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Formulating sustainable canal-well conjunctive irrigation and drainage strategies remains a critical challenge for arid irrigated agriculture confronting with water scarcity and salinization, primarily due to the multifaceted impacts of such strategies on water-land allocation, water-salt dynamics, agricultural profitability and food security. This study developed an integrated hydroeconomic optimization framework for canal-well conjunctive irrigation and drainage management by integrating agro-hydrological processes (inter-annual root-zone/groundwater water-salt dynamics, salinity-stressed crop yield assessment, canal-well conjunctive irrigation module) into an economic optimization framework. Positive Mathematical Programming (PMP) was employed to calibrate the hydroeconomic framework to base-year observations, enabling it to capture farmers’ adaptive decisions under policy interventions. The framework was run continuously over a 15-year horizon under strategies defined by groundwater drainage capacity (α) and surface-to-groundwater irrigation area ratio (SGIAR) in the Hetao Irrigation District (HID). We assessed the impacts of these strategies on optimal cropping pattern and water allocation decisions, and the consequent feedback effects of these decisions on water-salt dynamics, agricultural profitability, and food security. Results show reducing SGIAR by 70% expands grain areas, enhances food security, reduces root-zone/groundwater salinity by 9.2%/8.0%, and saves 9.7% total conjunctive water consumption. In contrast, increasing SGIAR undermines food security. Enhancing α to 0.21 annually mitigates salinization and boosts productivity and benefits. Notably, the “10% SGIAR reduction and α = 0.21” scenario emerges as a sustainable strategy which annually increases net benefits, alleviates salinization, conserves water, sustains food security, and ensures groundwater sustainability. This study offers a hydroeconomic framework and policy insights for advancing sustainable irrigated agriculture in the HID and analogous arid irrigated systems worldwide.
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1 Introduction

Irrigation is crucial to global agricultural production, food security, regional economic development, climate change adaptation, and even social and political stability (Cai et al., 2018; McDermid et al., 2023). Without irrigation, global grain production would decline by approximately 20% (Yang et al., 2023). Yet, irrigated agriculture in arid regions accounts for more than 95% of total freshwater consumption, exacerbating water scarcity (FAO, 2022). Compounding this challenge, two-thirds of the world’s saline lands are concentrated in arid regions (FAO, 2021). Consequently, irrigated agriculture in arid regions faces the pressing challenges of water shortage and prevalent soil salinization (Zhu et al., 2019).

Canal-well conjunctive irrigation has emerged as a promising strategy to effectively address water scarcity and salinization challenges (Hou et al., 2025). However, formulating sustainable canal-well conjunctive irrigation-drainage strategies remains complex due to the intrinsically interconnected impacts of such strategies on water-salt dynamics and salinization, agricultural productivity and profitability, food security, and farmers’ water-land resource allocation decisions. To illustrate this complexity, first, excessive surface water irrigation, along with inadequate groundwater drainage, tends to raise groundwater table, trigger soil salinization, and reduce crop yields and farm profits. In contrast, groundwater irrigation can alleviate surface water shortages (particularly under climate change) (Niazi et al., 2025) and lower groundwater table to mitigate salinization (Gao et al., 2024). Yet, over-reliance on groundwater irrigation reduces surface water irrigation, which in turn limits the salt leaching from the root-zone and intensifies salinization. Notably, soil salinization, in turn, reduces crop yields and net benefits, promoting farmers to adjust cropping patterns and water allocation decisions. Such adaptive decisions by farmers then exert cascading feedback effects on soil-groundwater water-salt dynamics, agricultural profitability, and regional food security. Therefore, identifying canal-well conjunctive irrigation-drainage policies that reconcile these inherent trade-offs is crucial yet challenging, especially for arid irrigated agriculture where water scarcity and soil salinization jointly jeopardize agricultural sustainability. However, critical knowledge gaps persist in developing integrated frameworks to integrate these interconnected biophysical, economic, and farmer-behavioral feedbacks holistically to quantify trade-offs and identify sustainable strategies.

Most existing studies on canal-well conjunctive irrigation reply on agro-hydrological simulations to analyze key agro-hydrological processes (e.g., crop growth, water-salt balance) and to identify suitable values for surface-to-groundwater irrigation area ratio (SGIAR) under pre-specified management scenarios. Common simulation models include HYDRUS-1D (Li et al., 2010), EPIC (Zhang et al., 2022), SaltMod (Mao et al., 2017), Hydrus-Dualkc (Ren et al., 2018), EPIC-VADOSE (Liu et al., 2019, 2020), and MODFLOW-MT3DMS (Mao et al., 2022). While these studies and models have advanced understanding of how conjunctive irrigation can facilitate groundwater balance and long-term sustainability, they suffer from some limitations. First, they primarily compare pre-set scenarios to identify sub-optimal strategies, rather than solving for mathematically optimal solutions, limiting their ability to pinpoint the most effective management options (Singh, 2014). Second, physics-based simulations for complex agro-hydrological processes demand extensive data and substantial computational resources, restricting their applicability to field scales and limiting their utility for irrigation district-level management and policy analysis. Third, these models typically presume fixed cropping patterns and water allocation schemes, yet fail to incorporate farmers’ annual adaptive adjustments on water-land resource reallocations which feed back into soil-groundwater water-salt dynamics, crop yields, and agricultural profitability. Besides, there remains a lack of a comprehensive framework to integrate salinization dynamics in both root-zone and groundwater, agricultural profitability and food security, and farmers’ adaptive water-land allocation decisions. These limitations collectively hinder existing simulation models from identifying optimal policy interventions for canal-well conjunctive management in arid irrigated systems, particularly at the irrigation district scale.

