the water potential at the wilting point (m); 7 is
the osmotic potential (m); Cy; is the solute molarity in the soil water of
the i-th simulation unit (mol m’3); R is the universal gas constant (J K1
mol’l); T is absolute temperature (K).
Constraints :

(1) Constraint on the total available surface irrigation water
1700 3 .
Z (FYif(i)-A-10°) < W,i=1,2,---1700 3)

Where W represents the total available surface irrigation water
(mg). Four different surface irrigation water availability scenarios

are set as follows: a future scenario with a 50 % reduction in
available surface water due to climate change (W1, 340 million
m®); a future scenario with a 50 % reduction in surface water
availability (W2, 510 million m®); the current surface water
availability scenario based on existing inflow conditions (W3,
680 million m®); and a future scenario with a 25 % increase in
available surface water (W4, 850 million m?). The average irri-
gation volume in the Tarim Irrigation District is 200, 300, 400
and 500 mm for W1 to W4, respectively. Other symbols have the
same meanings as previously defined.
(2) Constraint on surface water allocation criterion

f@i) >150,i=1,2,--1700 (4

f(i) <600,i=1,2,--1700 )

The minimum irrigation volume during the growing season is set at
150 mm according to the water requirements of cotton, while the
maximum irrigation depth is set at 600 mm.

2.3.2. Optimization Model 2: maximizing total yield through inclusion of
fallowing as an option under varying surface irrigation water availability

The findings of Yu et al. (2024) indicate that severely saline soils
significantly reduce cotton yield, resulting in low input-output effi-
ciency. Fallowing these areas can lower input costs while sustaining
overall yield. Consequently, the second optimization model allows for
the fallowing of low-yield fields to optimize irrigation water allocation
across the district. The optimization objective is to maximize cotton
yield, with irrigation volume for each simulation unit serving as the
decision variable.

Except for the value of FY;, the objective and constraints are the same
as Optimization Model 1. FY; is defined as follow to include fallowing
strategy:

FY — 0, noirrigationinthisunit, indicatingfallowing.
~ ]| 1, normalirrigationinthisunit, indicatingcultivation.’

=1,2,---1700 (6)
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2.3.3. Optimization Model 3: minimizing brackish groundwater extraction
with fallowing and varying surface irrigation water availability

Optimization Model 3 considers the extraction of local brackish
groundwater for irrigation to alleviate surface water shortages. The
objective of this optimization model is to minimize brackish ground-
water use, with irrigation volumes for each simulation unit as decision
variables. The model also permits selective fallowing of low-yield fields
to ensure total yield across the district while optimizing irrigation water
distribution.

Objective:
obj = minL, = min(} )" (S¥;-5())-A-10%)),i = 1,2, 1700 )
Where I, represents the total brackish groundwater extraction m®); sy;
represents the irrigation water quality status of the i-th simulation unit,
serving as an indicator for determining whether brackish groundwater
irrigation is used; s(i) is the decision variable, which is the total irriga-
tion volume (mm) using local saline groundwater in the whole growing
season for the i-th simulation unit; Other symbols are as previously
defined.

Constraints :

Optimization Model 3 builds upon models 1 and 2 by incorporating
additional constraints related to brackish groundwater irrigation and
fiber production security.

(1) Constraint on the total available surface irrigation water
The same as Eq. (3) in Optimization Model 1, while two
different surface irrigation water availability scenarios are set as
follows: a future scenario with a 50 % reduction in available
surface water due to climate change (340 million m3, W1) and the
other scenario with a 25 % reduction in available surface water
(510 million m3, W2).
(2) Constraint on surface water allocation criterion
The same as Egs. (4) and (5) in Optimization Model 1.
(3) Constraint on surface water irrigation area (fallowing)
The meanings of different values of FY; vary slightly compare
to Eq. (6), as shown below. Eq. (7) is also applied here.

0, irrigationwithoutsurfacewaterinthisunit. .
FY, = { ouhsanonwt ettt
1, irrigationwithsurfacewaterinthisunit.

=1,2,--1700 ©)

(4) Constraint on groundwater water allocation criteria

s(i) > 150,i = 1,2,---1700 (10)

s(i) < 600,i = 1,2,---1700 an

The groundwater irrigation volume s(i) during the growing
season is set from 150 to 600 mm as the same of surface water
irrigation.