Hydroeconomic models (HEMs) can address these limitations by integrating agro-hydrological physical constraints and institutional water policy rules into economic optimization frameworks, enabling the identification of optimal water-land allocation decisions that maximize agricultural net economic benefits (Valle-García et al., 2025). As integrated simulation-optimization tools, HEMs uniquely enable the evaluation of socioeconomic impacts while explicitly accounting for agricultural and hydrological physical processes (Harou et al., 2009; Jaeger et al., 2024; Hu et al., 2025; Niazi et al., 2025), making them particularly well-suited and widely applied for conjunctive surface-groundwater management (MacEwan et al., 2017; Yao, 2020; Kumar et al., 2023; Jaeger et al., 2024; Rastegaripour et al., 2024). For example, Lambert et al. (2025) developed a HEM to optimize cropping patterns and water allocations over a 10-year planning horizon, balancing groundwater sustainability with agricultural profitability under varying groundwater extraction rates, energy prices, and discount rates. Jaeger et al. (2024) developed a HEM by linking a groundwater hydrology model with an agricultural economic model to inform policies for stabilizing regional groundwater levels. Aein and Alizadeh (2021) integrated salinity-induced impacts on crop productivity into HEMs to guide water-salinity management for irrigated agriculture. However, few existing HEMs explicitly integrate inter-annual salinity dynamics in root-zone soil and groundwater, alongside farmers’ adaptive decisions of adjusting cropping patterns and water allocations, all of which are critical to salinization-threatened arid irrigated systems.

To fill these gaps, this study developed an integrated HEM framework for canal-well conjunctive irrigation-drainage management in the Hetao Irrigation District (HID), a typical arid irrigated redistrict in China where water scarcity and salinization pose significant threats to long-term agricultural sustainability. The HEM framework embeds key agro-hydrological processes (i.e., root-zone and groundwater water-salt balance dynamics, groundwater drainage simulation, salinity-driven crop yield assessment, and a canal-well conjunctive irrigation module) into an economic optimization framework for optimizing agricultural water and land allocation decisions. To enhance model reliability and capture farmers’ adaptive decision-making (i.e., adaptive adjustments of water and land allocations in response to salinity variations under policy interventions), the framework is calibrated using a self-calibrating Positive Mathematical Programming (PMP) approach, which reliably replicates base-year observations. This design ensures the framework is well-suited for analyzing canal-well conjunctive irrigation-drainage policies in salinization-prone arid irrigated systems, with the HID as a case study region.

Leveraging the developed HEM, this study evaluates canal-well conjunctive irrigation-drainage strategies characterized by two key parameters: surface-to-groundwater irrigation area ratio (SGIAR) and groundwater drainage capacity. Specifically, this study seeks to address two critical knowledge gaps: (1) How do varying canal-well conjunctive irrigation-drainage strategies exert inter-annual systemic impacts on farmers’ adaptive decisions of optimizing cropping patterns and irrigation water allocations, and the subsequent feedback effects of these decisions on soil-groundwater water-salt dynamics, agricultural productivity and profitability, and food security? And (2) What targeted sustainable canal-well conjunctive irrigation-drainage strategies can simultaneously improve agricultural profitability, mitigate soil-groundwater salinization, ensure food security, and safeguard long-term groundwater sustainability in the HID? By addressing these questions, this study aims to advance sustainable canal-well conjunctive water management for arid irrigated agriculture in the HID and analogous arid irrigated systems worldwide.



2 Materials and methods


2.1 Agricultural production practice

The Hetao Irrigation District (HID) is located in the upper Yellow River basin and is one of the three super-large irrigation districts in China. The HID is administratively divided into five sub-irrigation districts: Wulanbuhe (WLBH), Jiefangzha (JFZ), Yongji (YJ), Yichang (YC), and Wulate (WLT) (Figure 1). The HID has an average annual precipitation of 130–210 mm and an annual potential evaporation of 2,100–2,300 mm. Notably 63.6% of the total cultivated areas is affected by soil salinization (Li D. et al., 2020). Irrigated agricultural in the HID thus faces severe challenges of water scarcity and soil salinization (Hetao Irrigation District Administration, 2019), threatening food security, economic profitability, and environmental sustainability (Mao et al., 2022).
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FIGURE 1
 Location and land use types in the Hetao Irritation District (HID). WLBH, JFZ, YJ, YC, and WLT represent the five sub-irrigation districts of Wulanbuhe, Jiefangzha, Yongji, Yichang, and Wulate, respectively. The black lines denote the boundaries among sub-irrigation districts. The blue lines illustrate the irrigation and drainage canals in the HID. Maps created using ArcGIS software. Land use types in HID extracted from Esri 2020 Land Cover. Copyright © 2025 Esri and its licensors. All rights reserved.


Along with reduced irrigation diversions from Yellow River into the HID, canal-well conjunctive irrigation has emerged as a critical strategy for the arid HID to alleviate irrigation water scarcity and soil salinization. Approximately 45% of the irrigated area in the HID depends on the conjunctive use of surface and groundwater (i.e., canal-well conjunctive irrigation), and is categorized as the Canal-Well Conjunctive Irrigation District (CWCID), where the average groundwater salinity is 1,361 mg/L (Hetao Irrigation District Administration, 2019). The CWCID can be further divided into Canal-Irrigation District (CID) and Well-Irrigation District (WID) based on primary irrigation water sources (Wang, 2018), with the CID is irrigated exclusively with surface water diverted from the Yellow River while the WID relies solely on groundwater irrigation (Wang, 2018).

The annual irrigation cycle for each hydrological year consists of two distinct periods: a non-irrigation season (December to March of the following year) without crop production or irrigation activities, and an irrigation season from April to October. Agricultural production follows a dual-cropping system, with summer crops irrigated in April to June (including wheat, melons, and tomatoes), and fall crops irrigated in July to September (including maize, sunflowers and cucurbit). Collectively these crops account for 92.2% of the total cultivated area. Additionally, non-growing period irrigation (including spring irrigation in May and winter irrigation in October to November) is conducted exclusively via surface water irrigation, aiming at soil salinity leaching and moisture conservation (Cao et al., 2023). Detailed data are taken from previous studies (Wang, 2018; Ren et al., 2019; Xu et al., 2019; Dou et al., 2020; Zhu et al., 2020) and reports prepared by local governmental agencies (Bayannur Water Conservancy Bureau, 2019; Hetao Irrigation District Administration, 2019). Specifically, cropping patterns and surface-to-groundwater irrigation area ratio (SGIAR) (Wang, 2018; Bayannur Water Conservancy Bureau, 2019), and groundwater salinity (Hetao Irrigation District Administration, 2019; Zhu et al., 2020), root-zone soil salinity (Ren et al., 2019; Xu et al., 2019; Dou et al., 2020) and surface water salinity (Hetao Irrigation District Administration, 2019) in each sub-irrigation district are listed in Tables 1, 2, for the base year.


TABLE 1 Baseline observed crop irrigation areas (ha) in canal-irrigation district (CID) and well-irrigation district (WID), and the surface-to-groundwater irrigation area ratio (SGIAR) for each sub-irrigation district.


	Sub-irrigation district
	Wheat
	Melon
	Tomato
	Maize
	Sunflowers
	Cucurbit
	Total irrigation areas
	SGIAR

 

 	WLBH 	CID 	1,815 	2,210 	1,807 	11,872 	9,033 	2,149 	28,886 	3.96


 	WID 	1,039 	505 	785 	3,103 	1,364 	494 	7,290


 	JFZ 	CID 	12,100 	5,071 	3,048 	16,134 	15,996 	0 	52,348 	2.64


 	WID 	2,826 	1,373 	2,137 	8,443 	3,712 	1,346 	19,837


 	YJ 	CID 	6,400 	5,795 	5,264 	22,799 	31,140 	0 	71,399 	9.21


 	WID 	1,104 	537 	835 	3,299 	1,450 	526 	7,751


 	YC 	CID 	2,924 	6,792 	890 	14,610 	41,206 	4,142 	70,563 	6.62


 	WID 	1,519 	738 	1,149 	4,538 	1,995 	723 	10,662


 	WLT 	CID 	222 	1,102 	100 	5,178 	9,104 	2,759 	18,465 	7.63


 	WID 	345 	168 	261 	1,030 	453 	164 	2,421




 


TABLE 2 Soil salinity, groundwater salinity, and surface irrigation water salinity in base year (mg/L).


	Sub-irrigation district
	Root-zone soil salinity
	Groundwater salinity
	Surface water salinity

 

 	WLBH 	5,430 	850 	586


 	JFZ 	5,706 	950 	586


 	YJ 	8,080 	1,080 	586


 	YC 	8,384 	1,815 	586


 	WLT 	11,051 	2,110 	586




 



2.2 Hydroeconomic model for canal-well conjunctive irrigation-drainage


2.2.1 Model framework and assumptions

The integrated HEM model incorporates agro-hydrological process (inter-annual water-salt balance modeling) into an economic optimization framework to optimize crop planting areas for maximizing annual agricultural net benefits across the entire CWCID, under various canal-well conjunctive irrigation-drainage strategies characterized by groundwater drainage capacity (α) and surface-to-groundwater irrigation area ratio (SGIAR) (Figure 2).

[image: Flowchart depicting a hydroeconomic optimization model for sustainable canal-well conjunctive irrigation-drainage strategies. Key components include surface-to-groundwater irrigation area ratio, groundwater drainage capacity, and their integration. The optimization process involves inter-annual water and salt dynamics, groundwater storage balance, and root zone salt balance, modeled in root zone soil and aquifer. Positive Mathematical Programming aids in maximizing net benefits, considering land and water constraints, decision variables like crop planting areas, and state variables such as root zone salinity, groundwater salinity, and storage.]

FIGURE 2
 Hydroeconomic optimization framework for canal-well conjunctive irrigation-drainage management.


Based on irrigation practices in the HID, the following assumptions are made without affecting model accuracy. (1) Full irrigation is implemented, with crop net irrigation water requirement equaling the net irrigation water quota. (2) Total planting area (sum of canal- and well-irrigated areas) in each sub-irrigation district remains constant across all strategy scenarios, with no fallow land. (3) Crops in CID rely solely on surface water, while crops in WID depend entirely on groundwater (Jia, 2018). (4) Owing to the interspersed distribution of crops in the CID and WID of CWCID, each CWCID within a sub-irrigation district is treated as independent water-salt balance units (WSBUs) which can be considered as a spatially homogeneous and independent unit suitable for HEM optimization at the irrigation-district scale (He et al., 2016; Wang, 2018). In this study, water-salt dynamic modeling in root-zone soil and groundwater is conducted independently within each WSBU to quantify the average soil salinity, groundwater salinity, and salinity-stressed crop yield for each crop within each WSBU. (5) Water-salt migration in root-zone soil and groundwater is predominantly vertical (Mao et al., 2022), while lateral water-salt exchanges both within and between adjacent WSBU are reasonably negligible (Wen et al., 2017).



2.2.2 Model formulations


	1. Objective function



The model is designed to maximize annual agricultural net benefits for the entire CWCID, which are calculated as agricultural revenue minus total production costs, as expressed in Equation (1):
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where Bt represents agricultural net revenue in the tth year; Pi is crop commodity market prices for crop i; Ykit denotes crop yield under salinity stress for crop i within the kth sub-irrigation district during the tth year; SIkt, GPkt, and NGIkt denote irrigation water uses for surface water-irrigated crops in CID, groundwater-irrigated crops in WID, and non-growing period irrigation, respectively; CS and CG represent unit water price of surface water and groundwater, respectively; GPCkt is unit groundwater pumping cost; CPt is total production cost during the tth year estimated by PMP approach; Akit, CID and Akit, WID denote crop planting areas in CID and WID, respectively, which are non-negative decision variables. Under full irrigation practices, irrigation water allocations are proportional to crop areas.