(5) Constraint on groundwater water irrigation area (fallowing)

SY — 0, irrigationwithoutgroundwaterinthisunit.
' 71 1,irrigationwithgroundwaterinthisunit. ~ ’

~1,2,--1700 (12)
3 7Sy <1700,i = 1,2, 1700 13)

(6) Constraint on irrigation water salinity threshold

SY;=0,ieT a14)
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Where T represents the set of all simulation units where brackish
groundwater irrigation introduces risks of yield reduction,
decreased water productivity, and salt accumulation, according
to the findings of Yu et al. (2024), as illustrated in Fig. 1c. Opti-
mization Model 3 allows groundwater extraction for irrigation
only in areas free of these risks.

(7) Constraint on irrigation water quality

FY;+SY;<1,i=1,2,--1700 (15)

Optimization Model 3 assumes that the irrigation water quality
in each simulation unit can be in one of three states: brackish
groundwater irrigation, surface water irrigation, or no irrigation
(fallowing). When both variables of FY; and SY;are set to O, it
indicates that the i-th simulation unit is fallow.

(8) Constraint on total stable fiber production requirements

i=1

37 (FY, WAVES 59 -A- 10> +SYi-WAVES(Ls(i)yA-lOz) > Yo,i
=1,2,--1700 (16)
@ + Wosm(_zcs(i) RT)

Wwite
salts(i))J = 17 27 ---1700

WA VES(i.:(i)) = function(

s GWS(U7 GWSS(O, texture;,

a7

Where, WAVES ;5 is the cotton yield (kg ha™1) for the i-th simulation
unit obtained using the WAVES model under a specified groundwater
irrigation volume of s(i); Yo is the total yield target (kg ha™!) for the
irrigation district, three stable production targets are defined based on
the cotton yield in 2021, which serves as the baseline (target output):
these targets are set at 100 %, 90 %, and 80 % of the 2021 yield. The
scenarios composed of different production targets and available water
volume combinations are detailed in Table 2. GW(;), GWS,(;) and salty;
correspond to groundwater depth (m), groundwater salinity (g L) and
soil salt content (g kg’l) for the i-th simulation unit when irrigated with
saline groundwater, respectively. Other symbols are as previously
defined.

2.4. Solution of the optimization models

When solving the established optimization models with a genetic
algorithm, the model’s high number of decision variables (1700)
significantly reduced computational efficiency. Direct interaction be-
tween the optimization model and WAVES hindered the ability to ach-
ieve a global optimal solution, making direct resolution of the model
challenging. To address this, an alternative approach was developed:
fitting the relationship between yield and irrigation volume for each
simulation unit based on WAVES outputs, and then using this fitted
relationship in place of parameters WAVES s, and WAVES ;) for
spatial water resource optimization. This approach reduces the
complexity of solving large-scale nonlinear optimization problems.
Upon fitting, a quadratic function effectively characterized the rela-
tionship between yield and irrigation volume. This aligns with the
findings of Wang et al. (2016), who demonstrated a parabolic rela-
tionship between yield and irrigation volume, and Tong and Guo (2013),
who also utilized a quadratic function to model yield relative to cotton
water use in irrigation optimization. The fitting formula used in this
study is as follows:

Surface freshwater irrigation:

WAVES ;50 = FYi-(af (i)> +bf (i) + ¢;),i = 1,2, ---1700 (18)
Groundwater saline irrigation :

WAVES(,’7S(I’)) = SY, (asi‘S(i)z + bsi's(i) + Csi) ,i = 1, 27 --1700 (19)
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Where q;, b;, and c; represent the three regression constants under sur-
face water irrigation in the i-th simulation unit; a;, b;, and c; represent
three regression constants in the i-th simulation unit under underground
saline irrigation.