	1. Irrigation water uses



Irrigation water uses for surface water-irrigated crops in CID (SIkt), groundwater-irrigated crops in WID (GPkt), and non-growing period irrigation (NGIkt), are expressed in Equation 2, respectively.
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where SIkt, GPkt and NGIkt are irrigation water uses for surface water-irrigated crops in CID, groundwater-irrigated crops in WID, and non-growing period irrigation, respectively. NIWRki and 
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 denote net irrigation water requirements for surface water-irriagaged crops in CID and groundwater-irrigated crops in WID, respectively (Jia, 2018), and they are determined using the observed net irrigation water quota under full irrigation practices. WUEki and IEki represent irrigation water use efficiency and field irrigation efficiency, respectively. Additionally, SAkt and WAkt denote irrigated areas, and SQkt and WQkt represent irrigation amounts per unit area, for the spring irrigation in May (SAkt and SQkt) and the winter irrigation in October to November (WAkt and WQkt).


	1. Water and salt balance in root-zone soil and groundwater



As shown in Figure 2, the water-salt dynamic modeling in root-zone soil and groundwater is run within each WSBU. Between consecutive hydrological years, the end-of-year values of three water-salt balance state variables—root-zone soil salinity, groundwater salinity, and groundwater table—were assigned as the initial values for the subsequent year. Through annual iteration, the inter-annual water-salt dynamics in root-zone soil and groundwater within each WSBU were integrated into the HEM model to model annual average soil salinity, groundwater salinity and groundwater table within each WSBU.

The water-salt migration of groundwater mainly occurs along the vertical direction in the HID (Wang, 2018). As shown in Figure 2, groundwater recharge and its salt imports are mainly through the deep percolations of surface water irrigation (
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where Aaquifer,k is aquifer area; μ the specific yield; hkt is groundwater table level at the end of the tth year, m; Cgro,kt represent groundwater salinity at the end of tth year, mg/L, and 
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 denote the average groundwater salinity in the tth year; GWEkt denote groundwater evapotranspiration; Dkt denote groundwater drainages; Pkt is effective precipitation; RIGk, RIWk, RIk, and RPk are recharge coefficients for deep percolations from surface water irrigation, groundwater irrigation, non-growing period irrigation, and precipitation, respectively; CID,kt, CGD,kt and CPD,kt represent the leaching water salinity from precipitation, surface irrigation, and groundwater irrigation, and they can be determined using the irrigation water salinity, the average soil salinity and the average groundwater salinity following (Cao et al., 2024).

Since soil salt loss via surface runoff and crop uptake (Wen et al., 2017; Li X. et al., 2020) and lateral salt migration in root-zone soil (Ji et al., 2007) can be negligible, root-zone soil salinity in the HID is only discharged via vertical water-salt migration (Mao et al., 2022). As shown in Figure 2, salt is imported to root-zone soil through surface water irrigation (
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where Z is root-zone soil thickness, and it is set to 1 m in this study; θf is soil field capacity; IAk denotes irrigated area, ha; Csur is surface water salinity, mg/L; Csoil,kt represent root-zone soil salinity at the end of tth year, mg/L.

Following Cao et al. (2024), groundwater evapotranspiration (GWEkt) and groundwater drainage (Dkt) are expressed in Equation (6), respectively.
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where γ and ε are empirical parameters of groundwater evapotranspiration; EWt is open water evaporation per unit area, m; α denotes the groundwater drainage coefficient, year−1, and it is defined using the Linear Reservoir Model (LRM) which conceptualizes the groundwater aquifer as a linear reservoir system and models groundwater discharge as a linear function of groundwater storage (Jakeman et al., 2016; Macian-Sorribes et al., 2017). The value of α depends on the geometry, boundary conditions, and hydrodynamic parameters (Pulido-Velazquez et al., 2007). In this study, α is estimated to be 0.07 year−1 based on base-year observations of annual groundwater drainages (0.1668 billion m3) in the CWCID, which aligns with previous findings by Wen et al. (2020).


	1. Crop yields under salinity stress



Salinity stress significantly reduces crop productivity. The relative crop yield under salinity stress is given in Equation (7), (Allen et al. 1998):
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where, Ykit denotes the relative crop yield under salinity stress for crop i in sub-irrigation district k during the tth year; ECsoil,kt is the electrical conductivity of saturated soil paste extracts from the root-zone soil at the end of the tth year, dS/m; ECTH,i is the threshold electrical conductivity at which soil salinity begins to impair crop yield, dS/m; bi is the yield reduction coefficient representing the percentage yield loss per unit increase in electrical conductivity, %/(dS/m); Ymax,ki is the maximum crop yield without salinity stress, which can be derived from base-year observed crop yields (

Y

ki
,
t
=
baseyear


) and corresponding in-situ measured soil salinity (
E

C

soil
,
k
,
t
=
baseyear


), as given in Equation (8):



Y

max
,
ki


=


Y

ki
,
t
=
baseyear



1
−


b
i

100


(
E

C

soil
,
k
,
t
=
baseyear


−
E

C

TH
,
i


)



∀
k
,
i
      (8)

Notably, the empirical relationship between ECsoil,kt and Csoil,kt can be described in Equation (9) following (Cao et al., 2023):
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where δ is the bulk density, kg/L; μ is the soil water content, cm3/cm3. Root-zone soil salinity (Csoil,kt) can be recursively derived through inter-annual water and salt dynamic modeling in root-zone soil and groundwater as given in Equations 3–5.


	1. Groundwater pumping cost



The unit groundwater pumping cost is calculated as the product of energy price and energy consumption per unit of groundwater pumping (Equation 10). The energy consumption is determined by groundwater pumping lift, defined as the vertical distance between the land surface and the phreatic surface, and pumping efficiency.
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where GPCkt denotes unit groundwater pumping cost; ρ is water density; g is gravitational acceleration; ε is pumping efficiency; lkt represents groundwater pumping lift, m; H is the distance between land surface and aquifer floor, m; pel is energy price; and 
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 denote the average groundwater table level in the tth year, m.