The specific fitting performance of the quadratic function is illus-
trated in Fig. S1. Due to the spatial heterogeneity of underlying surface
conditions, different simulation units show variable yield responses to
irrigation volumes. As the irrigation volume increases, cotton yield rises,
but the rate of yield increase diminishes. The quadratic function effec-
tively captures this trend, closely fitting the WAVES simulation results.
Although some simulation units show slight deviations between the
fitting curves and the simulated values, the overall correlation coeffi-
cient (R?) exceeds 99 %, demonstrating high fitting accuracy. Spatial
variability in groundwater salinity also affects yield response curves
under saline irrigation across simulation units. The quadratic function
accurately models the yield response curve under saline irrigation as
well (Fig. S1). Fig. S2 presents a histogram of the correlation coefficient
distribution for quadratic fits between cotton yield and irrigation vol-
ume across all simulation units. The accuracy of fits for surface water
irrigation slightly exceeds that of saline water irrigation, with 99.5 %
and 98.2% of simulation units achieving an R? value above 0.95,
respectively. In summary, over 98 % of simulation units show an R?
exceeding 0.95 across both surface and saline water irrigation scenarios,
indicating a high level of fitting precision.

The re-fitted relationship between cotton yield and irrigation volume
includes unique fitting parameters for each simulation unit, capturing
crop yield responses to varying environmental conditions across the
irrigation district. The quadratic function demonstrates high fitting ac-
curacy, requires few parameters, and facilitates coupling with the
optimization model, enabling spatial allocation of irrigation water re-
sources at a regional scale. Thus, this study employs a reanalyzed
quadratic yield-irrigation model, rather than direct simulation outputs
of WAVES, in combination with the optimization model to optimize
irrigation water distribution. Model programming and solutions were
implemented using LINGO (18.0).
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3. Results

3.1. Irrigation water allocation under varying surface irrigation water
availability

The spatial distribution patterns of water allocation after optimiza-
tion are similar whether considering fallow or not, that is, the water
allocations are similar between Optimization Model 1 (Fig. 3) and
Optimization Model 2 (Fig. S3). Taking results from Optimization Model
1 as an example, when the available surface water is limited, the water
allocation to severe salinization units (marked by the orange box), and
simulation units near rivers and reservoirs is relatively low (Fig. 3a),
approaching the lower limit of the set irrigation volume. With the in-
crease of available surface irrigation water, the irrigation water allo-
cated to severe salinization is the highest within the district (Fig. 3d),
while there are still relatively low allocations of water to simulation
units near rivers and reservoirs.

Soil salt content was the dominant factor affecting the distribution of
irrigation water within the district (Figs. 4a, 4c) from analysis of
Random Forest Importance Ranking. With the increase of available
surface irrigation water, the distribution of irrigation water shifts in soils
with different salinity levels as the available surface irrigation water
increases (Fig. 5). When surface water availability is low, such as in the
case of a 50 % reduction compared to the current situation (Fig. 5a-W1,
Fig. 5b-W1), finite irrigation water is primarily allocated to high-yield
fields (non-severe salinization), while low-yield fields (severe saliniza-
tion) receive relatively less water. For example, in the region charac-
terized by severe salinization (highlighted by the orange box in Fig. 3),
the optimized irrigation volume is lower than the average irrigation
volume. However, when a larger volume of surface water is available,
the average irrigation volume can already meet the water demands of
high-yield fields. In this case, more water is allocated to areas with
higher salt content to mitigate salt stress and unlock the yield potential
in those regions (Fig. 5a-W4, Fig. 5b-W4). The turning point of water
allocation occurs between W2 and W3 (Fig. 5), that is, the available
surface water volume between 51 and 68 billion m®. These results
demonstrate the different strategies in irrigation water distribution be-
tween high-salinity and low-salinity areas under varying water avail-
ability scenarios, reflecting an adaptation to changing water resources.
Groundwater depth is the second most important factor affecting water

(d) W4

Fig. 3. The spatial irrigation water allocation solution (water depth, mm) from Optimization Model 1 under varying surface irrigation water availability from W1-
W4. W1-W4 refer to the average irrigation depth within the district of 200, 300, 400 and 500 mm, respectively, which correspond to the total surface available water
amounts of 340, 510, 680 and 850 billion m®. Note: the orange box marks a typical severely saline area.
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(a) Optimization Model 1-irrigation volume

clay| 0.7 | 0.12 | 0.13 | 0.10 06
0.5
silt| 0.18 | 0.11 [ 0.10 | 0.09
0.4
GW-depth | 0.24 . 0.33 | 0.14 -
GW-salinity| 0.05 | 0.04 | 0.04 | 0.03 0.2
soil-salt 0.1
w1l w2 w3 w4
(c) Optimization Model 2-irrigation volume
clay| 0.12 | 0.11 | 0.13 | 0.10 06
0.5
silt| 0.12 | 0.11 [ 0.09 | 0.09
0.4
GW-depth| 0.19 | 0.30 | 0.27 | 0.14 03
GW-salinity| 0.04 | 0.04 | 0.04 | 0.03 0.2
soil-salt O] 0.64 0.1
w1l w2 w3 w4
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(b) Optimization Model 1-yield

clay| 0.04 | 0.04 | 0.03 | 0.03 08
silt| 0.05 | 0.05 | 0.04 | 0.04 0.6
GW-depth| 0.03 | 0.01 | 0.01 | 0.01
0.4
GW-salinity| 0.02 | 0.02 | 0.02 | 0.01
0.2
EJIEENd 0.86 0.88 0.91 0.91
W1 w2 w3 W4
(d) Optimization Model 2-yield
clay| 0.04 | 0.04 | 0.03 | 0.03 08
silt| 0.05 | 0.05 | 0.04 | 0.04 06
GW-depth| 0.03 | 0.01 | 0.01 | 0.01
0.4
GW-salinity| 0.02 | 0.02 | 0.01 | 0.01
0.2
EJIECENY 087 0.88 090 0.91
W1 w2 w3 W4

Fig. 4. The importance value of the underlying factors affecting irrigation water allocation (a, c¢) and regional yield (b, d) in Optimization Model 1 and 2. Note: The
larger the importance value of the underlying factor, the greater the impact of its changes on water allocation. The importance value is calculated by the random
forest method. W1 to W4 represent different available surface water scenarios of 340, 510, 680 and 850 billion m?; the texts on the vertical axis represent texture-
clay, texture-silt, groundwater depth, groundwater salinity and soil salt content, respectively.

Non severe salinization

Severe salinization

w1 w2 w3

Trrigation water allocation tendency (mm)
o

-100 *

W4

(a) Optimization Model 1

Wi w2 W3 W4

(b) Optimization Model 2

Fig. 5. Irrigation water allocation tendency in Optimization Model 1 and 2. Irrigation water allocation tendency is calculated from subtracting the average irrigation
depth within the district (water depth, mm) from the allocated water quantity into each unit (water depth, mm). W1-W4 refers to average irrigation depth within the
district of 200, 300, 400 and 500 mm, respectively, which correspond to the available surface water scenarios of 340, 510, 680 and 850 billion m®. When the value in
the figure is greater than 0, it indicates that more irrigation water beyond average level is allocated towards the region (severe salinization or non-severe salini-

zation), and vice versa.

allocation (Fig. 4). The water allocation of simulation units near rivers
and reservoirs is relatively low (Fig. 3), which is related to the shallow
depth of groundwater. Groundwater provides more replenishment for
crop growth in these regions, leading to a decrease in irrigation demand.

The distribution patterns of optimized production for model 1
(Fig. S4) and model 2 (Fig. 6) are similar. Using results from Optimi-
zation Model 2 as an example, scenarios with limited available surface
water (average irrigation volume of 200 mm, Fig. 6a) lead to lower
cotton yield in the north area of the Tarim River. As available surface
water increases, overall yields improve across the irrigation area,
though yields in high-salinity zones remain comparatively lower. Soil
salinity is the main factor affecting yield distribution (Figs. 4b, 4d).

Across scenarios with average irrigation volumes of 200, 300, 400, and
500 mm in Optimization Model 1, non-optimized average yields were
1780, 2199, 2503, and 2691 kg ha™!, while optimized average yields
increased to 1824, 2238, 2523, and 2703 kg ha~! (Table 1). The opti-
mized irrigation distribution improved cotton yields by 2.48 %, 1.77 %,
0.80 %, and 0.46 % compared to traditional uniform irrigation methods.

When fallowing is permitted as an option, the availability of irriga-
tion water also affects the extent of fallowing. When surface water
availability is low (Fig. 6a), the highest proportion of land is designated
for fallowing, reaching 6.9 %, primarily concentrated in the high-
salinity zones at the north area of Tarim River. As available surface
water increases, the required fallow area gradually decreases and the
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(a) W1, fallow ratio is 6.88%.