	1. Positive mathematical programming (PMP) calibration



As a self-calibrating algorithm, Positive mathematical programming (PMP) can integrate nonlinear characteristics representing unobserved behavioral costs or benefits into the objective function, and calibrate these using the shadow values of constraints (Howitt, 1995), and have been widely used to calibrate HEM model (Maneta et al., 2020; Yao, 2020; Kumar et al., 2023). The PMP-calibrated HEM model can replicate base-year observed crop planting areas, calibrating the HEM model, verifying model reliability, and making HEM model suitable for water management policy analysis through capturing farmers’ adaptive decisions on optimizing crop water-land resource allocations in response to external management policy interventions.

PMP approach is employed to estimate gross production costs and calibrate the HEM model to base-year observations, following calibration procedures in Zhu et al. (2015) and Cao et al. (2024). The total production cost in the tth year (CPt) is expressed in Equation (11):
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where CPt represent the total production cost during the tth year; βki,CID and βki,WID denote the intercept terms, while γki,CID and γki,WID represent the slope terms of the quadratic PMP cost functions. These parameters are separately calibrated for each crop in each CID and each WID within each sub-irrigation district, respectively. The observed data used for the PMP cost function calibration include base-year observed crop areas, yields, crop commodity prices, land and water costs, available land and water resources, etc.


	1. Canal-well conjunctive irrigation



The HEM optimization framework integrates the canal-well conjunctive irrigation module characterized by the surface-to-groundwater irrigation area ratio (SGIAR) at the sub-irrigation district scale (Equation 12).
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where rkt is the surface-to-groundwater irrigation area ratio (SGIAR), which is defined as the ratios of surface water-irritated crop areas to groundwater-irrigated crop areas in the kth sub-irrigation district during the tth year. The sum of canal-irrigated and well-irrigated crop areas in the kth sub-irrigation district in different years (i.e., 
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) remains the same as the base-year total irrigated areas Abase,k,CID+WID, left no land allow for each sub-irrigation district. This constraint reflects actual agricultural production practices in the HID, where land use transitions occur solely between canal- and well-irrigated areas. Once the SGIAR is established, the distribution of canal- and well-irrigated crop areas within each CWCID in each sub-irrigation district remains stable over time.

The model integrating canal-well conjunctive irrigation can systemically assess the impacts of canal-well conjunctive irrigation-drainage strategies on optimal water and land allocations, salinization dynamics, agricultural profitability, and food security, providing a comprehensive framework for policy analysis for canal-well conjunctive irrigated agriculture.


	1. Land and water constraints



Surface water availability is explicitly defined during October to November, April to June, and July to September, respectively, as formulated in Equation 13. Groundwater extraction is constrained by the annual renewable groundwater to maintain aquifer sustainability, as given in Equation 14. Land availability is constrained by the total cultivated area, as given in Equation 15.
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where TQW, STS, and FTS represent the available surface water for irrigation in October to November, April to June, and July to September, respectively; TGkt denotes the annual renewable groundwater within the kth sub-irrigation district during the tth year; TAk is the total available canal-well conjunctive cultivated areas within the kth sub-irrigation district.

The developed HEM optimization model was implemented in the General Algebraic Modeling Systems (GAMS) and solved using the CONOPT solver (ARKI Consulting and Development, 2021). The model can continuously run for multi-year planning horizon (15-year planning horizon in this study).




2.3 Scenarios of drainage capacity and irrigation water composition

This study formulated comprehensive canal-well conjunctive irrigation-drainage policy intervention scenarios based on SGIAR and groundwater drainage capacity (α) (Figure 2). The policy framework includes two groundwater drainage capacity scenarios: baseline (α = 0.07) and enhanced drainage capacity (α = 0.21, a hypothetical value representing expected high drainage capacity by investing in groundwater drainage infrastructures such as drainage ditches or tile). For each drainage capacity scenario, 10 SGIAR policy interventions were further designed: five representing shifts from surface water irrigation to groundwater irrigation via reducing SGIAR by 0% (baseline), 10%, 30%, 50%, and 70%, and five representing shifts from groundwater irrigation to surface water irrigation via increasing SGIAR by 0% (baseline), 10%, 30%, 50%, and 70%. This design yields 20 canal-well conjunctive irrigation-drainage strategy scenarios. Under each scenario, the developed HEM model was run continuously over a 15-year planning horizon to optimize crop area and water allocation decisions to maximize annual agricultural net benefits across the entire CWCID.




3 Results


3.1 Optimization of stakeholder decision-making for cropping patterns and water allocations

Figure 3 shows the optimal cropping patterns (with crop water allocations align corresponding to cropping patterns) for summer crops (wheat, melons, and tomatoes) and fall crops (maize, sunflowers, and cucurbit) in the 15th year of strategy implementation.

[image: Four bar and line charts show crop planting areas and shares. The top left panel (a) represents surface water-irrigated crops with varied planting areas and shares. The top right panel (b) illustrates groundwater-irrigated crops. The bottom left panel displays data for wheat, melon, and tomato, while the bottom right panel depicts maize, sunflowers, and cucurbit. Each graph uses a horizontal SGIAR axis and a vertical axis for crop planting area and share percentages. The colors indicate different crops, and dashed lines show crop share percentages.]

FIGURE 3
 Crop areas (bars) and shares (lines) for summer (left side) and fall (right side) crops at the 15th year of strategy implementation. (a) Surface water irrigated crops; (b) groundwater irrigated crop; (c) total canal-well conjunctive irrigation crops. −0.1, −0.3, −0.5, and −0.7 indicate the reduction of the surface-to-groundwater irrigation area ratio (SGIAR) by 10, 30, 50, and 70%, respectively. +0.1, +0.3, +0.5, and +0.7 illustrate the SGIAR increase by 10, 30, 50, and 70%, respectively. All results are under baseline drainage capacity of α = 0.07.