(c) W3, fallow ratio is 0.53%.
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(b) W2, fallow ratio is 2.47%.

(d) W4, fallow ratio is 0.00%.

Fig. 6. The spatial cotton yield (kg ha™!) solution from Optimization Model 2 considering fallowing as an option under varying surface irrigation water availability
of W1-W4. W1-W4 refer to the average irrigation depth within the district of 200, 300, 400 and 500 mm, respectively, which correspond to the surface available
water scenarios of 340, 510, 680 and 850 billion m®. Note: the orange box marks a typical severely saline area; The red plus sign in the picture represents the area that

should be fallow.

Table 1

Average yield comparison between Optimization Model 1 and 2. Yield increase
ratio represents the value compared to the scenario using traditional uniform
water distribution.

Scenarios Average 200 300 400 500
irrigation
depth (mm)
Traditional Yield (kg 1779.7 2199.1 2502.7 2690.6
uniform water ha™1)
distribution
Optimization Yield (kg 1823.8 2238.1 2522.8 2703.0
Model 1 ha™1)
Yield 2.48 1.77 0.80 0.46
increase ratio
(%)
Optimization Fallow ratio 6.88 2.47 0.53 0.00
Model 2 (%)
considering Yield (kg 1838.3 2241.3 2523.3 2703.0
fallow ha 1)
Yield 3.29 1.92 0.82 0.46
increase ratio
(%)

areas that are fallowed all contain severely salinized soils. In scenarios
with ample surface water (Fig. 6d), the optimization does not allocate
any land to fallow; the additional water is allocated to high-salinity
areas, which supports cotton production through promoting salt leach-
ing. Under scenarios allowing for fallowing, as irrigation water volume
increases, the optimized distribution scheme enhances cotton yield by
3.29 %, 1.92 %, 0.82 %, and 0.46 % compared to the traditional uni-
form water distribution approach (Table 1), translating to an increase of
9959, 7195, 3474, and 2109 tons of cotton across the irrigation district.
Additionally, fallowing under limited surface water conditions contrib-
utes to further yield gains, improving yields by 0.82 %, 0.15 %, 0.01 %,
and 0.00 % across respective scenarios compared to non-fallow sce-
narios. These findings are consistent with fallow-based water manage-
ment strategies commonly employed in other agricultural systems (Ruis
etal., 2023; Verburg et al., 2012). When available surface water reaches
510 million m®, the effect of fallowing on total yield becomes minimal,
though partial fallowing still reduces resource inputs, and slightly

increases productivity. Figs. 6a to 6¢ indicate that high-salinity areas are
consistently identified as prime fallow zones. This prioritization suggests
that soil salinity levels in these zones exceed crop tolerance thresholds,
resulting in low irrigation water use efficiency and are thus selected for
fallowing. In practical applications, targeted fallowing in high-salinity
areas, or deferring cultivation until after soil improvement, could sup-
port both environmental and productivity goals.

3.2. Irrigation water allocation considering saline groundwater irrigation
and irrigation water salinity threshold

The minimum saline water demands calculated under various yield
target scenarios differ from each other (Table 2). The results indicate
that, with a limited surface water supply of 340 million m®, using a
groundwater volume of 66 million m® can sustain 80 % of the 2021
production levels. Increasing groundwater extraction to 192 million m>
further narrows the production gap to 10 % below 2021 levels, while
383 million m® of groundwater extraction would match the 2021 pro-
duction levels. These findings reveal that as target yields increase,
maintaining proportional cotton yield improvements requires a higher
groundwater extraction rate, subsequently reducing water productivity.
To maintain 2021 production levels without yield reduction, 383 million
m® of groundwater would need to be extracted alongside 340 million m>
of surface water, with groundwater use exceeding surface water

Table 2
Minimum saline groundwater requirements under different scenarios and yield
targets.

Scenarios Yield targets Groundwater
needs

a. available Surface water of 340 million 2021 yield 383 million m*
m3, W1

b. available Surface water of 340 million 90 % of 2021 192 million m®
m3, W1 yield

c. available Surface water of 340 million 80 % of 2021 66