When the SGIAR is decreased from baseline 0% to 70%, total planting areas of surface-water irrigated crops decrease. Among these crops, wheat planting shares first increase then decrease, tomato shares first decrease then increase, melon shares rise continuously, and sunflower shares decline continuously. This pattern indicates a strategic reallocation of summer crop planting shares shifting from wheat to higher-value melons and tomatoes, alongside a reduction in fall crop sunflower cultivation area. For groundwater-irrigated crops, the planting areas increase. Wheat planting shares rise while melon and tomato shares decline for summer crops, and sunflower shares rise while maize shares decrease for fall crops. This reflects a summer crop shift from melons/tomatoes to wheat and a fall crop shift from maize to sunflowers. Across the entire CWCID, summer crop planting areas increase, whereas fall crop areas decrease, highlighting farmers’ adaptive optimization to reallocated cultivated land from fall to summer crops. Notably, the planting share of sunflowers across the CWCID decreases significantly from 42.01% to 34.99%.

When the SGIAR is increased from baseline 0% to 70%, surface water shortages occur during April to June and July to September. For surface-water irrigated crops, farmers strategically reallocate planting shares from low-value grain crops (wheat and maize) to high-value cash crops (melons, tomatoes, and sunflowers) to maximize agricultural net benefits. For groundwater-irrigated crops, summer crop shares shift from wheat to melons/tomatoes, and fall crop shares shift from sunflowers to maize. Across the entire CWCID, the planting areas of wheat and maize decrease significantly, while those of tomatoes, melons and sunflowers increase. This trend aligns with the cropping patterns of surface-water irrigated crops, reflecting farmers’ adaptive decision-makings in response to surface water scarcity.



3.2 Salt dynamics, crop yields, water use, and agricultural net benefits

Figure 4 illustrates the impacts of these strategies on water-salt dynamics and salinization environment, agricultural productivity and profitability, water use and water savings at the 15th year of policy implementation.

[image: Three panel chart showing different aspects of groundwater and soil analysis. Panel (a) shows bar and line graphs depicting salt load through groundwater and depth levels, with blue, red, and green indicating GWE salt, depth, and depth threshold, respectively. Panel (b) illustrates relative crop yield, soil salinity, and groundwater salinity using orange, red, and blue, respectively. Panel (c) visualizes net benefits and water use with bars representing surface water and groundwater savings, and blue lines for net benefits. Each panel compares data at different values: -0.5, -0.3, 0.1, 0.5, and more.]

FIGURE 4
 Effects of irrigation-drainage strategies on (a) groundwater depth and salt flux through groundwater evapotranspiration; (b) soil salinity, groundwater salinity, and relative crop yield under salinity stress; (c) water use, water savings and agricultural net benefits. 0.07 and 0.21 illustrate the groundwater drainage capacity of α = 0.07 and α = 0.21, respectively. −0.1, −0.3, −0.5, and −0.7 indicate the reduction of the surface-to-groundwater irrigation area ratio (SGIAR) by 10, 30, 50, and 70%, respectively. +0.1, +0.3, +0.5, and +0.7 illustrate the SGIAR increase by 10, 30, 50, and 70%, respectively. All results are at the 15th year of strategy implementation.


Under the baseline drainage capacity (α = 0.07), reducing SGIAR from baseline 0% to 70% increases groundwater depth by 9.6% (from 2.167 to 2.374 m), thereby decreasing groundwater evapotranspiration (Figure 4a). This conversion of ineffective groundwater evapotranspiration to productive groundwater use reduces salt transport into the root-zone soil by 30.7% (from 293 × 104 to 203 × 104 tons). Consequently, root-zone salinity decreases by 9.2% (from 11,887 to 10,795 mg/L) and groundwater salinity decreases by 8.0% (from 4,619 to 4,250 mg/L) (Figure 4b). These changes mitigate salinity-induced crop yield losses and improve agricultural productivity (Figure 4b).

Agricultural net benefits exhibit a nonlinear response to RSGI reductions: benefits first increase then decrease. An optimal net benefit of 25.7 × 107 Yuan is achieved when the SGIAR is reduced by 30% under α = 0.07 (i.e., the “0.07 & −0.3” scenario) (Figure 4c). Notably, decreasing the SGIAR from 0 to 70% achieves substantial water savings without land fallow: surface water consumption decreases by 15% (a saving of 31.4 × 107 m3, from 206.9 × 107 to 175.5 × 107 m3), and total water consumption from conjunctive surface and groundwater use decreases by 9.7% (a saving of 20.8 × 107 m3, from 214.4 × 107 to 193.6 × 107 m3) (Figure 4c). These savings have the potential to alleviate intersect oral water competition between the agricultural sector and other sectors (e.g., ecological water users) and generate additional economic benefits in both the HID and the Yellow River Basin.

Increasing the drainage capacity to α = 0.21 significantly mitigates soil and groundwater salinization while concurrently improving agricultural productivity and economic net benefits. This capacity enhancement lowers groundwater table, thereby reducing groundwater evapotranspiration and associated salt fluxes from groundwater to root-zone soil (Figure 4a). Compared to baseline drainage capacity (α = 0.07), the enhanced drainage capacity (α = 0.21) reduces root-zone soil salinity by 49% (from 11,887 to 6,086 mg/L) and groundwater salinity by 41% (from 4,619 to 2,734 mg/L) under the baseline SGIAR, concurrently alleviating soil and groundwater salinization (Figure 4c). Consequently, relative crop yields increase significantly, demonstrating that salinity-induced crop yield losses are substantially reserved (Figure 4b).

Enhanced drainage capacity also improves agricultural profitability (Figure 4c). Specifically, under α = 0.21, reducing the SGIAR from 0% to 70% causes net benefits to first increase then decrease, with an optimal net benefit of 41.2 × 107 Yuan achieved at a10% SGIAR reduction (i.e., the “0.21 & −0.1” scenario). This represents a 60% increase compared to the optimal net benefits under baseline drainage capacity (from 25.7 × 107 Yuan at α = 0.07 to 41.2 × 107 Yuan at α = 0.21).



3.3 Long-term evolutionary impacts over the 15-year planning horizon

Figure 5 illustrates the long-term evolutionary impacts of these strategies on salinization, agricultural productivity, and economic net benefits under stakeholder-optimized water-land allocations.

[image: Three line graphs showing different variables under certain conditions. (a) Soil salinity in milligrams per liter vs. time, showing increasing trends. (b) Relative crop yield under salt stress vs. time, showing initial increase then decrease. (c) Net revenues in 10^8 Yuan vs. time, displaying various trends. Lines represent different conditions, indicated by colors and patterns in the legend.]

FIGURE 5
 Long-term evolutionary impacts of canal-well conjunctive irrigation-drainage management policies on (a) soil salinity; (b) relative crop yield under salinity stress (with sunflower in the WLT as representative crop); (c) net benefits. “0.21 & –0.1” illustrates the reduction of the surface-to-groundwater irrigation area ratio (SGIAR) by 10% under groundwater drainage capacity of α = 0.21, and other symbols can be similarly explained. The horizontal axis denotes the model is continuously run over 15-year planning horizon.


Under baseline drainage capacity (α = 0.07), regardless of whether the SGIAR is increased or decreased, the strategies year-by-year exacerbate soil salinization (Figure 5a), reduce relative crop yields under salinity stress (Figure 5b), and result in progressive declines in agricultural net benefits over the 15-year planning horizon (Figure 5c). This implies that the inadequate drainage capacity can lead to a high groundwater table and subsequent intensive groundwater evapotranspiration, which exacerbates soil salinization and thereby reduces agricultural productivity and economic profitability. In contrast, increasing the drainage capacity (α = 0.21) establishes positive feedback loops: soil salinization is effectively alleviated year-by-year (Figure 5a), salinity-induced yield reductions are significantly reserved (Figure 5b), and agricultural net benefits exhibit sustained annual growth (Figure 5c). These results demonstrate that enhancing groundwater drainage capacity to α = 0.21, relative to the baseline drainage capacity, facilitates sustainable irrigated agriculture, as it concurrently mitigates soil salinization, enhances agricultural productivity, and increases net benefits year-by-year.




4 Discussion


4.1 Grain crop areas and food security

Figure 6 shows the impacts of canal-well conjunctive irrigation-drainage strategies on grain crop areas and food security within the CWCID. When the SGIAR is reduced from baseline (0%) to 70%, the planting area and share of grain crops increase, whereas those of cash crops decrease. This shift from cash crops to grain crops, adaptively adjusted by farmers, strengthens regional food security by prioritizing staple grain production. In contrast, when the SGIAR is increased from baseline 0% to 70%, the planting area and share of low-economic-value grain crops decrease, while the area allocated to high-economic-value cash crop expands accordingly, reflecting farmers’ optimization of crop area and water allocation to maximize annual net benefits under surface water scarcity. However, this shift poses a potential threaten to regional food security, underscoring the policy imperative of improving surface water availability to ensure long-term food security.

[image: Bar and line chart showing crop planting areas and shares for grain and cash crops across different SGIAR values. Bars represent areas in thousand hectares, with blue for grain crops and orange for cash crops. Lines show percentage shares, with grain crops in blue and cash crops in orange. The horizontal axis lists SGIAR values from negative to positive.]

FIGURE 6
 Planting area and share of grain crops and cash crops at the 15th year of strategy implementation. −0.1, −0.3, −0.5, and −0.7 indicate the reduction of the surface-to-groundwater irrigation area ratio (SGIAR) by 10, 30, 50, and 70%, respectively. +0.1, +0.3, +0.5, and +0.7 illustrate the SGIAR increase by 10, 30, 50, and 70%, respectively. All results are under baseline drainage capacity of α = 0.07.


Consequently, reducing the SGIAR from 0% to 70% is beneficial to food security, whereas increasing the SGIAR by 0 70% potentially compromises food security in the HID.



4.2 Sustainable canal-well conjunctive irrigation-drainage strategy

Through the HEM-based optimization modeling over the 15-year planning horizon, we identified a sustainable alternative canal-well conjunctive irrigation-drainage strategy that simultaneously addresses multiple sustainability objectives in the HID, improving agricultural profitability, alleviating salinization, saving water, ensuring food security, and sustaining groundwater sustainability.

As shown in Figure 5c, under α = 0.21, policies involving extreme SGIAR adjustments (the “0.21 & +0.7” strategy with a 70% increase or the “0.21 & −0.7” scenario with a 70% decrease) result in significant net benefits losses compared to baseline SGIAR strategy (i.e., “0.21 & 0”). In contrast, the economically optimal strategy under α = 0.21 is a moderate 10% SGIAR reduction (i.e., the “0.21 & −0.1” scenario). This scenario not only achieves the highest net benefits relative to other irrigation-drainage policies, but also mitigates salinization (Figure 5a) and increases economic net benefits (Figure 5c) year-by-year. This finding demonstrates a nonlinear economic response to SGIAR adjustments: extreme SGIAR modifications (e.g., a 70% reduction) incur economic penalties, whereas moderate SGIAR optimization (e.g., a 10% reduction) yields the optimal net benefits.

Beyond the year-by-year salinization mitigation and profitability improvement, the economically optimal “0.21 & −0.1” scenario further generates significant synergistic benefits for water conservation and food security (Figure 7). As illustrated in Figures 7a,b, this scenario significantly reduces both surface water use and total water consumption from conjunctive use, thereby promoting water conservation within the HID. The saved surface water can alleviate water competition between agricultural sector and other non-agricultural sectors (e.g., ecological water users) in the HID and across the broader Yellow River Basin. Furthermore, relative to the “0.21 & 0” scenario, the “0.21 & −0.1” scenario incentivizes farmers to optimize cropping patterns: grain crop areas decrease in the 1st–4th years yet increase year on year from the 5th year onward (Figure 7c). This adaptive adjustment in cropping patterns directly bolsters long-term regional food security.

[image: Four line graphs show trends in resource use and land area. (a) Surfacewater use fluctuates between 203000 and 206000 cubic meters. (b) Total water use ranges from 211000 to 214000 cubic meters. (c) Grain crop area varies between 118000 and 121000 hectares. (d) Groundwater depth spans 2.2 to 2.8 meters. Each graph features orange and blue lines, marked with numerical values indicating different conditions or scenarios.]

FIGURE 7
 Comparison between economic optimal strategy of “0.21 & −0.1” with the benchmarking policies of “0.07 & 0” and “0.21 & 0” on (a) surface water use; (b) total water use; (c) grain crop planting area and food security, and (d) groundwater depth and groundwater sustainability. “0.21 & −0.1” illustrates the reduction of the surface-to-groundwater irrigation area ratio (SGIAR) by 10% under groundwater drainage capacity of α = 0.21, and other symbols can be similarly explained. The horizontal axis denotes the model is continuously run over 15-year planning horizon.


Widespread groundwater overdraft in intensively groundwater-irrigated agricultural regions worldwide, such as the North China Plain, northwestern India, and the central United States (Perez et al., 2024), can cause significant groundwater table declines, thereby threatening groundwater-dependent crops and natural vegetation in arid ecosystems where groundwater serves as a critical water source (Zhang et al., 2014; Qin et al., 2023). It underscores the need for sustainable canal-well conjunctive irrigation-drainage strategies that balance agricultural production with the long-term sustainability of groundwater resources and groundwater-dependent ecosystems (GDEs), particularly in the HID (Rodríguez-Flores et al., 2023). In the HID, shallow groundwater serves as a crucial water source for both crops and natural vegetation: a groundwater depth of 1.5–2.0 m is optimal for crop growth, whereas depths <1.5 m trigger soil salinization and depths>2.0 m induce crop water stress (Xu et al., 2010). Owing to declining surface water availability, increased groundwater pumping has led to the formation of a prominent groundwater depression cone in the northern HID, with a maximum drawdown of 30.26 m (Hetao Irrigation District Administration, 2019). Concurrently, the average groundwater depth declined from 1.93 m in 2013 to 2.25 m in 2017, exerting adverse impacts on vegetation coverage across the HID (Xue et al., 2019). Notably, according to the previous in-field experiment observations at the Shuguang Experimental Station in the HID, natural vegetation growth is threatened when groundwater table falls below the ecological threshold of 3.0 m (Yang et al., 2021). However, as illustrated in Figure 4a, extreme reductions in SGIAR under enhanced drainage α = 0.21 (e.g., the “0.21 & −0.7” scenario) result in a groundwater depth of 3.04 m, which exceeds the 3.0 m ecological threshold for GDEs and thereby undermines the sustainability of GDEs in the HID. In contrast, the “0.21 & −0.1” scenario sustains a stable groundwater depth of 2.66 m over the 15-year study period (Figure 7d), which stabilizes groundwater levels within an ecologically viable range and bolsters the sustainability of both groundwater resources and GDEs.

Therefore, the “0.21 & −0.1” scenario emerges as a sustainable canal-well conjunctive irrigation-drainage strategy for the HID. It generates synergistic, multi-dimensional benefits that promote the sustainability of irrigated agriculture in the HID. Specifically, it alleviates soil salinization to safeguard environmental sustainability (Figure 5a), enhances agricultural net benefits (Figure 5c), reduces surface water usage and total conjunctive irrigation consumption (Figures 7a,b), sustains long-term food security through adaptive cropping pattern adjustments (Figure 7c), and ensures groundwater sustainability by maintaining stable water table (Figure 7d).




5 Conclusion

This study developed a hydroeconomic optimization framework for canal-well conjunctive irrigation-drainage management in arid irrigated system confronted with water scarcity and salinization. This framework was implemented over a 15-year planning horizon under canal-well conjunctive irrigation-drainage strategies in the Hetao Irrigation District (HID). We systemically evaluated the impacts of these strategies on farmers’ adaptive decisions of optimizing cropping patterns and water allocations, and the subsequent feedback effects of these decisions on water-salt dynamics, salinization, agricultural productivity and profitability, food security, and groundwater sustainability. Moreover, a sustainable canal-well conjunctive irrigation-drainage strategy is identified. The main conclusions are as follows:


	(1) Reducing the surface-to-groundwater irrigation area ratio (SGIAR) drives farmers to adaptively shift crop areas and water allocations from cash crops to grain crops, thereby strengthening food security. Under this scenario, the planting share of sunflowers decreased significantly from 42.01% to 34.99%. In contrast, increasing SGIAR undermines grain crop areas and threatens food security in the HID.

	(2) Under baseline groundwater drainage capacity, decreasing SGIAR from the baseline 0% to 70% yields multiple synergistic co-benefits: a 9.2% reduction in root-zone salinity, an 8.0% decrease in groundwater salinity, and a 9.7% reduction in total conjunctive water consumption.

	(3) Enhancing groundwater drainage capacity to α = 0.21 mitigates salinization annually while concurrently improving agricultural productivity and net benefits over the 15-year horizon, highlighting the critical role of drainage capacity in reconciling economic gains with salinization control.

	(4) Reducing SGIAR by 10% under a drainage capacity of α = 0.21 emerges as a sustainable canal-well conjunctive irrigation and drainage strategy. Over the 15-year planning horizon, this strategy simultaneously enhances agricultural productivity and profitability, mitigates soil salinization, conserves water resources, ensures food security, and maintain long-term groundwater sustainability.



This study underscores that hydroeconomic optimization framework by integrating agro-hydrological process into economic optimization model can provide robust modeling and decision-making tool to reconcile the complex interactions between farmers’ adaptive water-land allocation decisions, water-salt dynamics, agricultural profitability, food security, and water use sustainability, advancing sustainable canal-well conjunctive irrigation and drainage management for arid irrigated agriculture facing water scarcity and soil salinization.
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